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Editorial on the Research Topic

Cancer in domestic, exotic and wild animals: new horizons in

tumorigenesis, diagnosis, prognosis and therapeutics through

comparative oncology

Significant advances in understanding cancer biology have been made in recent years,

leading to increasingly accurate and early diagnosis and specific and effective therapeutic

treatments. Advances in the identification of increasingly sophisticated prognostic markers

have enabled veterinarians to predict the course of many neoplastic diseases, improving the

quality of clinical and therapeutic approaches and the rate of recovery for many animals

affected by cancer.

Supporting these scientific advances and the fundamental and exciting findings of

recent years, biomolecular and comparative studies have also been conducted across

multiple animal species, including humans. These studies have allowed for the biological

and genetic characterization of numerous tumors, further strengthening the importance

of scientific approaches aimed at a “One Health” assessment. The comparative study

of cancer in different animal species, including domestic, exotic, and wild animals, can

provide valuable information of various types and degrees, with considerable potential for

improving diagnostic, prognostic, and therapeutic approaches. Recent studies have shown

that even particularly tumor-resistant animals, such as naked mole rats, blind mole rats,

elephants, and whales, have attracted increasing attention from researchers, with the aim

of characterizing the most intimate mechanisms of disease resistance in these species and

breeds (1). These cancer resistance mechanisms observed in these species could offer new

strategic approaches for anticancer treatments in humans, as well as in domestic and exotic

animals. Therefore, by examining both tumor-prone animals closest to humans, such as

dogs and cats, and tumor-resistant species, comparative oncology explores the similarities
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and differences between human and animal cancers, contributing

to the development of new diagnostic tools, therapies,

and preventive strategies that advance both human and

veterinary medicine.

These Research Topics can represent important comparative

platforms in the field of oncology, representing a new intersection

between medical sciences, veterinary sciences, comparative

oncology, and wildlife and environmental conservation. Our

goal is to create a dynamic channel for sharing cutting-edge

scientific knowledge and identifying novel diagnostic, therapeutic,

and preventive strategies in the largely unexplored realm

of multispecies comparative oncology. This Research Topic

presents a broad spectrum of contributions—three original

research articles, two short reports, one clinical trial article, and

six case reports—covering diverse species, including tumor-

prone animals, tumor-resistant species, and wild animals. The

following paragraphs summarize the key findings reported by

several authors in their nine manuscripts that comprise this

Research Topic.

Dogs are among the most commonly tumor-prone species

in veterinary medicine. This Research Topic includes several

studies focusing on canine tumors. Maniscalco et al. proposed

a new scoring system that effectively distinguishes dogs with

favorable-prognosis hepatoid gland tumors from those with worse

prognoses, thus supporting histological diagnosis. Chu et al.

evaluated treatment outcomes in dogs with transitional cell

carcinoma (TCC) through a retrospective analysis and suggested

that metronomic chemotherapy with chlorambucil was well-

tolerated and can be considered as a single-modality treatment

or as an adjunct to conventional chemotherapy. Power et al.

demonstrated the potential of a novel iron-related metabolic

target in canine osteoblastic osteosarcoma using pathological

techniques. These results suggest that targeting iron metabolism

may represent a novel therapeutic strategy. Tsumoto et al.

described a recently introduced method using flow cytometry

(FCM) to rapidly detect survivin expression and localization in

needle biopsy specimens without anesthesia. The technology could

support cancer vaccines and targeted therapies, helping to improve

veterinary care through the “one-day first” program. Clinical

data were also presented. Xia et al. described a clinical trial of

immunotherapy with a vaccine based on dendritic cell/tumor cell

fusion and demonstrated its safety. Furthermore, two case reports

have indicated the utility of PET in canine cancer (Seok and

Lee; Wang et al.). They would be valuable in highlighting the

diagnostic and prognostic potential of PET imaging, particularly

in detecting metastatic spread, guiding surgical planning, and

monitoring treatment response. We also included the rare case

of canine cancer. In addition, Pop et al. described a rare

ossifying fibroma (OF) of the zygomatic bone in a 9-year-old

Hungarian Vizsla.

This Research Topic also features studies on elephants, a non-

model but cancer-resistant species that provides valuable insights

into anticancermechanisms. Kitano et al. reported on the responses

of elephant cells to interstrand crosslinks in comparison with

human cells.

Furthermore, we also included cancer studies focused

on wild animals. Xiong et al. (a) and Xiong et al.

(b) reported two clinical cases in giant pandas: one

described oral fibrosarcoma and the other mandibular

osteosarcoma. Vengušt et al. described a rare case

of neuroendocrine carcinoma in the nasal cavity of

a roe deer, highlighting its histopathological and

immunohistochemical characteristics.

Overall, this Research Topic highlights current cancer

research in a wide range of animal species, providing

fundamental studies and diagnostic and therapeutic

tools. It also focuses on comparisons between animals

and humans, offering insights into recent advances in

comparative oncology.
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Case report: Evaluation of 
cutaneous squamous cell 
carcinoma metastasized to lymph 
nodes using 
18F-fluoro-2-deoxy-D-glucose 
positron emission tomography/
computed tomography in a dog
Jin Seok  and Sungin Lee *

Department of Veterinary Surgery, College of Veterinary Medicine, Chungbuk National University, 
Cheongju, Republic of Korea

Introduction: 18F-fluorodeoxy-2-deoxy-D-glucose (FDG) positron emission 
tomography (PET) is used with high sensitivity in human medicine for initial 
staging and treatment planning of cutaneous squamous cell carcinoma (SCC). 
To the best of our knowledge, 18F-FDG PET/computed tomography (CT) has 
not been used for canine cutaneous SCC with lymph node metastasis.

Case presentation: A 13  year-old spayed female Maltese had rapidly growing 
flank SCC, which had previously recurred twice. Radiography revealed no 
metastases. On PET/CT imaging, increased FDG uptake was observed not only 
in the flank but also in the left axillary lymph node and left inguinal lymph node 
(standardized uptake value max [SUVmax]: 8.602, 5.354, and 1.96, respectively). 
Despite the evidence of metastasis, palliative skin mass resection with a 
3-cm margin and lymph node dissection were performed. Histopathological 
examination confirmed the presence of metastases in both lymph nodes.

Discussion: 18F-FDG PET/CT is valuable for the detection of metastatic tumors in 
various organs. Cutaneous SCC can accumulate 18F-FDG, making it detectable 
on PET/CT. In this dog with flank SCC, 18F-FDG-PET/CT showed high SUVmax 
values, indicating its potential for tumor assessment. In veterinary medicine, 
SUVmax values of 2.5–3.5 are commonly used to identify metastatic lymph 
nodes in other cancers. Therefore, the interpretation of an SUVmax of 1.96 in an 
inguinal lymph node for metastatic involvement may be uncertain. Owing to the 
partial volume effect, 18F-FDG PET/CT has limited sensitivity in identifying LN 
metastases, particularly in cases of small lesions. Lower SUVmax values adjusted 
for smaller sizes may better distinguish between benign and malignant lymph 
nodes. Hence, combining differentiated SUVmax cut-offs based on lymph node 
size with CT assessment could enhance lymph node evaluation and assist in 
surgical planning.

KEYWORDS

cutaneous squamous cell carcinoma, flank, lymph node, positron emission 
tomography, 18F-fluorodeoxyglucose

OPEN ACCESS

EDITED BY

Yasunaga Yoshikawa,  
Kitasato University, Japan

REVIEWED BY

Derek Cissell,  
Invicro (United States), United States
Elissa Randall,  
Colorado State University, United States

*CORRESPONDENCE

Sungin Lee  
 sunginlee@chungbuk.ac.kr

RECEIVED 10 May 2024
ACCEPTED 11 July 2024
PUBLISHED 26 July 2024

CITATION

Seok J and Lee S (2024) Case report: 
Evaluation of cutaneous squamous cell 
carcinoma metastasized to lymph nodes 
using 18F-fluoro-2-deoxy-D-glucose positron 
emission tomography/computed tomography 
in a dog.
Front. Vet. Sci. 11:1429094.
doi: 10.3389/fvets.2024.1429094

COPYRIGHT

© 2024 Seok and Lee. This is an open-access 
article distributed under the terms of the 
Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction 
in other forums is permitted, provided the 
original author(s) and the copyright owner(s) 
are credited and that the original publication 
in this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted 
which does not comply with these terms.

TYPE  Case Report
PUBLISHED  26 July 2024
DOI  10.3389/fvets.2024.1429094

8

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2024.1429094&domain=pdf&date_stamp=2024-07-26
https://www.frontiersin.org/articles/10.3389/fvets.2024.1429094/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1429094/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1429094/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1429094/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1429094/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1429094/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1429094/full
mailto:sunginlee@chungbuk.ac.kr
https://doi.org/10.3389/fvets.2024.1429094
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2024.1429094


Seok and Lee� 10.3389/fvets.2024.1429094

Frontiers in Veterinary Science 02 frontiersin.org

1 Introduction

Squamous cell carcinoma (SCC) is a malignant neoplasm that 
originates from keratinocytes and accounts for 5% of canine skin 
tumors. Common predisposing factors include exposure to solar 
ultraviolet radiation. It predominantly affects older dogs at 
approximately 8 years of age. Common sites for SCC include the nail 
bed, scrotum, nasal planum, legs, and anus. Reports have also 
documented the occurrence of unpigmented flanks or abdomens in 
breeds such as Dalmatians and Beagles (1). The metastatic rate of 
cutaneous SCC in dogs remains unclear but is estimated to 
be approximately 5% (2). Tumors on the flank or abdomen are usually 
locally invasive, with low metastatic potential in the lungs or regional 
lymph nodes (LNs) (1).

Positron emission tomography (PET)/computed tomography 
(CT) is extensively used in human medicine for the diagnosis and 
staging of malignant tumors as well as the assessment of metastasis. 
This imaging technique combines CT for anatomical localization and 
PET for the imaging of biochemical metabolic changes. Typically, the 
radiopharmaceutical 18F-fluorodeoxy-2-deoxy-D-glucose (FDG) 
accumulates in areas of active glucose metabolism. This allows for the 
early detection of cancers, even those smaller than 1 cm, before visible 
changes occur based on biochemical abnormalities. Thus, 
18F-FDG-PET/CT has a potential role in the early diagnosis and 
treatment planning of cutaneous SCC with high sensitivity in 
humans (3).

In veterinary medicine, PET/CT is used to image various tumors 
and provide valuable diagnostic information (2, 4, 5); however, to our 
knowledge, there have been no previous reports of cutaneous SCC in 
dogs. In one study, SCC was diagnosed in two of 14 dogs with 
standardized uptake value max (SUVmax) values of 12.8 and 17.1, 
respectively, and the location of the SCC was not mentioned (6). The 
novelty of this case report that it demonstrates the use of 18F-FDG 
PET/CT in a dog with histopathologically confirmed cutaneous SCC 
and regional LN metastases.

2 Case description

A 13-year-old Maltese patient visited our clinic for the evaluation 
of flank tumor metastases. The tumor had grown rapidly over the past 
2 years. The mass initially appeared as a papilloma and was small. On 
February 28, 2023, the mass was surgically resected under local 
anesthesia at a local veterinary clinic. However, another mass 
subsequently recurred caudally to the surgical site and was resected 
using the same technique on September 22, 2023. After that, the 
masses recurred at both sites. No pathological diagnoses were made 
during either surgery. Subsequently, biopsies of both sites were 
performed at another local veterinary hospital, and SCC was 
diagnosed by histopathological examination (GreenVet, Yongin, 
Republic of Korea). The patient presented to our hospital with a 
bandage placed on the ruptured flank masses.

During physical examination, a ruptured and inflamed masses 
were found in the central part of the left flank, measuring 3.1 × 1.8 cm 
cranially and 4.5 × 2.6 cm caudally. The left axillary and inguinal LNs 
were palpably enlarged, particularly the left axillary node, which was 
approximately four times larger and significantly firmer than the left 
inguinal LN, measuring approximately 1 cm in diameter. Radiographs 

showed gallstones and nephroliths; however, there was no significant 
metastatic evidence related to the flank mass. Therefore, 18F-FDG 
PET/CT (Discovery-72 STE; General Electric Medical Systems, 
Waukesha, WI, USA) was planned for further metastatic evaluation. 
Before that, the dog underwent pre-anesthetic blood tests, including 
complete blood count, serum biochemical analysis, and venous blood 
gas analysis. Except for alkaline phosphatase (158 IU/L, reference 
range: 29–97 IU/L), reticulocyte count (150.8 × 103/μl, reference range: 
10.0–110.0 × 103/μl), MCV (91.4, reference range: 61.6–73.5 fL), and 
MCHC (23.6, reference range: 32.0–37.9 g/dl), all other parameters 
were within normal ranges. FDG uptake may decrease when blood 
glucose levels exceed 200 mg/dl; however, in the present case, this 
patient was fasted for approximately 12 h and the glucose level was 
normal. Prior to the PET/CT scan, the dog was premedicated with 
midazolam (0.2 mg/kg; Midazolam, Bukwang Pharm. Co., Ltd., Seoul, 
South Korea), and a urinary catheter was placed. Anesthesia was 
induced using propofol and maintained with isoflurane. Before the 
PET scan, CT images (pre- and post-contrast) were obtained using a 
multidetector CT scanner with settings of 100 mAs and 120 kVp, and 
a slice thickness of 1.25 mm. Contrast-enhanced scans were performed 
after intravenous administration of iohexol at a dose of 880 mg/kg. The 
interval between the 18F-FDG injection and the start of scanning was 
45 min, during which the patient was under anesthesia.

In 18F-FDG PET/CT scans, the region of interest was manually 
defined and the standardized uptake value (SUV) was calculated using 
the following formula: Average tissue activity concentration (MBq/
mL) × body weight (g)/injected dose (MBq). This numerical value 
provides a semiquantitative assessment of 18F-FDG uptake and serves 
as an indicator of metabolic activity within the respective regions. The 
PET/CT scan showed increased 18F-FDG uptake in the left flank 
mass, the left axillary LN, and left inguinal LN. The corresponding 
SUVmax values were 5.354 (cranial part of the flank masses), 8.602 
(caudal part of the flank masses), 7.453, and 1.961 (Figure 1). CT 
revealed that the depth of the left flank masses was approximately 
6.56 mm. Post-contrast CT imaging showed heterogeneous 
enhancement in the left axillary LN, measuring 3.74 × 1.58 × 2.5 cm, 
with apparent invasion into the surrounding tissues (Figures 2A,B). 
The left inguinal LN measured 7.49 × 8.67 × 6.08 mm with subtle 

FIGURE 1

Positron emission tomography/computed tomography using 
18F-fluorodeoxyglucose fusion images of the dog. (A) Cranial part of 
flank mass. SUVmax is 5.354. (B) Caudal part of flank mass. SUVmax 
is 8.062. (C) Axillary lymph node. SUVmax is 7.453. (D) Inguinal lymph 
node. SUVmax is 1.961.
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contrast enhancement on post-contrast CT imaging (Figures 2C,D). 
In addition, the right axillary lymph node (LN) measured 
7.65 × 3.22 × 4.63 mm, with homogeneous contrast enhancement on 
post-contrast CT images and an SUV max of 0.6737 on PET/CT. The 
right inguinal LN measured 4.49 × 5.18 × 2.59 mm, also showing 
homogeneous enhancement on post-contrast CT, with an SUV max 
of 1.526.

Despite the detection of LN metastasis on PET/CT, the patient 
underwent skin mass resection and a two-site lymphadenectomy for 
palliative purposes (Figure 3). Based on the previous histopathological 
examination revealing SCC and considering the high SUVmax (8.602) 
and history of two recurrences, the masses were deemed to be highly 
malignant. Therefore, the excision of the flank masses including the 
subcutaneous fat was planned with 3-cm margin. After premedication 
with midazolam (0.2 mg/kg; Midazolam, Bukwang Pharm. Co., Ltd., 
Seoul, South Korea), propofol (6 mg/kg; Provive, Myungmoon Pharm. 
Co., Ltd., Seoul, South Korea) was administered intravenously to 
induce anesthesia, which was maintained with isoflurane (Terrell, 
Piramal Critical Care, Bethlehem, PA, USA). Local infiltration 
anesthesia was applied on the left flank with a mixture of bupivacaine 
and lidocaine. Intraoperative pain control was achieved with a 
continuous infusion of remifentanil (5 μg/kg/min; Tivare BCWORLD 
Pharm. Co., Ltd., Yeojoo, South Korea).

Histopathological examination of the left flank tumors confirmed 
SCC extending from the dermis to the subcutis (IDEXX Laboratories, 
Inc., USA). Keratin pearls were observed within numerous lobules, 
trabeculae, and islands (Figure 4A). Anisocytosis and anisokaryosis 
were moderate, with mitotic counts greater than 30. The surgical 
margins were complete; however, extensive carcinomatous spread to 
both the left axillary and inguinal LNs was observed (Figures 4B,C). 
Moderate anisocytosis and anisokaryosis were noted, with 
approximately 25 mitoses per 10 high-power fields in the inguinal LN 
and more than 30 mitoses in the axillary LN. There were frequent 
areas of necrosis throughout the neoplastic tissue. Neoplastic cells 
were present in the angiolymphatic vessels surrounding the LNs.

On the day after surgery, subcutaneous emphysema developed on 
the left flank, which resolved after 1 week of compression bandaging. 
Sutures were removed 14 days post-surgery; no signs of inflammation, 
tissue edema, or seroma were observed at any surgical sites. The owner 
declined further metastasis assessment and requested referral to 
nearby local animal hospital for subsequent management. About 
2 months after the surgery, the X-ray showed nodules suspected to 
be lung metastases, and we were informed that chemotherapy would 
be  started at the local hospital. However, we  were not given any 
information about the specific chemotherapy protocol.

3 Discussion

Cutaneous SCC of the flank typically grows slowly and is locally 
invasive, with a low metastasis rate. In this case, however, the tumors 
had rapidly progressed over the past year. The tumors were resected 
thrice with incomplete margins. PET/CT revealed metastases in the 
left axillary and inguinal LNs, confirmed by histopathological 
examination. In humans, failure to completely excise cutaneous SCC 
increases the likelihood of local recurrence and metastasis (7). 
Initially, because of their papilloma-like appearance and small size, the 
tumors were resected with incomplete margins, and histopathological 

examination was omitted under the assumption that they were 
papilloma-like lesion. This decision was believed to have contributed 
to their rapid growth and metastasis. In human medicine, surgical 
margins for the excision of SCC are determined based on the tumor 
size, histological grade, and location. However, in veterinary medicine, 
there are no evidence-based criteria for determining the extent of 
surgical margins for cutaneous SCC excision, except in the nasal 
planum (8). In the absence of specific margin recommendations for 
other sites, T3 and T4 (World Health Organization’s tumor-node-
metastasis staging system) cases are recommended to have a minimum 
margin of 2 cm, which is similar to that of nasal planum SCC (9). In 
this case, the tumors depth exceeded 6 mm and the cranial and caudal 
parts were >2 cm in diameter. In addition, there was a history of 
recurrence and LN metastases, classifying this case as high-risk 
cutaneous SCC based on the human medicine criteria (10). Because 
obtaining a clear surgical margin is important for a good prognosis, 
we resected the flank masses with a wide margin of 3 cm and excised 
the LNs with suspected metastases (Figure 3).

18F-FDG PET/CT is a non-invasive technique that is commonly 
used for detecting tumor metastasis. The principle behind its use is the 
Warburg effect, wherein cancer cells have increased glucose utilization, 

FIGURE 2

Transverse planar computed tomography (CT) images of the left 
axillary lymph node measuring 3.74  ×  1.58  ×  2.5  cm (A,B) and left 
inguinal lymph node measuring 7.49  ×  8.67  ×  6.08  mm (C,D). Pre-
contrast CT image (A,C). (B) Post-contrast CT image showing 
heterogeneous enhancement with multifocal areas of necrosis and 
apparent invasion into the surrounding tissue. (D) Post-contrast CT 
image showing subtle contrast enhancement.
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resulting in elevated FDG uptake through the upregulated expression 
of GLUT-1 and hexokinase (11). Cutaneous SCC cells express GLUT-1 
and can accumulate 18F-FDG (3, 12). In humans, PET/CT is 
predominantly used to diagnose SCC in areas such as the head, neck, 
oropharynx, and esophagus, with occasional use for lesions in the 
trunk and feet (3, 13). In a study of 23 patients diagnosed with 
cutaneous SCC, all had FDG-positive scans and the mean SUVmax 
was approximately 10.2 (3). In dogs, carcinomas have higher SUV 
values compared to sarcomas (SUVmax, 2.0–10.6), with reported 
SUVmax ranging from 7.6 to 27.0 (6). In one study, 2 of 14 dogs were 
identified as having SCC with SUVmax values of 12.8 and 17.1, 
respectively; however, their specific locations were not mentioned (6). 
Flank SCC in dogs, as observed in this case, had a significantly high 
SUVmax, indicating the potential for the evaluation of these tumors 
using 18F-FDG-PET/CT.

LN assessment is critical for staging and treatment planning. 
In dogs, the normal range of SUVmax for LNs is approximately 
0.5–2.0 (14). There is no precedent for assessing LN metastasis in 
canine cutaneous SCC using PET/CT. Typically, an SUVmax 
between 2.5 and 3.5 is used as the cutoff value for identifying 
metastatic LNs (11, 15–17). In humans, metastatic LNs in 
cutaneous SCC typically exhibit SUVmax values greater than 7, 
distinguishing them from false-positive conditions, such as 
lymphadenitis. Conversely, true-negative cases have SUVmax 
values below 1.4 (18). Therefore, an SUVmax of 1.96 in a LN may 
be considered ambiguous for diagnosing metastatic involvement. 
The limited sensitivity of 18F-FDG in identifying LN metastasis is 
because of the partial volume effect, where radioactivity from small 
lesions under 10 mm spills into the background, leading to the 
underestimation of FDG uptake (19). This effect has also been 
reported in canine mammary gland tumors (20). Several studies 
have suggested the use of differential SUVmax cut-offs based on 

LN size, typically using thresholds of 7 or 10 mm, to enhance the 
sensitivity and accuracy of PET/CT in detecting metastatic LNs 
(19, 21, 22) and this has also been mentioned in veterinary 
medicine (23). In this patient, the left inguinal LN size on CT was 
7.49 × 8.67 × 6.08 mm, with the longest axis being less than 10 mm. 
To differentiate between benign and malignant LNs, it may be more 
appropriate to apply a lower SUVmax that is tailored to smaller 
LNs. CT is commonly used to show enlarged lymph nodes as an 
indication of metastasis. However, it is generally accepted that 
normal-sized lymph nodes can also contain metastases, while 
enlarged lymph nodes may sometimes be free of metastasis. The 
evaluation of CT scans with differentiated SUVmax cut-off values 
based on LN size may provide a more accurate assessment of LN 
status and assist in selecting biopsy sites during surgery.

In conclusion, this case demonstrates, for the first time, that 
flank cutaneous SCC metastasizes to regional LNs in dogs with high 
FDG uptake on PET/CT. Therefore, diagnosing cutaneous SCC and 
assessing metastasis in dogs is a feasibility of PET/CT, similar to its 
application in humans. In veterinary medicine, although there are 
no defined SUVmax cutoff values for malignant LNs, it is important 

FIGURE 3

Flank skin mass resection and lymphadenectomy. (A) The flank mass 
was excised with a 3-cm margin, including the subcutaneous fat. 
(B) The left axillary lymph node infiltrating the surrounding tissues 
was excised, noting the mass exceeding 3  cm in size and its palpable 
firmness. (C) The left inguinal lymph node was resected together 
with the adjacent tissue.

FIGURE 4

Histopathology of the left flank mass after skin mass resection and 
lymphadenectomy. (A) Keratin pearls present in squamous cell 
carcinoma (H&E stain, original magnification×20, scale bar 100 um). 
(B) Left axillary lymph node with squamous cell carcinoma (H&E 
stain, original magnification×20, scale bar 50 um). (C) Left inguinal 
lymph node with squamous cell carcinoma (H&E stain, original 
magnification5, scale bar 200 um).
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to consider that LNs smaller than 10 mm may have an FDG uptake 
lower than the SUVmax of 2.5, even when histopathologically 
confirmed as malignant metastatic LNs. Although further studies 
are needed, the interpretation of a lower SUVmax value as the 
cut-off for LNs <10 mm could enhance the sensitivity of the 
detection of LN metastasis.
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Immunotherapeutic allogeneic 
dendritic cell and autologous 
tumor cell fusion vaccine alone or 
combined with radiotherapy in 
canine oral malignant melanoma 
is safe and potentially effective
Yuan-Yuan Xia 1,2, Albert TaiChing Liao 1, Ru-Min Liu 1, 
Shu-Ya Yang 1, Chien-Chun Kuo 1, Chiao-Hsu Ke 1, Chen-Si Lin 1 
and Jih-Jong Lee 2,3*
1 Department of Veterinary Medicine, School of Veterinary Medicine, National Taiwan University, Taipei, 
Taiwan, 2 Graduate Institute of Veterinary Clinical Science, School of Veterinary Medicine, National 
Taiwan University, Taipei, Taiwan, 3 National Taiwan University Veterinary Hospital, National Taiwan 
University, Taipei, Taiwan

Introduction: Immunotherapy represents a promising breakthrough in 
cancer management and is being explored in canine melanomas. Dendritic 
cells (DCs) play a crucial role in priming T-cell-mediated immune reactions 
through the antigen-presenting function. Combining immunotherapy and 
radiation therapy may generate more substantial anti-cancer efficacy through 
immunomodulation.

Objectives: Our research reported a preliminary result of the safety and outcome 
of a kind of immunotherapy, the allogeneic dendritic cell and autologous tumor 
cell fusion vaccine, alone or in combination with hypofractionated radiation 
therapy, in canine oral malignant melanoma.

Methods: Two groups of dogs with histopathological diagnoses of oral malignant 
melanoma were recruited. In group 1 (DCRT), dogs received a combination of 
DC fusion vaccine and radiotherapy. In group 2 (DC), dogs received DC fusion 
vaccine alone. DC vaccination was given once every 2 weeks for four doses. 
Radiotherapy was performed weekly for five fractions. Dogs that received 
carboplatin were retrospectively collected as a control group (group 3).

Results: Five dogs were included in group 1 (two stage II, three stage III), 11 in 
group 2 (three stage I/II, eight stage III/IV), and eight (two stage I/II, six stage  
III/IV) in the control group. Both DC and DCRT were well-tolerated, with only 
mild adverse events reported, including mucositis, gastrointestinal discomfort, 
and injection site reactions. The median progression-free intervals in groups 
1, 2, and 3 were 214 (95% CI, NA, due to insufficient data), 100 (95% CI, 27–
237), and 42  days (95% CI, NA-170), respectively, which were not significantly 
different. The 1-year survival rates were 20, 54.5, and 12.5% in groups 1, 2, and 
3. Dogs in the DCRT group exhibited significantly higher TGF-β signals than the 
DC group throughout the treatment course, indicating a possible higher degree 
of immunosuppression.

Conclusion: The manuscript demonstrated the safety of dendritic cell/tumor 
cell fusion vaccine immunotherapy, alone or in combination with radiotherapy. 
The results support further expansion of this immunotherapy, modification 
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of combination treatment and protocols, and investigation of combining DC 
vaccine with other treatment modalities.

Clinical trial registration: Preclinical Trials, PCTE0000475.
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1 Introduction

Canine oral malignant melanoma (OMM) is the most common 
tumor in the canine oral cavity and its management remains 
challenging due to its propensity for local invasion and distant 
metastasis (1). Surgery and radiation therapy (RT) provide the most 
effective tumor controls which primarily target local tumor invasion. 
Hypofractionated radiation, as reported in several studies, has been 
commonly used in canine OMM, demonstrating an overall 81–100% 
tumor response rate with tolerable side effects. Reported median 
survival times of dogs with OMM undergoing RT alone range from 
171 to 307 days, while additional systemic treatments appeared to have 
minimal impact on survival (2–5). Considering the high rate of distant 
metastasis, systemic treatment against canine OMM is imperative. 
Conventional chemotherapy utilizing platinum-based agents, 
however, only offered a modest 28–37% response rate (6, 7). In our 
department, using chemotherapy in dogs with OMM lacking wide-
margin surgery resulted in a 12.5% response rate and a median overall 
survival of 6 months (8). Evidence of therapeutic effects in canine 
OMM is also limited for tyrosine kinase inhibitors (TKIs) (9, 10). On 
the other hand, immunotherapy, aiming to activate and modulate the 
immune system, is the fourth pillar in both human and veterinary 
cancer management.

At the time of this manuscript preparation, two commercialized 
immunotherapeutic drugs were approved for treating canine 
malignant melanoma. The first is the US FDA and USDA-approved 
DNA vaccine Oncept®, which expresses xenogeneic human tyrosinase 
and is applied for dogs with stage II/III oral melanoma after surgical 
control since 2007. Theoretically, the DNA product was designed to 
induce an immunostimulatory function, but the clinical experiences 
were controversial (11, 12). Although some long-term survivors were 
observed, and it remained an option due to the vaccine’s general safety, 
more solid evidence of efficacy was required. The second, the immune 
checkpoint inhibitor (ICI), represents a promising immunotherapeutic 
breakthrough in human and canine cancer fields. In late 2023, the 
commercialized canine anti-programmed cell death receptor-1 (PD-1) 
antibody Gilvetmab was conditionally approved by the USDA for 
canine mast cell tumor and malignant melanoma treatment, and 
further clinical studies are underway to investigate its toxicity and 
efficacy. Other research on canine ICIs showed some survival benefits 
in end-stage OMM dogs. In the study conducted by Igase et al. (13) 
the anti-PD-1 treatment induced a 26.5% response rate. And Maekawa 
et  al. (14) reported that the anti-PD-ligand-1 (PD-L1) treatment 
resulted in a significantly prolonged survival of 143 days compared to 
a historical control.

Our team has constructed a cancer immunotherapeutic vaccine by 
fusing autologous cancer cells with allogeneic dendritic cells (DCs) and 

re-injecting the fusion product subcutaneously into tumor-bearing dogs. 
This approach aimed to capitalize on the great antigen-presenting and 
processing ability of DCs, to prime a specific anti-tumor immune 
response involving both CD4 and CD8 T cells (15). Previously, Gyorffy 
et al. (16) reported a successful generation of autologous bone-marrow-
derived DCs (BMDCs) from three melanoma dogs and a healthy dog. 
After infection with the human xenoantigen gp100, the DC-product was 
re-injected into dogs, with a combination of RT. Although the case 
number was low, two out of three melanoma dogs lived for over 
20 months. However, because the DC function might be defective during 
tumor proliferation process (15), an allogeneic DC source from healthy 
young adult dogs was preferred by our team. Based on this conception, 
the allogeneic BMDC/autologous tumor cells fusion vaccine was 
conducted by our team and re-injected into transmissible venereal tumor 
(TVT)-inoculated beagles. The vaccination significantly slowed tumor 
growth rate and induced earlier self-regression without significant side 
effects. Increased MHC expression on tumor cells, enhanced TVT-specific 
cytotoxicity and natural killer cell activity, as well as increased interferon 
(IFN)-γ production, were observed in the vaccinated group (17). The DC 
generation method in this experiment was successfully repeated in serial 
studies, as confirmed by morphology and cell phenotypes (18, 19). 
Another team used allogeneic or autologous DCs and fused them with 
canine mammary gland tumor cell lines to develop fusion vaccine 
products. The two kinds of vaccines were injected into laboratory beagles, 
resulting in cytotoxic T-lymphocyte reaction and specific anti-tumor IgG 
detection, respectively (20, 21). These previous basic and clinical data 
support us in further investigating the clinical efficacy of DC-based 
vaccines in cancer-bearing dogs.

While we  treat cancer using the above strategies separately, 
whether those therapies could be combined to enhance treatment 
efficacy was asked. Combinatorial therapies have already been applied 
in chemotherapy and RT (22), as some chemotherapy agents are 
radiosensitizers. Combining immunotherapy and RT is gaining 
attention in recent cancer research. Radiation can induce both local 
and systemic anti-tumor immune reactions, and there were occasional 
reports of the “abscopal effect” in humans, describing the phenomenon 
of regression of unirradiated lesions (23). However, RT also causes the 
accumulation of several immunosuppressive cells and cytokines, 
resulting in a negative impact on the immune system (23, 24). Many 
pre-clinical and clinical studies are working on combining RT and 
immunotherapy using ICIs, with some encouraging pre-clinical 
evidence and some controversial clinical experiences (23–29). To 
further explore the clinical efficacy, more issues about the exact 
treatment sequence, RT fractionation and treatment resistance, should 
be addressed. In veterinary research, only a few published studies 
focused on this topic. Canter et al. (30) applied RT and subsequent 
intra-tumoral natural-killer (NK) cell transfer in a canine 
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osteosarcoma mouse model and clinical patients. Delayed tumor 
growth and enhanced NK cell homing to the tumor were observed in 
the mouse model. Fifty percent of clinical osteosarcoma dogs were 
metastasis-free after 6  months, with acceptable side effects (30). 
Deguchi et al. (31) retrospectively analyzed dogs with stage IV OMM 
being treated with anti-PD-L1 and hypofractionated RT, and a 55.6% 
clinical benefit rate was reported in dogs receiving RT ≤ 8 weeks before 
anti-PD-L1 treatment, which was significantly higher than the group 
of dogs having ICIs alone. Boss et  al. (32) recruited dogs with 
spontaneous tumors and treated them with stereotactic body 
radiotherapy (SBRT) alone or combinatorial OX40/TLR 
immunotherapy. The latter group of dogs had decreased tumor-
infiltrating regulatory T cells (Tregs) and tumor macrophages, as well 
as a significantly increased serum interleukin (IL)-7 concentration 
(32). Besides, Magee et  al. (33) employed a kind of immune-
radiotherapy composed of external beam radiotherapy, intra-tumoral 
cytokine and targeted radionuclide. The treatment was well-tolerated 
and could induce tumor microenvironment modulations (33). As 
dogs are great animal models in cancer research, more studies are 
warranted exploring the immunotherapy and RT combinational 
treatment modality.

Based on the information above, our manuscript outlines a pilot 
clinical study investigating the use of the DC/tumor fusion vaccine 
alone or in combination with RT in dogs with OMM. The study aimed 
to address two questions: (1) the safety of the DC fusion vaccine alone 
and in combination with RT, and (2) the outcome of the DC fusion 
vaccine and the combinatorial treatment.

2 Materials and methods

2.1 Study design and patient recruitment

The study was executed at National Taiwan University Veterinary 
Hospital Animal Cancer Treatment Center, and was a single-center, 
open-label pilot study. Client-owned dogs were enrolled into Group 1 
(DCRT) or Group 2 (DC), which was decided by the owners based on 
the clinicians’ suggestions on possible treatment options.

Group 1 (DCRT): due to the COVID-19 pandemic, radiation 
therapy for small animals has been unavailable in our area since 2020. 
Therefore, only dogs from 2019 to 2020 that received concurrent 
radiation therapy and dendritic cell immunotherapy were recruited. 
Dogs in this group should have histopathological diagnoses of oral 
malignant melanoma. Dogs were not required to be treatment-naïve 
but should fail previous treatment. For surgical procedures, either 
tumor debulking or biopsy, or wide-margin surgery (e.g., partial or 
total maxillectomy or mandibulectomy) was acceptable. Whether to 
perform a regional lymphadenectomy was determined by the 
clinician. Dogs should be clinically staged based on the WHO TNM 
staging system (Table 1). Dogs in stage I-III were included because 
surgery and RT would not be strongly recommended by clinicians for 
stage IV dogs considering the cost and risks of repeated anasthesia. 
During the staging process, tumor size was measured by caliper or by 
head computed tomography (CT) scan. The ipsilateral mandibular 
lymph nodes or any enlarged mandibular or retropharyngeal lymph 
nodes were defined as regional lymph nodes (RLNs), and metastasis 
was surveyed through histopathology or cytology, or was suspected 
by radiologists through CT. Pulmonary metastasis was screened by 

thoracic CT and soft tissue attenuation lesions would be presumed to 
be metastasis without further cytology or pathology confirmation. 
Basic blood tests, including a complete blood count (CBC) and 
biochemistry, were obtained before enrollment. Dogs with severe liver 
or renal insufficiency or autoimmune disease were not eligible to 
be included. Other examinations, such as urinalysis and abdominal 
ultrasound, were not required in each patient but were determined by 
the attending clinician. Concurrent use of steroids was not allowed. 
The study was fully reviewed and approved by the National Taiwan 
University Institutional Animal Care and Use Committee (approval 
no. NTU-109-EL-00106). All the owners were informed of the study 
details before enrollment, and informed consent was obtained.

Group 2 (DC): dogs that received dendritic cell immunotherapy 
without RT were recruited from 2019 to 2022. The diagnosis criteria, 
surgical procedures, examination of primary oral mass and definition 
of RLN, decisions on regional lymphadenectomy, staging criteria, and 
exclusion criteria were the same as in Group 1. During the initial 
staging process, if the initial chest X-ray survey revealed evidence of 
pulmonary metastasis, the dog would be excluded because surgical 
procedures would not be  strongly suggested. If the pulmonary 
metastatic lesion was tiny and could only be detected by a CT, the dog 
was still allowed to be enrolled. Therefore, dogs in stage I-III and early 
stage IV were included. Similarly, baseline CBC and biochemistry 
were obtained before enrollment, and other clinical examinations 
were not required but were determined by the clinician. Concurrent 
use of steroids was not allowed. The study was fully reviewed and 
approved by the National Taiwan University Institutional Animal Care 
and Use Committee (approval no. NTU-110-EL-00134). All the 
owners were informed of the study details before enrollment, and 
informed consent was obtained.

Control group: because neither radiotherapy nor commercialized 
Oncept immunotherapy is available in our area currently, a group of 
dogs (Group  3) with histopathologically diagnosed OMMs who 
received carboplatin in our department was used as a control group 
(data of this population was reported as a part of our previous work) 
(8), to compare the treatment efficacy preliminarily. Patients’ 
information, treatment, and outcome details were recorded. Evaluation 
criteria for clinical stage, RLN, and distant metastasis were the same as 

TABLE 1  WHO-based TNM clinical staging system of canine oral 
malignant melanoma.

T: Primary 
tumor

N: Regional lymph 
nodes

M: Distant 
metastasis

T1
Tumor ≤2 cm 

in diameter
N0

No evidence of 

regional node 

involvement

M0

No evidence of 

distant 

metastasis

T2 Tumor 

2–4 cm in 

diameter

N1 Histologic/

cytologic evidence 

of regional node 

involvement

M1 Evidence of 

distant 

metastasis

T3 Tumor >4 cm 

in diameter

N2 Fixed nodes

Stage I = T1 N0 M0

Stage II = T2 N0 M0

Stage III = T3 N0 M0 or T2 N1 M0

Stage IV = Any T, any N, and M1
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those in groups 1 and 2. None of the dogs received wide-margin surgery 
or RT. All of the patients had maximum-tolerated-dose carboplatin, 
treatment dose and interval were determined by the attending clinician.

2.2 Dendritic cell immunotherapy 
manufacturing

The dendritic cell immunotherapy utilized autologous tumor cells 
and allogeneic dendritic cells, which were fused in vitro into a vaccine 
product. A detailed process was described previously (17, 34).

Tumor cell preparation: freshly biopsied or removed tumor tissue 
was suspended and was mechanically crushed and separated into 
single cells in a sterile stainless steel mesh, with phosphate-buffered 
saline (Simply, GeneDireX, Taipei, Taiwan) solution with 5% 
antibiotics of Penicillin–Streptomycin-Amphotericin B (P/S/A, 
Simply, GeneDireX, Taipei, Taiwan). At least a 1*1*1 cm tumor sample 
was requested to obtain sufficient tumor cells, but it was encouraged 
to be as large as possible. The total cell count should be at least 4 × 107, 
and the cells were preserved in cryogenic tubes. Each tube contains 
around 1 × 107 cells. All the cells were checked microscopically to 
ensure no bacterial or fungal infection and were then stored in 
nitrogen liquid until vaccine preparation.

Dendritic cell generation: peripheral blood was collected from 
healthy dog donors. Mononuclear cells (PBMCs) were isolated by 
gradient centrifugation using Ficoll–Hypaque (density 1.077, Cytiva, 
Uppsala, Sweden) at 400 g for 35 min at room temperature. The buffy 
coat was extracted and centrifugated at 500 g for 15 min at 16°C and was 
washed twice using PBS. The obtained PBMCs were cultured in RPMI 
1640 medium (Simply, GeneDireX, Taipei, Taiwan) with 10% donor 
dog serum and 1% P/S/A for 24 h (day 1) for cell adherence. From the 
second day to the seventh day, the culture medium was changed to 
RPMI 1640 with 10% fetal bovine serum (FBS, Gibco, Thermo Fisher 
Scientific, Massachusetts, United States), 1% P/S/A, and IL-4, GM-CSF 
and Flt-3 L (all from R&D System, Minnesota, United States) to induce 
immature dendritic cell differentiation. On day 8, additional 
lipopolysaccharide (LPS, Merck KGaA, Darmstadt, Germany) was 
added to stimulate dendritic cell maturation. On day 11, the mature 
dendritic cells were harvested and every 1 × 107 cell was preserved in a 
cryogenic tube and stored in nitrogen liquid until vaccine preparation.

Fusion vaccine preparation: 1 × 107 tumor cells and 1 × 107 dendritic 
cells were thawed and recovered 1 day before cell fusion. The tumor cells 
and dendritic cells were mixed and fused by adding 1 mL of 
polyethyleneglycol (PEG, Jena Bioscience GmbH, Jena, Germany) to the 
resuspended cell pellet during 2-min stirring. Based on previous studies, 
the fusion rate could reach 60%. The fusion product was cultured in 
RPMI 1640 with 10% FBS, 1% P/S/A, IL-4, and GM-CSF for 3 days 
before treatment. On the treatment day, the fusion product was treated 
with 15 ug/mL mitomycin (BOC Science, New York, United States) and 
was then resuspended in 400 μL 0.9% normal saline. The fresh fusion 
vaccine product should only be valid for use on the same day.

2.3 Radiation therapy

A hypofractionated radiation therapy protocol was used and dogs 
were treated weekly. Radiation was delivered by a 6 MV linear 
accelerator (Synergy, 500 MU/min, Elekta, Stockholm, Sweden). 

Pre-treatment cone-beam CT (Discovery CT 590, GE, 16 slices) was 
performed 1 week before treatment for treatment planning. Patient 
positioning for the CT scan was determined by the attending clinician, 
and a thermoplastic facial mask was used for immobilization. Gross 
tumor volume (GTV) was defined as primary tumor volume. Whether 
to include RLNs in the treatment field was determined by the 
attending clinician. For the primary tumor, radiation therapy was 
prescribed with 8–8.5 Gy per fraction, for a total of 40–42.5 Gy. While 
for the RLN, the dosage was 7–8 Gy per fraction. General anesthesia 
was performed by clinical veterinarians from the National Taiwan 
University Veterinary Hospital. A follow-up CT scan was arranged 
1 month after finishing treatment.

2.4 Treatment protocol and schedule

The freshly harvested dendritic cell/tumor cell fusion vaccine was 
given subcutaneously at the lateral cervical region ipsilateral to the 
tumor, between mandibular and prescapular lymph nodes.

For the group  1/DCRT group, the treatment schedule is 
summarized in Figure  1. Briefly, the primary tumor sample was 
biopsied for vaccine preparation, and the patient would receive CT 
planning in the same week. RT would be  started next week and 
proceeded weekly for five treatments. The DC vaccine would be given 
2–3 days after the second RT treatment due to the time needed for 
manufacturing. The DC vaccine would be prescribed every 2 weeks 
for a total of four doses. A follow-up CT scan was arranged 4 weeks 
after the fifth RT, and would be  in the same week as the last 
DC vaccination.

For the group 2/DC group, patients had their tumors removed or 
biopsied for vaccine preparation. Patients would receive the DC 
vaccine 1–2 weeks after surgery once the surgical wound healed well. 
The vaccination would be prescribed once every 2 weeks, and a total 
of four doses were planned.

2.5 Response and adverse event evaluation

Tumor response was evaluated based on the Veterinary 
Cooperative Oncology Group Response Evaluation Criteria in Solid 
Tumors v1.0 (35) and was defined as complete remission (CR), partial 
remission (PR), stable disease (SD) and progressive disease (PD). If 
the best response was SD, the duration should be at least 4 weeks. A 
clinical benefit rate was calculated as the percentage of patients who 
achieved CR/PR/SD. The response rate was defined as the percentage 
of dogs achieving CR and PR.

Radiation toxicity was evaluated based on the toxicity criteria of 
the veterinary radiation therapy oncology group (36) and was assessed 
and graded at each treatment and recheck. Radiation side effects were 
defined as acute (within 6 months) or delayed (>6 months). If acute 
mucositis occurred and affected the patient’s quality of life, 
nonsteroidal anti-inflammatory drugs were prescribed to alleviate 
clinical signs.

Immunotherapy toxicity was evaluated based on clinical signs, 
physical examination, blood, and imaging examinations. Physical 
examination was performed at each treatment and recheck. Essential 
CBC and biochemistry, and 3-view chest radiographs were checked 
before the first and third vaccinations, and 1 month after the fourth 
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vaccination. To classify the adverse events more specifically, the 
Veterinary Cooperative Oncology Group—Common Terminology 
Criteria for Adverse Events (VCOG-CTCAE) v1.1 and v2 (37, 38) 
were used as reference criteria, which were also used for 
chemotherapy-caused adverse event evaluation.

Patient follow-up and re-staging examinations were arranged 
monthly for 3 months and every 3 months after.

2.6 Peripheral blood plasma cytokine 
concentration analysis

In group 1 and group 2, blood samples from individual patients 
were collected in EDTA tubes before the first and third vaccination, 
and 4 weeks after the fourth vaccination. Plasma was preserved at 
−20°C until analysis. The plasma cytokine analysis was proceeded by 
using the commercial ProcartaPlex Dog Cytokine/Chemokine Panel 
11 plex (including IFN-γ, IL-10, IL-12, IL-2, IL-6, IL-8, MCP-1, SCF, 
TNF-α, VEGF-A, NGF-β) and ProcartaPlex Dog TGF-beta-1 Simplex 
kit and analyzer (Invitrogen, Thermo Fisher Scientific, Massachusetts, 
United States).

2.7 Statistical analysis

Patient’s signalment, tumor information (oral tumor size, location, 
bony invasion), RLN status, clinical stage, mitotic count under 
histopathological evaluation, surgical procedure, residue tumor status 
before DCRT or DC treatment, tumor response during treatment (i.e., 
PD or not), and other anti-cancer treatments before enrollment or 
after disease progression (i.e., chemotherapy, targeted therapy, other 
immunotherapies), were recorded. Progression-free interval (PFI) and 
overall survival (OST) were recorded. PFI was calculated from the day 
the studied treatment started to the day of disease progression or other 
treatment initiation. OST was defined as disease-specific survival and 
was calculated from the start of treatment to the time of tumor-related 
death. For patients who received additional treatments after PD or due 
to their owners’ insistence, the OST would be recorded from the day 
the studied treatment started to the time the other treatments were 
initiated, and then the data would be censored from survival analysis. 

If disease progression was not confirmed, or the death was unrelated 
to melanoma, the data would still be recorded but would be censored 
from PFI or OST analysis. Local recurrence was defined as a 
cytologically or histologically diagnosed melanoma that recurred at 
the original site or RLNs after treatment. Distant metastasis was 
detected by radiography or ultrasonography. Categorical variables 
were compared using Fisher’s exact test. Continuous variables were 
analyzed by the Mann–Whitney test. Cytokines at different time 
points within a single group were analyzed by the Wilcoxon test. 
Cytokines at different time points between the DCRT and DC groups 
were analyzed by multiple Mann–Whitney tests with an adjusted 
p-value by using the Holm-Sidak method (setting α = 0.05) to control 
the type I error rate when performing the multiple comparisons. PFI 
and OST were described by Kaplan–Meier curves with 95% confidence 
interval obtained directly from the graphs, and were compared by 
Log-rank test. All statistical analyses were performed by GraphPad 
Prism (RRID: SCR_002798), version 10.0, GraphPad Software, San 
Diego, California United  States.1 A p < 0.05 was considered 
statistically significant.

3 Results

3.1 Patients’ characteristics

Group  1/DCRT group: five dogs were prospectively enrolled. 
Detailed patient characteristics are summarized in Table  2. The 
median age of the five dogs was 12 years old (interquartile range/IQR, 
11–13). The median body weight was 5.8 kg (IQR, 4.3–13). The 
median oral tumor size was 3.0 cm (IQR, 2.5–3.4). Two dogs (40%) 
had mandibular tumors while the other three (60%) had maxillary 
tumors. Two dogs were stage II (40%), and three were stage III (60%). 
Four out of five (80%) dogs had metastatic RLNs. Before enrollment, 
four dogs were treatment-naïve; one had received metronomic 
chemotherapy for 2 weeks with macroscopic disease, without obvious 

1  www.graphpad.com

FIGURE 1

Planning treatment schedule of the dogs in the DCRT group. Briefly, surgery was performed for DC vaccine sampling and debulking, and CT planning 
for RT was performed in the same week of surgery. The first RT started 1 week after CT planning; the first DC vaccination started 2 days after the 
second RT. RT was scheduled weekly for a total of five treatments; the DC vaccine was given every other week for a total of four doses. PE, physical 
examination.
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response. None of the dogs received wide-margin surgery. All the dogs 
had macroscopic disease when they received DCRT.

Group 2/DC group: 11 dogs were prospectively included. Detailed 
patient information is summarized in Table 3. The median age of the 
11 dogs was 13 years old (IQR, 10–14). The median body weight was 
6.8 kg (IQR, 5.7–19). The median oral tumor size was 2.3 cm (IQR, 
1.8–3.7). Five dogs (45%) had maxillary tumors, three (27%) had 
mandibular tumors, and three (27%) had lingual tumors. Three dogs 
(27%) were stage I/II, and eight (73%) were stage III/IV. Five dogs 
(45%) had metastatic tumor cells in the RLNs. The median mitotic 
count was 12/10 high-power fields (HPFs) (IQR, 8–34), ranging from 
4 to 102/10 HPFs. Before enrollment, seven dogs (64%) were 
treatment-naïve; two (18%) had marginal excision but the tumor 
recurred within 4 weeks; one (9%) received marginal excision and 
metronomic chemotherapy for 8 weeks then the tumor recurred; one 
(9%) received metronomic chemotherapy for 6 weeks without clinical 
benefit. When receiving the DC vaccine, five dogs (45%) had 
macroscopic disease, either in the oral cavity or the lung parenchyma.

Group  3: eight dogs were retrospectively collected. Detailed 
patient information is summarized in Table 4. The median age of dogs 
in this group was 13.5 years old (IQR, 11.8–14). The median body 
weight was 9.0 kg (IQR, 7.6–10.4). The median oral tumor size was 
2.8 cm (IQR, 3.4–3.1). Four dogs (50%) had mandibular tumors, three 
(37.5%) had maxillary tumors and one (12.5%) had a tonsil melanoma. 
Two dogs (25%) were in clinical stage I/II and six (75%) were in stage 
III/IV. Four dogs (50%) had metastatic RLNs. Two dogs had tumor 
debulking surgery before receiving carboplatin while the other six 
dogs were treated in macroscopic disease status. Neither of the dogs 
in this group received other systemic treatments before carboplatin. 
None of them received wide-margin surgery or radiotherapy during 
their disease course.

Patient characteristics between the three groups were not 
significantly different.

3.2 Treatment response and adverse events

Group 1/DCRT group: results of the five dogs are summarized in 
Table 5. Four dogs received DCRT following the planned schedule and 
protocol. One patient (No. 4) received RT on schedule but started the 
DC vaccination after the third radiation because, under 
histopathological exam, only rare cells contained pigments, and 
additional immunohistochemistry stains were required to confirm the 
melanoma diagnosis. All dogs responded to radiation therapy, two 
had CR and three had PR as the best response. Regarding RT toxicity, 
only mild and self-limited acute side effects were observed, including 
grade 1 alopecia and grade 2 mucositis. For the DC vaccination, three 
dogs did not report any side effects, one dog had a tiny, self-recovered 
injection site subcutaneous nodule that was too small and deep to 
perform a fine-needle aspiration (FNA), and the other had grade 1 
hyporexia. No aggressive medical intervention was needed in 
this group.

Group 2/DC group: results are summarized in Table 6. All 11 dogs 
had sufficient tumor cell counts and were scheduled to receive four 
vaccination doses. Nine dogs finished the full protocol, and two of 
them extended the treatment to a total of five doses, as the owners 
required. Two dogs (patients No. 4 and 10) did not finish the treatment 
because of tumor progression, after receiving two and three doses of T
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TABLE 3  Patients’ characteristics and tumor information of the 11 dogs in the DC vaccine group.

No. Age 
(y/o) Breed Sex

Weight 
(kg)

Tumor 
diagnosis

Tumor 
location

Clinical 
stage

Mass 
size 

(cm)1

Lymph node 
metastasis

MC/10HPF
Bone 

invasion

Treatments 
before 

enrollment

Surgical 
procedure 

after 
enrollment

1 14 Shi Tzu Mc 5.5 MM Lt. mandible IV 2.7 Yes/path 37 Yes No
Oral mass 

debulking

2 13
Miniature 

poodle
Fs 5.8 MM

Lt. caudal 

maxilla
III 4 Yes/path 8 Yes No

Oral mass partial 

debulking2

3 14 Schnauzer Fs 6.5 MM Rt. maxilla II 2.3 Not reported 12 Yes No
Oral mass 

debulking

4 13 Mixed breed Mc 20 MM Lingual III 3.4 Yes/path 15 No No
Oral mass 

debulking

5 10 Mixed breed Mc 21 MM Lingual IV 2 No/path Not reported No Marginal excision
Oral mass 

debulking

6 11
Miniature 

poodle
Mc 2.8 MM Lt. maxilla IV 0.7 No/path 8 Yes Marginal excision

Partial 

maxillectomy

7 10 Mixed breed Mc 20 MM
Lingual and 

lip
I 1.6 No/path 34 No No

Glossectomy, lip 

mass debulking

8 15 Mixed breed Fs 18.5 MM
Rostral 

maxilla
III 2.1 Yes/path Hard to evaluate3 No No

Oral mass 

debulking

9 14 Mixed breed Fs 15 AMM Lt. mandible III 4 No/path 4 No
Metronomic 

chemotherapy

Oral mass 

debulking

10 10 Dachshund Mi 6.8 MM
Rostral 

maxilla
III 5 Yes/path 102 Yes

Metronomic 

chemotherapy
Biopsy

11 8
Miniature 

poodle
Fi 2.5 MM

Rostral 

mandible
I 1.3 No/cytology 7 Yes No

Rostral 

mandibulectomy

1Maximum diameter of the oral tumor; 2Oral mass partial debulking: patient No. 2 had the tumor invade the orbital and retrobulbar area, which was not able to be surgically removed. 3According to the histopathological report, the mitotic count was difficult to observe 
due to the obscurations by large numbers of cytoplasmic granules. Fs, female spayed; Fi, female intact; Mc, male castrated; Mi, male intact; MM, malignant melanoma; AMM, amelanotic malignant melanoma; path, histopathology; MC, mitotic count; HPF, high power 
field.
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DC vaccine, respectively. No dog responded to the treatment, while 
eight dogs achieved stable disease (three were stable with macroscopic 
lesions, five were progression-free with microscopic tumor cells) 
during vaccination treatment, resulting in a clinical benefit rate of 
73%. Two of the three stage IV dogs could maintain stable disease 
during treatment and survived for over a year. Nine dogs did not 
report any adverse events during the whole treatment process. One 
dog had a 1-cm injection site nodule and FNA revealed predominantly 
neutrophils and macrophages. This patient had a self-recovery without 
medical intervention. The other dog reported grade 2 gastrointestinal 
toxicities, including hyporexia, vomiting and diarrhea, which could 
be managed by supportive treatments.

Group 3: results are presented in Table 7. The median carboplatin 
initiation dosage of all eight patients was 250 mg/m2 (IQR, 250–262.5) 
and the median dose of injections was 2 (IQR, 1–3). One dog had a 
partial response to carboplatin, and four maintained stable disease, 
leading to a 12.5% response rate and 62.5% clinical benefit rate. Side 
effects were reported in five dogs which were mainly grade 1–2 and 
self-limited gastrointestinal discomfort.

3.3 Outcome

All dogs in Groups 1 and 2 had died by the time of this 
manuscript preparation.

In the DCRT group, three dogs died because of tumor-related 
reasons (two died of local disease, one was due to distant metastasis), 
and two of them received other kinds of treatments (other 
immunotherapies, metronomic chemotherapy) after tumor 
progression. One dog (No. 3) survived 22 months and died of liver 
failure with neurological signs. No local recurrence or pulmonary 
metastasis was observed before death; however, whether the liver or 
brain had melanoma metastasis, or the dog developed primary liver 
diseases, was not confirmed. Treatment-related reasons were less likely 
due to the long duration from treatment to death, and no adverse 
events were reported during treatment. The other dog (patient No. 4) 
had a sudden death 28 days after treatment finished, without any 
evidence of disease progression at the last visit. However, tumor-
related reasons could not be excluded because the dog had occasional 
vomiting and coughing 2 weeks before death. Although the activity, 
appetite and respiratory rate were normal, melanoma metastasis or 
tumor emboli were possible causes of death. Treatment-related 
reasons were less likely because no abnormal radiation-induced or 
immuno-dysregulation signs were noted. Other diseases, including 
cardiopulmonary or gastrointestinal problems, were not excluded 
either, but no more clinical signs were reported. No necropsy 
was performed.

In the DC group, all 11 dogs had died. Four (36%) deaths were 
because of local tumor progression, six dogs (55%) died of distant 
melanoma metastasis; one dog (patient No. 8) developed a rapidly 
enlarged Rt. forelimb mass around 19 months after DC finished, and 
became anorexia and died within 2 months. The owner declined 
diagnostic exams of the Rt. forelimb mass, therefore, whether the 
mass was a melanoma metastasis or a second malignancy was 
undetermined, or if there were other comorbidities leading to the 
patient’s death. Six dogs received other treatments after disease 
progression (other immunotherapies, chemotherapy, or TKIs). After 
the DC treatments were finished, two dogs received other T
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TABLE 5  Treatment protocol, adverse events and outcomes of the five dogs in the DCRT group.

No. RLN 
removal

RT (oral 
mass)

RT (RLN)
DC 

doses
Best 

response

Adverse 
events (RT/

DC)

PFI 
(days)

TLP 
(days)

TDM 
(days)

OST 
(days)

Other 
treatments 

after PD
Outcome

1 Yes 8.5 Gy*5 No
Regular, 4 

doses
CR

Grade 2 

mucositis, grade 

1 skin/NR

79 79 No 113 No
Spontaneous death; 

local disease

2 No 8 Gy*5 7.5 Gy*5
Regular, 4 

doses
PR

Grade 2 

mucositis/NR
62 102 62; pulmonary 62

Metronomic 

chemotherapy

Spontaneous death; 

pulmonary 

metastasis

3 No 8 Gy*5 7 Gy*5
Regular, 4 

doses
CR

Grade 1 skin/

Injection site 

nodule

6302 No Unsure 630
Progression was not 

confirmed

Spontaneous death; 

liver failure, 

neurological signs

4 Yes 8 Gy*5 8 Gy*5

started after 

3rd RT, 4 

doses1

PR

Grade 1 skin/

Grade 1 

hyporexia

1012 Unsure Unsure 101
Progression was not 

confirmed

Sudden death; 

undetermined 

cause

5 Yes 8 Gy*5 7 Gy*5
Regular, 4 

doses
PR Grade 1 skin/NR 214 214 No 214

Adoptive NK cell 

therapy

Spontaneous death; 

local disease

Median PFI (days) 214 (95% CI, NA)

Median OST (days) Not reached due to insufficient event numbers

1: the patient started DC vaccination after the third radiation because additional immunohistochemistry stains were required to confirm the final melanoma diagnosis. 2: patient No. 3 died of liver failure and neurological signs without evidence of local tumor 
recurrence or pulmonary metastasis, but liver or brain metastasis could not be ruled out; patient No. 4 died of undetermined cause, the patient developed occasional vomiting and coughing around two weeks before death (four weeks after treatment finished), a tumor-
related death could not be excluded but was not confirmed. The data were recorded as durations from treatment to death. RLN, regional lymph node; NR, not reported; PFI, progression-free interval; TLP, time to local progression since treatment started; TDM, time to 
distant metastasis since treatment started; OST, overall survival time; NK cell, natural killer cell.
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TABLE 6  Treatment protocol, adverse events and outcomes of the 11 dogs enrolled in the DC vaccine group.

No. RLN 
removal

DC 
doses

Residue tumor 
before DC 

vaccination

Best 
response

Adverse 
events

PFI (days)
TLP 

(days)
TDM (days)

OST 
(days)

Treatments 
after PD

Outcome

1 Yes 4 Macroscopic/lung SD NR 161 No
161; pulmonary 

PD
161 Chemotherapy; ACT

Euthanasia; pulmonary 

metastasis

2 Yes 5
Macroscopic /

retrobulbar
SD

Injection site 

nodule
70 70 141; pulmonary 70 ACT; surgery Euthanasia; local disease

3 No 5 Microscopic SD/PF NR 1172 177 204; pulmonary 117
ACT; TKI; 

chemotherapy

Spontaneous death; 

Local 

lymphadenomegaly; 

SIRS, AKI

4 Yes 2 Microscopic PD NR 14 14 21; pulmonary 23 No
Euthanasia; diffuse 

metastasis

5 Yes 4 Macroscopic/lung SD grade 2 GI signs1 1002 333
366; pulmonary 

PD
100 ACT

Spontaneous death; 

pulmonary metastasis

6 Yes 4
Macroscopic

/lung
PD NR 31 31 31; pulmonary PD 51 No

Euthanasia; diffuse 

metastasis

7 Yes 4 Microscopic SD/PF NR 418 No 418; pulmonary 525 No

Euthanasia; pulmonary 

metastasis; UB mass, 

hematuria; liver and 

splenic mass; anemia;

8 Yes 4 Microscopic SD/PF NR 6863 No No 686 No

Spontaneous death; 

anorexia; Rt. forelimb 

mass

9 Yes 4 Microscopic SD/PF NR 60 60 No 60 TKI
Euthanasia; local tumor, 

AKI, cachexia;

10 Yes 3
Macroscopic

/oral
PD NR 27 27 No 44 No Euthanasia; local disease;

11 No 4 Microscopic SD/PF NR 237 No
237; subcutaneous 

316; pulmonary
237 Chemotherapy; TKI

Spontaneous death; 

diffuse distant metastasis

Median PFI (days) 100 (95% CI, 27–237)

Median OST (days) 525 (95% CI, 44-NA)

1Gastrointestinal (GI) signs, including hyporexia, vomiting, and diarrhea. 2Patients did not have disease progression at this time. Owners insisted on continuing with other treatments, so the PFIs were recorded as the duration from DC vaccination to initiation of other 
treatments. 3Patient No. 8 had a rapidly enlarged Rt. forelimb mass 19 months after DC finished and died within 2 months, without evidence of tumor progression. Melanoma-related death could not be ruled out but was not confirmed. The data was recorded as the 
duration from treatment to death. RLN, regional lymph node; PF, progression-free; NR, not reported; PFI, progression-free interval; TLP, time to local progression since treatment started; TDM, time to distant metastasis since treatment started; OST, overall survival 
time; ACT: adoptive natural killer cell therapy; TKI, tyrosine kinase inhibitor; SIRS, systemic inflammatory response syndrome; AKI, acute kidney injury; UB, urinary bladder.
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TABLE 7  Treatment protocol, adverse events and outcome of the eight dogs in the carboplatin control group.

No. RLN 
removal

Residue tumor 
before 

chemotherapy
Chemotherapy

Best 
response

Adverse 
events

PFI 
(days)

TLP 
(days)

TDM 
(days)

OST 
(days)

Treatments 
after PD

Outcome

1 Yes Microscopic
Carboplatin; 250 mg/m2; 

3 cycles
SD Grade 1–2 GI1 169 176 169 211 No

Spontaneous 

death; pulmonary 

metastasis

2 No Macroscopic
Carboplatin; 250 mg/m2; 

2 cycles
SD Grade 1–2 GI1 44 44 No 197 No

Euthanasia; local 

disease

3 No Microscopic
Carboplatin; 250 mg/m2; 

3 cycles
PF

Grade 1–2 GI1; 

grade 2 ALT 

elevation

PF PF PF Alive No

Follow up: > 

960 days without 

progression

4 No Macroscopic
Carboplatin; 250 mg/m2; 

1 cycle
PR NR 42 42 No 42 No

Spontaneous 

death; local 

disease

5 No Macroscopic
Carboplatin; 300 mg/m2; 

1 cycle
NA NA 21 NA NA 21 NA

Unsure; died 

21 days after 

chemotherapy

6 Yes Macroscopic
Carboplatin; 300 mg/m2; 

3 cycles
SD NR 31 31 98 100 No

Spontaneous 

death; pulmonary 

metastasis

7 No Macroscopic
Carboplatin; 300 mg/m2; 

1 cycle
PD Grade 1 GI1 14 14 14 81 No

Spontaneous 

death; pulmonary 

metastasis, 

anorexia

8 No Macroscopic
Carboplatin; 250 and 

300 mg/m2
PD

Grade 1 

creatinine 

elevation

28 28 No 28 Immunotherapy

Spontaneous 

death; local 

disease

Median PFI (days) 42 (95% CI, NA-170)

Median OST (days) 148.5 (95% CI, NA)

1Gastrointestinal (GI) signs, including hyporexia, vomiting, and diarrhea. RLN, regional lymph node; PF, progression-free; NA, not assessed; NR, not reported; PFI, progression-free interval; TLP, time to local progression since treatment started; TDM, time to distant 
metastasis since treatment started; OST, overall survival time.
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immunotherapies without disease progression due to the owners’ 
insistence. The PFIs in these two dogs were recorded as the duration 
from the day DC vaccination started to the time of other treatment 
initiation. Among the three stage IV dogs, patient No. 1’s pulmonary 
lesion was solitary and 0.3 cm in diameter, and could only 
be detected on thoracic CT. The nodule progressed 5 months later 
after DC vaccination. The patient then received other treatments 
(immunotherapy, chemotherapy) and survived another 8 months, 
and died of extensive pulmonary metastasis. Patient No. 5, with 
stage 4 lingual melanoma, also had a stable solitary pulmonary 
lesion, and the owner wanted to continue with another immune cell 
therapy using autologous natural killer cells after finishing DC 
vaccination. The pulmonary lesion achieved PR after cell therapy. 
However, the patient developed local recurrence 8 months later, and 
the pulmonary metastasis deteriorated 9 months later. Patient No. 6 
had two tiny pulmonary nodules measured about 0.2 cm on thoracic 
CT before treatment, and presented with an extensive miliary to 
nodular pulmonary metastatic pattern on chest X-ray before the 
third DC treatment. The patient also developed suspected brain 
metastasis and was euthanized 2  months later. Patient No. 11 
developed diffuse subcutaneous masses around 8  months after 
treatment started, and the masses were confirmed to be melanoma 
by histopathology. The patient then received chemotherapy 
(carboplatin, doxorubicin) and targeted therapy and survived 
5 months more.

In Group 3, six dogs died because of tumor progression (three 
died of local disease, three died of pulmonary metastasis); one dog 
(patient No. 5) died 21 days after treatment, the cause was 
undetermined and either rapid tumor progression or treatment-
related fatal adverse events were possible reasons. Seven dogs had 
carboplatin as their sole systemic treatment, while one dog received 
immunotherapy after carboplatin failure but no obvious response was 
observed. Patient No. 3 was still alive without tumor recurrence at the 
time of data collection (follow-up time, 960 days).

For survival analysis, in the DCRT group, patients No. 3 and 4 
were censored from PFI analysis because tumor progression was not 
confirmed, leaving the PFI of 79, 62 and 214 days in the other three 
dogs; the median PFI was 214 days (95% CI, NA). Regarding the 
overall survival, patients No. 3 and 4 were censored from OST 
analysis because of undefined causes of death, and patients No. 2 and 
5 were censored because they received other treatments after failing 
DCRT; survival times of these dogs were recorded (Table  5) but 
median OST could not be reached due to insufficient uncensored 
data. Overall, the 1-year survival rate was 20% in the DCRT group. 
In the DC group, patient No. 8 was censored from PFI analysis, 
resulting in a median PFI of 100 days (95% CI, 27–237). Seven dogs 
were censored from OST analysis because of unidentified tumor-
related death (patient No. 8) or receiving other treatments after tumor 
progression (patients No. 1, 2, 3, 5, 9, 11). The median OST was 
525 days (95% CI, 44-NA), and the 1-year survival rate was 54.5%. In 
the carboplatin group, two dogs were censored from PFI analysis 
(patient No. 3 was alive, and patient No. 5 had an undetermined cause 
of death), resulting in a median PFI of 42 days (95% CI, NA-170). 
Three dogs were censored from OST analysis (patients No. 3, 5, and 
8), leading to a median OST of 148.5 days (95% CI, NA); the 1-year 
survival rate was 12.5%. The PFI and OST are presented by the 
Kaplan–Meier curves in Figure  2. The survival curves were not 
significantly different by the Log-rank test.

3.4 Cytokine analysis

All patients in the DCRT group and six in the DC group had 
sufficient plasma collection at different time points for cytokine 
analysis. Some concentrations of the evaluated cytokines were too low 
to be detected. After discussing with the product specialist, we decided 
to use both concentration and median fluorescent intensity (MFI) for 
those cytokines with detectable concentration values, while for those 
the concentration values were non-detected, MFI was used 
for analysis.

No clear association between cytokine changes and clinical 
evolution was found. In the DCRT group, no cytokine changed 
significantly before or after treatment. While in the DC group, 
although no cytokine revealed significant change, the MCP-1 
increased after treatment (p = 0.06), and the VEGF-A decreased 
(p = 0.06).

Between the two groups, the TGF-β and IFN-γ MFIs were 
significantly higher in the DCRT group. The TGF-β MFI was higher 
in the DCRT group before DC vaccination (p = 0.004), and remained 
higher during (p = 0.016) and post-vaccination (p = 0.036), compared 
to the DC group. While the IFN-γ MFI was significantly higher during 
(p = 0.016) and after vaccination (p = 0.018) in the DCRT group.

4 Discussion

The current manuscript reported a pilot study investigating the 
safety and efficacy of dendritic cell/tumor cell fusion vaccine 
immunotherapy, alone or in combination with radiotherapy, in 
treating canine oral malignant melanoma. Safety evaluation was the 
primary study aim, which indicated that both DC and DCRT were 
well-tolerated, with only mild gastrointestinal and injection site 
adverse events recorded. Overall, dogs that received the DC vaccine 
achieved a median PFI of 100 days (95% CI, 27–237), while dogs in 
the DCRT group had a median PFI of 214 days (95% CI, NA). Dogs 
in the DC group seemed to live longer and had a higher 1-year 
survival rate (54.5 vs. 20%). However, compared to the retrospectively 
collected control group composed of dogs receiving carboplatin 
without wide-margin surgery or RT, treating with DC or DCRT did 
not generate significantly superior survivals. But at least the general 
safety of DC vaccination preliminarily supported further exploration 
of this treatment in a more rigorously constructed clinical trial to 
assess its efficacy. It is to be noted that chemotherapy is not a standard 
of care in dogs with malignant melanoma. The authors chose this 
group because of the current treatment dilemma of lacking RT and 
other immunotherapies in our area, resulting in the necessity of 
investigations on treatments other than surgery. In addition, the 
authors did not enroll dogs receiving only surgery as a control group 
because those dogs in our department were predominantly in clinical 
stage I-II, which might carry an inherently better prognosis than dogs 
in the DCRT or DC group. As for dogs receiving only RT, the medical 
records were not as complete as we required.

The PFI is the appropriate statistic to evaluate treatment efficacy. 
Median PFI was only 100 days in the DC group. However, two patients 
switched to another immunotherapy after completing the DC 
vaccination without disease progression, potentially underestimating 
the actual PFI. Notably, two of the three stage IV dogs (patients No. 1 
and 5) survived for over a year and could maintain stable disease 
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during DC vaccination. The pulmonary metastases were solitary and 
small in these two dogs, which might facilitate the immunotherapy to 
work, as the tumor burden was relatively not heavy. Moreover, in 
patient No. 5, the subsequent adoptive natural killer cell therapy after 
DC vaccination resulted in partial remission of the pulmonary 
metastasis, but we  did not design a study to explore the exact 
mechanism and efficacy of combining the two immunotherapies. 
Lacking wide-margin surgery and RT resulted in inadequate local 
control in most dogs in the DC group. Only patient No. 8 had the least 
tumor burden by removing the primary oral tumor and two metastatic 
lymph nodes and survived 23 months without additional treatments. 
Patient No. 2 had mild orbital invasions that could not be removed by 
surgery and had a modest survival time; patient No. 10 carried an 
invasive primary oral mass and experienced a worse outcome; patient 
No. 4 had the most aggressive tumor that progressed dramatically 
despite treatment intervention. A future clinical study of using DC 
vaccination as an adjuvant therapy could be considered.

However, the clinical outcome of the DCRT group did not meet 
our expectations. Firstly, although the case number was low, the 
percentage of dogs with RLN metastasis was numerically higher in the 
DCRT group, indicating a possible poorer prognosis. Besides, in 
theory, radiation can induce tumor cell death, leading to tumor-
antigen release and subsequent antigen-presenting process, alteration 
in tumor surface markers (e.g., MHC-I, FAS ligand, immune 
checkpoint molecules) expression, production of cytokines and 
chemokines, and recruitment of CD8 T cells and tumor-infiltrating 
lymphocytes, all of which exerts the immune-stimulation facility. 
Meanwhile, radiation also has an immunosuppressive impact by 
increasing Treg infiltration, TGF-β and IL-10 excretion, and myeloid-
derived suppressor cells (MDSCs) recruitment (23, 24). Therefore, our 
initial hypothesis for this inferior DCRT outcome is the potential 
RT-induced immunosuppressive environment, as we  found that 
compared to the DC group, the MFI of TGF-β in the DCRT group was 
significantly higher throughout the treatment course. The MFI of 
IFN-γ was also significantly higher in the DCRT group after treatment. 
Radiation-induced IFN-γ production can activate APCs and T cells 
and promote a tumor-killing process; on the other hand, IFN-γ can 
also induce PD-L1 expression and stimulate tumor prosurvival 
mechanisms (23). We should not use this data to draw a conclusion, 
as changes in immune function and the correlated immunotherapeutic 
clinical outcomes should not be interpreted using a single parameter 
or a simple combination. However, further exploration of those 

cytokines’ functions in a larger group is worthwhile, as well as using a 
comprehensive complex of immune response patterns consisting of 
lymphocyte recirculation and subpopulation activations, APCs’ 
function changes, along with the cytokines profiles, to elucidate the 
correlations between immune pattern changes and clinical outcomes.

The DCRT treatment sequence should be  investigated. In our 
protocol, due to the DC vaccine manufacturing process and some 
force majeure related to RT, we overlapped RT and DC vaccination, as 
the vaccination started after the second radiation fraction. It is not 
clearly understood which treatment sequence is optimal or at what 
exact time point immunotherapy should be  inducted. A study by 
Deguchi et al. (31) was the only one that compared different treatment 
schedules of ICI and RT in dogs (31), and they found that the best 
outcome was achieved in the previous RT group (dogs treated with RT 
within 8 weeks prior to the first ICI dose) rather than the concurrent 
RT group (ICI was given within 1 week of the first RT). Although most 
of the current studies focus on a combination of ICIs and RT, and the 
different mechanisms of ICIs and the DC vaccine require different 
evaluations of treatment sequence, it is still possible that our DCRT 
protocol was suboptimal. Because we gave the DC vaccination after 
the second RT, some dogs exhibiting partial responses to the first RT 
may have less tumor antigen release and an inferior antigen-presenting 
process in the second RT. Further studies could be designed to give 
the DC vaccine on the same day as the first RT, to see if there is a 
better outcome.

Besides, at the time we designed our DCRT protocol, there was 
not much study discussing the regional lymph node impact, and the 
inclusion of RLNs in the radiation field was determined by each 
clinician. Recently, studies in mouse models with head and neck 
tumors have shown that elective lymph node irradiation ablated the 
combinatorial efficacy of SBRT and immunotherapy and reduced 
antigen-experienced T cell expansion (39). Similar findings were also 
observed in dogs with nasal tumors, that nodal irradiation reduced 
the CD4 and CD8 T cell counts in the nasal cavity, reduced gene 
expressions in antigen presentation and T cell activation, and 
increased immunosuppressive gene expressions (39). Another team 
reported similar findings that lymphablation was deleterious to ICI 
response and overall survival in mouse models, and the DCs in 
draining lymphatics were necessary for the ICI response (40). In light 
of these results, we found that four out of five dogs in our DCRT 
group had regional lymph nodes included in their RT fields. 
Although we did not irradiate all the draining lymph nodes but only 

FIGURE 2

The Kaplan–Meier curves of PFI (A) and OST (B) survivals in the DCRT and DC groups. Neither revealed significant differences. The censored data were 
presented as vertical tick marks.
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included one or two of the RLNs, it may still impact the 
immunotherapeutic effect adversely but failed to be  significantly 
presented due to the small case number. However, canine OMM has 
a higher nodal metastatic rate than sinonasal tumors. For those RLNs 
that have abundant metastases and are structurally effaced by tumor 
cells, whether to spare these nodes during RT may need further 
evaluation, as the nodal microenvironment and immune cell 
composition might differ. Alternatively, the metastatic RLNs could 
be preserved initially to generate immune responses during RT and 
immunotherapy, and be removed later. According to Darragh et al. 
(39) study, sentinel lymphadenectomy after treatment completion led 
to a decreased local metastatic rate and had no impact on systemic 
immunity. More clinical trials are warranted regarding 
these questions.

The DC generation and fusion vaccine preparation methodology 
followed established protocols (18, 19), with clear functional and 
immunophenotypic evaluation. Based on the previous studies, the 
morphology of the PBMC-generated DCs was similar to typical DCs; 
the phenotypic expressions of CD80, CD83, CD86, CD1a, CD11c, 
CD40, and MHC II were observed in mature DCs, as were 
productions of IL-1b, IL-10, IL-12p40, IL-13, and TNF-α. Similar to 
previous studies, the DC generation rate in the current study was 
calculated as 3–4 × 107 mature DCs per 100 mL of peripheral blood 
and was uniform among different generating processes. Therefore, 
we did not repeat the function and expression analyses, and only 
confirmed the DCs’ morphology microscopically. Our previous 
experiments also showed that treating dogs with OMM with the 
BMDC/tumor cell fusion vaccine and surgery significantly prolonged 
survival, decreased circulating Tregs and increased melanoma-
specific cytotoxicity were also observed (34). Allogeneic DCs and 
autologous tumor cell fusion products can stimulate immune 
reactions directly or via cross-presentation through the expressions 
of DC-derived MHC-I, DC-derived MHC-II loading with tumor 
antigen, and tumor-derived MHC-I loaded with tumor antigen (15). 
Cross-presentation of allogeneic DCs to the host could allow antigens 
to be presented by the host’s antigen-presenting cells, priming the 
immune response (21). Although different epitopes from allogeneic 
DCs can stimulate allorecognition, it has been suggested that the 
MHC molecules should be partially shared between donor and host 
to generate antigen-specific T-cell responses (15, 41). In this 
manuscript, we did not analyze the MHC allele similarity between 
our patients and donor dogs. Thus, mismatches may exist, potentially 
leading to a lack of tumor antigen-specific immunostimulation and 
weakened DC vaccination efficacy. Nevertheless, we still chose to use 
allogenic sources because autologous DCs from cancer-bearing 
patients may be  defective; besides, dogs in our study were 
predominantly small to medium-sized populations, and it was 
harmful to collect 50 or 100 mL of peripheral blood or perform a 
bone-marrow aspiration to generate sufficient mononuclear cells for 
DC vaccine preparation. Moreover, by recognizing and presenting 
the MHCs of allogeneic DCs, as well as the MHCs of tumor-bearing 
dogs in the fusion cells, it was theoretically reasonable that 
T-lymphocytes could still be stimulated by this method, generating 
the expected immune response.

Except for the questions mentioned above, several limitations exist 
in this manuscript. First, the sample size was small. One of the obstacles 
in patient recruitment was an inherent feature of using autologous 
tumor cells. Because we harvested primary tumors from canine oral 

cavities, it was unsurprising that bacterial pollution existed during the 
cell culture process, rendering an exclusion from the treatment.

Furthermore, the treatment outcome could not be  rigorously 
compared because this was not a double-blind random prospective 
clinical trial, and some deviations existed in the patient recruitment and 
treatment process. For example, the clinical stage inclusion criteria were 
mildly different between DC and DCRT groups, because RT was not 
strongly suggested if the patient was in stage IV, but the early pulmonary 
metastasis, which was detected by CT, was allowed in the DC group. 
Besides, at the time of DCRT patient enrollment, there was no consensus 
among our clinicians regarding the RLN removal or RLN inclusion in 
the RT field, resulting in inconsistent decisions in the studied population. 
Thirdly, as a pilot study, we allowed patients who were previously treated 
to enroll, and patients who failed DC or DCRT to switch to other 
therapies, which was also a confounder on efficacy evaluation and 
resulted in a largely censoring process on OST analysis. Specifically 
speaking, before starting DC or DCRT, three dogs had metronomic 
chemotherapy with a duration from 2  weeks to 2  months. As 
metronomic chemotherapy can generate antineoplastic effects through 
inhibitions on angiogenesis and Tregs accumulation, and induction of 
tumor dormancy (42), whether these three dogs had immune 
modulations which then affected the treatment efficacy, was 
undetermined. In addition, although the DC protocols in the two groups 
were generally uniform as designed, one dog in the DCRT group started 
DC vaccination before the third RT, and two dogs in the DC group 
extended to five doses as owners required. Whether those deviations 
affected outcomes was also unknown. Lastly, examinations of the 
abdominal cavity and urinalysis were not routinely required, leading to 
a possible underdiagnosis; and some histological characteristics, such as 
the mitotic figures, were not consistently calculated by 10 HPFs in the 
DCRT group. However, a prognostic cut-off value was ≥4/10 HPFs (43), 
and most of our patients had mitotic counts exceeding this value, or in 
those with unmentioned or calculated mitoses per HPF, metastatic 
disease was diagnosed, indicating a poorer prognosis in general.

5 Conclusion

The allogeneic DC and autologous tumor cell fusion vaccine 
immunotherapy alone and in combination with local radiotherapy 
reported in this manuscript were well-tolerated in dogs with oral 
melanoma. Receiving the DC vaccine alone or the combinatorial 
DCRT did not demonstrate a survival difference but the cytokine 
analysis revealed a higher TGF-β signal in the DCRT group, indicating 
a potential immunosuppressive status. Given the general safety and 
the limitations of the study design, the current manuscript supports 
the further need for a more well-constructed clinical trial on an 
expanded scale, to investigate the actual efficacy of DC and DCRT in 
dogs. Studies on treatment sequence and protocol modification in the 
DCRT group, as well as analysis of the peripheral blood immune cells 
and cytokines, are also warranted.
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Ossifying fibroma (OF) is a rare, benign fibro-osseous neoplasm that primarily

originates from membranous bones. While most frequently documented in

equines, OF has also been reported in other species, including dogs, though

it remains uncommon. The condition poses significant diagnostic challenges

due to its ambiguous presentation, often requiring di�erentiation from other

benign and malignant intraosseous lesions. This case report describes an

ossifying fibroma localized to the zygomatic bone in a 9-year-old Hungarian

Vizsla. A zygomatic arch ostectomy was successfully performed, and long-

term follow-up was excellent. This is only the second documented case of

zygomatic localization of OF in a dog, highlighting the rarity of this presentation.

The discussion emphasizes the importance of distinguishing OF from other

proliferative fibro-osseous lesions, such as fibrous dysplasia (FD) and cemento-

osseous dysplasia (COD), and considering the potential for malignancies, such

as low-grade osteosarcoma (LG-OSA), to mimic these benign growths. This

case contributes valuable insights to the limited veterinary literature on ossifying

fibroma, particularly regarding its atypical presentations in canine patients.

KEYWORDS

fibroma, ossifying, zygomatic, radiology, histopathology, dog

1 Introduction

Ossifying fibroma (OF) represents a rare and benign fibro-osseous neoplasm (1) that

primarily arises from membranous bones (2). Its infrequent occurrence and ambiguous

clinical presentation pose significant diagnostic and therapeutic challenges in veterinary

medicine. OF is most commonly found in equines, particularly horses (3–7), but it can also

be observed in other species such as dogs (1, 8, 9) and cats (10). Rare instances have been

reported in rabbits (11), llamas (12), and canaries (13) (see Table 1). In humans, according

to the World Health Organization (WHO), the most frequent localization of ossifying

fibroma is in the posterior mandible (14). Similarly, literature on canine cases indicates that

the most common sites of ossifying fibroma are the mandible and maxilla (see Figure 1).

This case report details the occurrence of ossifying fibroma in a 9-year-old Hungarian

Vizsla with zygomatic localization. Through this detailed case study, we aim to contribute

to the limited veterinary literature on ossifying fibroma, providing valuable insights for

clinicians encountering similar cases in their practice. To the authors’ knowledge, this is
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TABLE 1 Documented cases of ossifying fibroma in dogs: breed, age, and

localization.

No. Breed Age
(years)

Localization References

1. Pembroke

Welsh corgi

1.8 Zygomatic arch (15)

2. Mixed breed 15 Left hemimandible (9)

3. Pembroke

Welsh corgi

3 C6 cervical vertebra (8)

4. Australian

Terrier

6 Left calvarium (18)

5. NS 7.5 Left caudal maxilla (1)

6. NS 13 Left rostral maxilla (1)

7. NS 12 Left caudal mandible (1)

8. Kelpie cross 10 Frontal sinus (19)

9. NS NS Maxilla (no specific

location mentioned)

(20)

10. NS NS Maxilla (no specific

location mentioned)

(20)

11. NS NS Mandible (no specific

location mentioned)

(20)

12. NS NS Mandible (no specific

location mentioned)

(20)

13. Golden

retriever

9 Right mandible (21)

NS, not specified.

FIGURE 1

Distribution of Ossifying Fibroma in the Cranio-Cervical Region of Dogs. Created with Biorender.

the second report of an ossifying fibroma with zygomatic bone

localization in this species, the first one being described by Best,

E. in a Corgi (15).

2 Case description

2.1 Clinical examination

A 9.4-year-old male Hungarian Vizsla was referred to the

Department of Surgery and Intensive Care for evaluation of a

slow-growing zygomatic arch mass near the right eye, present for

2 years (see Figure 2A). Upon examination, the mass measured

∼2.5 cm in diameter, with a multilobulated, firm, non-mobile,

and non-painful consistency upon palpation. Occasional signs

included blepharospasm, photosensitivity, hyperemic conjunctiva,

and purulent epiphora. Non-contrast computed tomography (CT)

revealed a focal, round, expansile bone lesion on the right

zygomatic arch, measuring 2.0 × 2.3 × 1.5 cm (L, H, W) (see

Figure 3). The inner bone structure, nasolacrimal duct, and teeth

were unaffected, and no lymphadenopathy was noted. Thoracic CT

showed no evidence of metastasis. Given the lesion’s slow growth,

the owner opted for an excisional biopsy. Cefazolin (22 mg/kg

IV) was administered preoperatively. The surgical approach was

well documented (16), and the cosmetic outcome was excellent

following the zygomatic arch ostectomy. The procedure involved

an incision of the skin and temporalis muscle aponeurosis along
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FIGURE 2

Preoperative appearance of neoplastic growth on the zygomatic arch in male Hungarian Viszla [(A) white arrow]; Ten-months postoperative aspect

of the zygomatic area (B).

FIGURE 3

Noncontrast axial (A) and dorsal (B) CT image demonstrating a focal, round, expansile bone cortical lesion of the right zygomatic arch.

the dorsal margin of the zygomatic arch. Both cranial and caudal

osteotomies were performed with an oscillating saw, preserving the

orbital ligament. Histopathological analysis of the excised tissue

confirmed the diagnosis of ossifying fibroma. The dog’s recovery

from surgery and anesthesia was uneventful. Postoperative pain

management was maintained using a constant rate infusion

(CRI) of lidocaine (20 µg/kg/h) combined with ketamine (10

µg/kg/h) and metamizole (25 mg/kg IV every 8 h). The dog

was discharged with robenacoxib (2 mg/kg SC every 24 h). The

owner was advised to provide a soft kibble diet, avoid toys or

mouth play, and restrict the dog’s exercise to short-lead walks for

two weeks.

2.2 Histopathological examination

For histological analysis, the mass was fixed in 10% neutral

buffered formalin (NBF) for 24 h, followed by decalcification in

a rapid decalcifier for 5 days. The tissue was then routinely
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FIGURE 4

Ossifying fibroma. Bony trabeculae (white arrows) bordered by a single layer of osteoblasts (black arrows) and embedded within abundant fibrous

connective tissue (black asterisk). Within this connective tissue, numerous well-di�erentiated spindle-shaped fibroblasts are dispersed. H&E stain (A,

B), Masson’s trichrome stain (C, D). Ob. ×4 (A, C) and ob. ×20 (B, D). Barr 50µm (B, D) and 200µm (A, C).

processed for paraffin embedding. Sections, 2 micrometers thick,

were cut and stained with hematoxylin and eosin (H&E).

Histopathological examination revealed a well-demarcated mass

composed of a fibrous component consisting of spindle-shaped

fibroblasts arranged in a whorled or storiform pattern, embedded

within a collagenous stroma. Interspersed throughout the fibrous

stroma were varying amounts of mineralized material, including

woven bone, lamellar bone, and cementum-like calcifications. The

mineralized component often appeared as trabeculae of osteoid and

mature bone, occasionally rimmed by osteoblasts. These trabeculae

were typically surrounded by osteoclast-like giant cells involved in

bone remodeling. The transition between the fibrous tissue and

the mineralized material was gradual, with no signs of anaplasia

or atypia. The presence of well-formed bone trabeculae within a

cellular fibroblastic stroma is characteristic of ossifying fibroma.

Additionally, areas of hemorrhage and cystic degeneration were

observed in some cases (see Figure 4).

2.3 Follow-up

Two weeks after discharge, the incision site showed proper

healing, with a good cosmetic outcome. The owner reported

normal prehension and behavior. The dog was bright, alert,

tolerated food and water well, and was walked daily on a leash.

Monthly follow-ups were conducted via telephone, and the owner

was instructed to return for in-person evaluations at three-month

intervals during the first year post-surgery. At 10 months after

the procedure, a clinical examination revealed no signs of tumor

recurrence (Figure 2B), and the owner reported no changes in the

dog’s eating, drinking, or behavior. Twelve months after surgery,

the owner was very satisfied with the cosmetic appearance and the

comfort of the right eye.

3 Discussion

Ossifying fibroma (OF) is a rare, benign fibro-osseous

neoplasm that requires careful differentiation from other benign

intraosseous proliferative fibro-osseous lesions (PFOLs). PFOLs

are characterized by the replacement of normal bone with a

fibrous matrix containing varying degrees of mineralization and

ossification (1). In humans, this category includes conditions such

as ossifying fibroma (OF), fibrous dysplasia (FD), and cemento-

osseous dysplasia (COD) (17). It is important to recognize

that some malignant lesions, like low-grade osteosarcoma

(LG-OSA), can mimic these benign growths, especially in

the skull.
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A review of the literature highlights the rarity of ossifying

fibroma across species, with most cases documented in equines,

particularly horses (3–7). In small animals, reports are limited,

although ossifying fibroma has been observed in dogs (1, 8, 9, 18–

21) and cats (10). This limited occurrence poses challenges in

diagnosis and treatment, particularly when the lesion arises in

atypical locations, such as the zygomatic bone, as in the case

presented here. The uniqueness of this case—only the second

report of such localization in a dog—emphasizes the need for

continued documentation and study of these rare cases to enhance

understanding and management of OF in veterinary practice.

In veterinary medicine, other potential differential diagnoses

for intraosseous lesions, besides true PFOLs like OF and FD,

include osteoma, osteitis/osteomyelitis, fibrous osteodystrophy,

conventional osteosarcoma (OSA), andmultilobular tumor of bone

(MLTB). FD is a rare benign condition in which fibrous tissue

replaces normal bone, leading to deformities and swelling. It

commonly affects young animals, with expansile growth potentially

causing decreased bone strength and pathologic fractures, often in

the skull and jawbones. Radiographically, fibrous dysplasia typically

presents a more homogeneous “ground glass” appearance, lacking

the well-defined margins characteristic of ossifying fibroma (17).

Cemento-osseous dysplasia (COD) primarily affects the jawbones

(maxilla and mandible) and is characterized by a disorganized

mixture of fibrous tissue, irregular bone, and cementum-like

material (22). However, in our case, the lesion was uniquely

located in the zygomatic bone, underscoring the importance

of careful diagnostic evaluation to distinguish ossifying fibroma

from other intraosseous lesions. Given the rarity of OF in

dogs and its variable presentation, this case report contributes

valuable insights to the limited veterinary literature. The zygomatic

localization presents a unique diagnostic challenge, requiring a

comprehensive understanding of potential differential diagnoses.

Since the literature primarily documents ossifying fibroma in

the mandible and maxilla of dogs (1), this case highlights the

importance of considering less common sites when diagnosing

PFOLs in small animals. Continued reporting and review of such

cases are critical to refining diagnostic and therapeutic approaches

for ossifying fibroma and similar lesions in veterinary practice.
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Case report: A study on the
pathological diagnosis of oral
fibrosarcoma in a giant panda

Zongliang Xiong1†, Shanshan Ling2†, Caiwu Li2†, Linhua Deng2,

Ming He2, Chengdong Wang2, Desheng Li2* and Zhengli Chen1*

1Experimental Animal Disease Model Research Laboratory, School of Veterinary Medicine, Sichuan

Agricultural University, Chengdu, China, 2Key Laboratory of State Forestry and Grassland Administration

on the Giant Panda, China Conservation and Research Center for the Giant Panda, Chengdu, China

A female giant panda presented with a large, hardmass on the right cheek, which

was investigated at the Dujiangyan Base of the China Conservation and Research

Center for the Giant Panda with computed tomography (CT) scans and biopsy

of the oral mass, as well as venous blood sampling. Hematological tests revealed

elevated levels of the tumormarker CA724, alongwith infectious disease, anemia,

hepatic damage, and renal failure. Imaging studies identified a soft tissue mass

in the right cheek area. Macroscopic pathological changes, histopathological

features, and immunohistochemical analysis were consistent with a low-grade

malignant fibrosarcoma within the oral cavity, indicating malignant potential.

This case represents the first report of an oral tumor in a giant panda, providing

valuable data for future clinical diagnoses of neoplasms in this species.

KEYWORDS

case report, giant panda, oral fibrosarcoma, pathology diagnostic research, biopsy

Introduction

The giant panda (Ailuropoda melanoleuca), the only mammal within the order

Carnivora, family Ursidae, subfamily Ailuropodinae, and genus Ailuropoda, is an

endangered and rare animal, affording it first-class state protection in China. It is referred

to as a “living fossil” and “Chinese national treasure”, and research into its diseases, as

well as prevention and control, have garnered significant attention. With the enhancement

of animal protection measures, the life expectancy of giant pandas has increased, and

the occurrence of tumors has risen correspondingly. Consequently, research on tumors

in giant pandas has gained increasing significance. There are relatively few reports

documenting giant panda tumor cases. At present, the documented cases include only

types such as ovarian cancer, pancreatic ductal adenocarcinoma, seminoma, cutaneous

hemangioma, and conjunctival angiosarcoma (1–5). This results in a scarcity of clinical

diagnostic data pertaining to giant panda tumors, with a particular deficiency in detection

data and reports from live sampling.

This report concentrates on a case of neoplasm in an aged giant panda identified

during clinical feeding and management procedures. The preliminary diagnosis was

informed by hematology, serum biochemistry, and oncologic blood markers. Subsequent

diagnostic workups, including imaging and histopathological examination, facilitated

further diagnosis of biopsied samples obtained from the living panda, resulting in a

confirmed diagnosis of oral fibrosarcoma. Oral fibrosarcoma is a highly invasive malignant

neoplasm, characterized by an insidious onset and limited initial lesion size. In veterinary

oncology, oral fibrosarcoma is frequently diagnosed in dogs, cats, and various other
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species. Oral tumors and tumor-like lesions in dogs and cats

are often categorized as proliferative, inflammatory, or benign

conditions, typically affecting middle-aged animals, without gender

predisposition. The most common lesion in dogs is gingival

hyperplasia, followed by peripheral odontogenic fibroma, and in

cats, the most prevalent condition is lymphoplasmacytic stomatitis.

The oral tumor in this report of a giant panda is presumed to

originate from oral bleeding induced by consuming bamboo sticks.

Chronic irritation led to the growth of specific tumors within

the oral cavity, ultimately progressing to low-grade malignant

fibroma. Consequently, this case report establishes a reasonably

standardized and systematic diagnostic approach for oral tumors

in giant pandas, offering a tangible benchmark for early detection

and diagnosis of such tumors in giant pandas moving forward.

Case description

Medical history investigation

Upon reviewing the medical records at the Dujiangyan Base of

the China Conservation and Research Center for the Giant Panda,

we obtained insights into the giant panda’s clinical presentations

and medical history. The detailed information is as follows: Ye

Ye, a female giant panda, was born on September 25, 1999. At

the age of 20, a physical examination detected a mass, measuring

approximately 1 cm × 1 cm × 1 cm, beneath the mucosa of her

right cheek. Subsequently, at age 21, she was transferred from

the Shenshuping Base to the Dujiangyan Base, with no significant

changes noted during this interval. Two years post-transfer, oral

bleeding was observed, and examination identified a large, hard

mass on her right cheek. Four months subsequent to this discovery,

tissue from Ye Ye’s oral mass and venous blood were collected for

further diagnostic analysis.

Clinical examination

Routine examinations, including live sample collection, were

conducted: with a body temperature of 37.3◦C, a respiratory rate

of 20 breaths/min, and a heart rate of 80 beats/min. Clinical

examination revealed that the lesion was located beneath the buccal

mucosa within the oral cavity. There were no signs of excessive

salivation, exophthalmos, facial edema or deformity, epistaxis,

weight loss, halitosis, dysphagia, or oral pain, nor was there cervical

lymph node enlargement, or loose teeth. A smooth-surfaced, firm,

multi-lobed tumor was visualized inside the oral cavity (Figure 1).

Results

Hematology tests

Routine hematological analysis: the leukocyte count (WBC)

is unremarkable, whereas neutrophil percentage (Neu%) and

count (Neu) are elevated. Conversely, lymphocyte percentage

(Lym%) and count (Lym#) are reduced, and eosinophil percentage

(Eos%) and count (Eos) are likewise decreased. These findings

suggest a potential infectious or neoplastic process in the giant

FIGURE 1

Oral growths in a	icted giant pandas.

panda Ye Ye, supported by indicators of lymphatic tissue

compromise. The erythrocyte count (RBC) for Ye Ye is stable;

however, decrements in hemoglobin (HGB), hematocrit (HCT),

mean corpuscular volume (MCV), mean corpuscular hemoglobin

(MCH), red cell distribution width standard deviation (RDW-SD),

and mean platelet volume (MPV) are consistent with a diagnosis of

nutritional anemia. Furthermore, a marked increase in the platelet

count (PLT) suggests a possible link to malignancy (Table 1).

Blood biochemical analysis reveals elevated activities of alanine

aminotransferase (ALT) and aspartate aminotransferase (AST),

with reduced albumin (ALB) levels and elevated globulin (GLO)

levels. Additionally, total bilirubin (TBil) levels are diminished,

γ-glutamyltransferase (GGT) levels are increased, and alkaline

phosphatase (ALP) levels are elevated. These findings collectively

suggest liver tissue pathology and hepatocellular damage in the

giant panda Ye Ye. Elevated serum creatinine (CREA) and reduced

uric acid (UA) levels indicate impaired renal function, specifically

a decline in glomerular filtration rate, in the giant panda Ye

Ye (Table 1). Coagulation profile reveals: Prothrombin time (PT)

is prolonged, and fibrinogen concentration (Fbg) is reduced.

Fibrinogen, identified as coagulation factor I, is a principal protein

in the coagulation cascade. An elevated thrombin time (TT)

suggests potential liver dysfunction, infection, or malignancy in

the giant panda Ye Ye (Table 1). Serum tumor marker analysis:

carbohydrate antigen 72-4 (CA724) levels were elevated, a marker

for epithelial neoplasms. Hence, the presence of an epithelial tumor

in the giant panda Ye Ye is suggested (Table 1).

Given the findings from the hematological tests, it is

tentatively concluded that the giant panda Ye Ye may have

a neoplastic condition and may additionally be experiencing

infectious diseases, anemia, hepatic impairment, renal dysfunction,

among other conditions.

Imaging assessment

The computed tomography (CT) scan disclosed a soft tissue

mass within the right cheek region of the panda, measuring
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TABLE 1 Hematology test of the giant panda called YeYe.

Test
type

Test
Item

Results Units of
Measurement

Range

Routine

blood test

WBC 8.84 10e9/L 3.5–9.5

Neu% 84.8 % 50–70

Lym% 11.4 % 20–40

Mon% 3.3 % 3.0–8

Eos% 0.2 % 0.5–5.

Bas% 0.3 % 0–1.0

Neu# 7.5 10e9/L 2.00–7.00

Lym# 1.01 10e9/L 1.1–3.2

Mon# 0.29 10e9/L 0.10–0.60

Eos# 0.01 10e9/L 0.02–0.52

Bas# 0.03 10e9/L 0.00–0.10

RBC 5.05 10e12/L 4.0–5.5

HGB 86 g/L 120–160

HCT 25.1 % 35.0–45.0

MCV 49.8 fL 82.0–100.0

MCH 17 pg 27.0–34.0

MCHC 342 g/L 316–354

RDW-CV 14.4 % 11.0–16.0

RDW-SD 30.1 fL 39.0–53.9

PLT 638 10e9/L 80–300

MPV 5 fL 9.4–12.5

PDW 14.4 fL 9.8–16.2

PCT 0.319 % 0.16–0.38

Blood

biochemistry

test

ALT 175 U/L 5–40

AST 122 U/L 8–40

ALT/AST 0.7 0.8–2.0

TP 62.9 g/L 60–85

ALB 21.8 g/L 35–55

GLO 41.1 g/L 20–40

A/G 0.5 1.5–2.5

TBil 1.69 umol/L 3.4–20.5

DBil 1.61 umol/L 0–6.8

IBi1 0.08 umol/L 0–15

GGT 52 u/L 11–50

ALP 386 u/L 40–150

TBA 31.2 umol/L 0–10

PA 7 mg/L 200–400

CHE 580 u/L 4,000–

11,000

BUN 8.11 mmol/L 2.86–8.2

CREA 112.06 umol/L 21.5–104

UA 48 umol/L 208–428

Test
type

Test
Item

Results Units of
Measurement

Range

Routine

blood test

WBC 8.84 10e9/L 3.5–9.5

Neu% 84.8 % 50–70

Lym% 11.4 % 20–40

Mon% 3.3 % 3.0–8

Eos% 0.2 % 0.5–5.

Bas% 0.3 % 0–1.0

Neu# 7.5 10e9/L 2.00–7.00

Lym# 1.01 10e9/L 1.1–3.2

Mon# 0.29 10e9/L 0.10–0.60

Eos# 0.01 10e9/L 0.02–0.52

Bas# 0.03 10e9/L 0.00–0.10

RBC 5.05 10e12/L 4.0–5.5

HGB 86 g/L 120–160

HCT 25.1 % 35.0–45.0

MCV 49.8 fL 82.0–100.0

MCH 17 pg 27.0–34.0

MCHC 342 g/L 316–354

RDW-CV 14.4 % 11.0–16.0

RDW-SD 30.1 fL 39.0–53.9

PLT 638 10e9/L 80–300

MPV 5 fL 9.4–12.5

PDW 14.4 fL 9.8–16.2

PCT 0.319 % 0.16–0.38

Blood

biochemistry

test

ALT 175 U/L 5–40

AST 122 U/L 8–40

ALT/AST 0.7 0.8–2.0

TP 62.9 g/L 60–85

ALB 21.8 g/L 35–55

GLO 41.1 g/L 20–40

A/G 0.5 1.5–2.5

TBil 1.69 umol/L 3.4–20.5

DBil 1.61 umol/L 0–6.8

IBi1 0.08 umol/L 0–15

GGT 52 u/L 11–50

ALP 386 u/L 40–150

TBA 31.2 umol/L 0–10

PA 7 mg/L 200–400

CHE 580 u/L 4,000–

11,000

BUN 8.11 mmol/L 2.86–8.2

CREA 112.06 umol/L 21.5–104

UA 48 umol/L 208–428

(Continued)

TABLE 1 (Continued)

Test
type

Test
Item

Results Units of
Measurement

Range

CYS-C 0.04 mg/L 0.51–1.09

GLU 2.65 mmol/L 2.75–22

TC 3.12 mmol/L 0–5.2

TG 1.99 mmol/L 0–1.7

HDL 1.95 mmol/L 0.83–1.96

LDL 1.08 mmol/L 0–3.12

ApoA1 0.01 g/L 1–1.6

ApoB 0.02 g/L 0.6–1.10

eGFR 1750.89 mL/min/1

Coagulation

test

PT 23.2 Sec 10–40

APTT 32.5 Sec 20–40

Fbg 1.84 g/L 45,326

TT 24.7 Sec 14–21

INR 2.09 0.8–1.25

Blood

tumor

marker

detection

AFB 0.16 ng/mL 0–9

CEA 0.06 ng/mL 0–5

CA153 0 U/mL 0–14

CA19-9 <0.8 U/mL 0–25

CA125 1.1 U/mL 0–35

CA724 30.19 U/mL 0–6.9

Test
type

Test
Item

Results Units of
Measurement

Range

CYS-C 0.04 mg/L 0.51–1.09

GLU 2.65 mmol/L 2.75–22

TC 3.12 mmol/L 0–5.2

TG 1.99 mmol/L 0–1.7

HDL 1.95 mmol/L 0.83–1.96

LDL 1.08 mmol/L 0–3.12

ApoA1 0.01 g/L 1–1.6

ApoB 0.02 g/L 0.6–1.10

eGFR 1750.89 mL/min/1

Coagulation

test

PT 23.2 Sec 10–40

APTT 32.5 Sec 20–40

Fbg 1.84 g/L 45,326

TT 24.7 Sec 14–21

INR 2.09 0.8–1.25

Blood

tumor

marker

detection

AFB 0.16 ng/mL 0–9

CEA 0.06 ng/mL 0–5

CA153 0 U/mL 0–14

CA19-9 <0.8 U/mL 0–25

CA125 1.1 U/mL 0–35

CA724 30.19 U/mL 0–6.9

The values marked in blue are below the reference range, and those marked in red above it.

approximately 9.2 cm × 5.0 cm. The mass exhibited uneven

density, punctuated by areas of calcification and gas shadows.

The demarcation of the lesion was indistinct (Figure 2A), and

the cortical bone adjacent to the lesion was hypertrophied and

irregular, with significant edema of the surrounding soft tissues

(Figure 2B). Sinusitis was also observed (Figure 2C).

Pathological examination

Following the aforementioned diagnostics, a biopsy of the oral

mass was performed on the giant panda to obtain tissue samples.

The procured samples were photographed, macroscopically

observed, measured, and subsequently fixed in PFA solution.

Subsequently, histopathological evaluation was conducted via

paraffin sectioning, HE staining, and immunohistochemical assays.

Macroscopic examination revealed a large tumor, measuring

approximately 12 cm × 9 cm × 5 cm. It was situated beneath

the buccal mucosa within the oral cavity, appearing as a

large, firm plaque with a multinodular, gelatinous surface

and rubbery consistency (Figures 3A–C). Histological analysis

post paraffin embedding and HE staining revealed that the

tumor was composed of numerous neoplastic cells organized in

fascicular or storiform arrangements. The neoplastic cells varied

in size, exhibiting a spindle or oval morphology, with infrequent
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FIGURE 2

(A–C) Cross-sectional computed tomography images of the giant panda’s head, the red triangle indicates the location of tumor calcification.

FIGURE 3

Histopathological Features of Oral Tumor Lesions from Living Giant Pandas. Pathological characteristics of oral tumors collected from living giant

pandas (A–C). (D) HE staining of tumor tissue (40X), (E) HE staining of tumor tissue (100X), (F) HE staining of tumor tissue (100X).

Immunohistochemical staining of cavitary tumors, (G) Positive expression of S100 by immunohistochemistry. (H) Positive expression of Vimentin by

immunohistochemistry. (I) Negative expression of CD34 by immunohistochemistry.

mitotic figures, and numerous small blood vessels were noted

within the tumor’s core (Figures 3D–F). Microscopically, the case

demonstrated characteristic features of low-grade malignancy,

aligning with a diagnosis of low-grade fibrosarcoma. Further

differential diagnosis was conducted using immunohistochemical

assays. The immunohistochemical results indicated positive
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staining for Vimentin (++), focal S100 (+), with negative

results for AE1/AE3, EMA, CK7, SMA, CD34, CD31, Desmin,

Calponin, CD99, and a low Ki67 labeling index of approximately

1%. Consistent with the immunophenotypic profile of low-

grade malignant fibrosarcoma, only Vimentin is expressed in

immunohistochemistry; SMA may show positive expression in

instances of myofibroblastic differentiation; Desmin, CK, EMA,

and CD34 were non-reactive. The immunohistochemical findings

corroborate the histopathological diagnosis of low-grade malignant

fibrosarcoma (Figures 3G–I).

Discussion

Due to their unique characteristics, giant pandas can live

for decades in artificial breeding environments, resulting in a

longer lifespan compared to their wild counterparts. With the

extension of the life cycle, the incidence of tumors rises, posing a

threat to the lives of geriatric giant pandas. However, the scarcity

of early clinical samples hinders effective monitoring of tumor

occurrence in geriatric giant pandas. Our report demonstrates

that tumor occurrence can be inferred by detecting blood-based

tumormarkers (PLT and CA724 in this study). Consequently, upon

detecting abnormal blood indicators during health assessments, it

is imperative to conduct more comprehensive examinations and

initiate treatment for tumors at an early stage. This approach

can help maintain the population of geriatric giant pandas to a

significant extent, while also enriching the clinical data available,

thereby aiding in the conservation and growth of the giant

panda population.

The typical locations for oral fibrosarcoma in animals include

the hard palate and maxillary gingiva (6–8). It presents as a firm,

well-circumscribed tumor. The tumor exhibits a nodular, lobulated,

or irregular morphology. It is clearly demarcated from the

surrounding tissues, and sometimes encapsulated; the consistency

is slightly firmer than that of normal tissue; the sectioned surface

is pink or off-white, and uniform in appearance (9). Fibrosarcoma

tumor cells exhibit size variation, with frequent occurrence of giant

cells; the tumor cells display a range of shapes and are markedly

pleomorphic; the nuclei of tumor cells are intensely pigmented and

frequently exhibit mitotic figures (9); there is a preponderance of

tumor cells with a sparse presence of collagen fibers. Diagnosis

should be informed by the animal’s age, breed, gender, and

location characteristics, alongside X-rays and CT scans. However,

a definitive diagnosis requires histopathological examination of

the excised tissue (9–11). Fibrosarcoma typically shows resistance

to radiotherapy and chemotherapy, and is characterized by a

high recurrence rate (9, 11, 12). Postoperatively, treatments

included injections of cyclophosphamide and cytarabine; however,

a recurrence was observed within 14 days (13, 14). Given the unique

nature of this case, no additional treatments were administered to

the giant panda. The majority of the giant panda’s oral bleeding

episodes were associated with the consumption of bamboo poles;

therefore, the feeding regimen was modified to utilize bamboo

shoots in place of poles, aiming to diminish the frequency

of bleeding. Following the adjustment, there was a noticeable

reduction in the frequency of bleeding. Significant improvements

were observed, leading to an enhanced quality of life.

This case report documents the first instance of low-grade oral

fibrosarcoma in giant pandas. It has established a standardized

and systematic diagnostic protocol, offering valuable data and a

reference framework for the diagnosis and prevention of diseases

in giant pandas.
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Case report: Neuroendocrine 
carcinoma of the nasal cavity in a 
roe deer (Capreolus capreolus)
Gorazd Vengušt 1*, Diana Žele Vengušt 1, Carlo Cantile 2, 
Mitja Gombač 1, Kristina Tekavec 1 and Tanja Švara 1

1 Institute of Pathology, Wild Animals, Fish and Bees, Veterinary Faculty, University of Ljubljana, 
Ljubljana, Slovenia, 2 Department of Veterinary Sciences, University of Pisa, Pisa, Italy

Neuroendocrine tumors of the nasal cavity are rare in both animals and humans. 
This report describes the macroscopic, histopathological and immunohistochemical 
characteristics of a neuroendocrine tumor in a three-year-old female roe deer 
(Capreolus capreolus) that was shot due to a facial deformity caused by an oval, 
firm, exophytic lesion effacing the left frontal and parietal regions. Longitudinal 
sectioning of the skull revealed a nasal cavity tumor that had invaded the cribriform 
plate, the rostral bones of the skull, the rostral aspect of the cranial cavity and 
the frontal sinuses and extended through the lacrimal, sphenoid and zygomatic 
bones into the subcutaneous tissue. Histopathologically, the tumor consisted 
of neoplastic cells forming sheets, nests, trabecular and cribriform structures 
separated by a delicate fibrovascular stroma. Mitoses were rare. Based on the 
histopathological and immunohistochemical findings, a neuroendocrine carcinoma 
was diagnosed. Based on thorough database searches, this is the first known case 
of a nasal neuroendocrine carcinoma in a roe deer.

KEYWORDS

roe deer, nasal cavity, neuroendocrine carcinoma, tumor, immunohistochemistry

1 Introduction

Tumors in the nasal cavity or paranasal sinuses (i.e., sinonasal tumors) are uncommon in 
animals. Among the epithelial tumors, adenocarcinomas predominate, whereas 
chondrosarcoma is the most common malignant mesenchymal tumor (1). Sinonasal tumors 
with neuroendocrine differentiation, such as neuroendocrine carcinomas (NECs) and 
olfactory neuroblastomas (ONBs) (formerly known as esthesioneuroblastoma) have been 
occasionally reported in animals. Namely, NECs have been reported in dogs (Canis lupus 
familiaris) (2), horses (Equus ferus caballus) (3) and free-living Japanese raccoon dog 
(Nyctereutes procyonoides viverrinus) (4), whereas ONBs have been described in cats (Felis 
catus) and dogs (2, 5–10), horse (11), cattle (Bos taurus) (12), axolotl (Ambystoma mexicanum) 
(13, 14) and goldfish (Carassius auratus) (15).

During passive disease surveillance of roe deer in Switzerland (16), Slovenia (17), Sweden 
(18) and in the Netherlands (19), tumors were detected in 32, 19, 19 and four cases, respectively. 
The most frequently diagnosed tumor in Slovenia (17) was a fibropapilloma, in Switzerland 
and Sweden a lymphoma (16, 18), while reports from other researchers suggest that liver 
neoplasms are the most common tumors in roe deer (20, 21). Other neoplasms of various 
origins have been described in several case reports, such as pulmonary adenocarcinoma (22), 
mandibular ossifying fibroma and oral papillomas (23), leukemia (24), neuroblastoma (25), 
oral squamous cell carcinoma (26), cutaneous teratoma (27), suggesting that this species is 
particularly prone to developing neoplastic diseases (16).
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This report describes the macroscopic, histopathological and 
immunohistochemical findings of an NEC in a three-year-old female 
roe deer (Capreolus capreolus).

2 Case description

A three-year-old female roe deer was shot by a local hunter in 
June 2023 in Nova vas in the Inner Carniola hunting area in southern 
Slovenia, Europe (45°45′42.89 “N, 14°30′11.43 “E), due to a facial 
deformity. The age of the animal was estimated by hunter and 
authorized hunting committees during the mandatory annual 
inspection of hunted ungulates at the end of the year. Eruption 
patterns and tooth wear were used to estimate the age of the animal. 
The animal was submitted to the Veterinary Faculty of the University 
of Ljubljana for necropsy. At necropsy, the animal was in good body 
condition (19.5 kg), defined by normally developed skeletal muscles 
and adequate subcutaneous and internal fat reserves. Gross 
examination of the head revealed an oval, apparently well-
circumscribed, firm lesion in the left frontal and parietal region of the 
head (Figures 1A,B), which was covered with intact skin. Examination 
of the cut surface of the head revealed a poorly circumscribed, 
unencapsulated, oval, grey-white tumor mass measuring 14 × 11.5 × 
13 cm, which originated from the ethmoid region of the left nasal 
cavity and had invaded and destroyed the cribriform plate and the 
rostral bones of the skull. The tumor occupied the rostral part of the 
cranial cavity and affected the frontal lobe of the brain. The tumor 
mass also occupied the frontal sinuses, invaded the frontal, lacrimal, 
sphenoid and zygomatic bones and grew into the subcutis of the 
frontal and parietal regions (Figure 1). As a result of the ingrowth of 
the tumor mass into the orbit, proptosis of the left eye occurred. No 
metastases and no other lesions were detected at necropsy.

For histopathology, several samples of the tumor were collected, 
immediately fixed in 10% buffered formalin and routinely embedded 
in paraffin. For light microscopic examination, 4 μm thick sections 
were stained with hematoxylin and eosin and with the modified 
Grimelius stain (28). Histopathological examination revealed 
predominantly a well-demarcated, partially encapsulated tumor that 
was multifocally infiltrative and was composed of sheets, nests, 
trabeculae, rosettes, and cribriform structures separated by a small to 
moderate amount of fibrovascular stroma. The neoplastic cells were 
polygonal, with indistinct cell borders and small to moderate amounts 
of eosinophilic non-granular cytoplasm demonstrating mild 
anisocytosis. The modified Grimelius staining revealed numerous 
dark cytoplasmic granules within the neoplastic cells. Single round to 
oval nuclei were evident, exhibiting mild anisokaryosis and up to one 
small nucleolus (Figures 2A,B). Three mitoses per 10 high-power 
fields (2.37 mm2) were counted. Multifocally, small to medium sized 
necrotic foci, hemorrhages and lytic bone fragments were present 
within the neoplasm. Invasion of blood and lymph vessels was 
not observed.

Immunohistochemistry was performed to confirm the origin 
of the neoplastic cells. The procedure was performed on selected 
4 μm thick paraffin sections, which were first deparaffinized. The 
antigens were retrieved by boiling the slides in EDTA buffer (pH 
9.0) in a microwave oven for 10 min [for immunolabeling of 
neuron-specific enolase (NSE), chromogranin A, synaptophysin, 
and microtubule-associated protein 2 (MAP-2)] or in citrate 

buffer for 10 min [for immunolabeling of neurofilament H 
(NFH)] or 20 min [for immunolabeling of cytokeratins, S-100 
protein, glial fibrillary acidic protein (GFAP) and calcitonin]. The 
slides were then incubated with the primary antibodies for 1 h at 
room temperature in a humidified chamber (Table  1). The 
remaining immunohistochemistry was performed according to a 
previously described protocol (29). Tissues from the roe deer 
without lesions were used as positive controls: pancreas served as 
a positive control for immunoreactivity for cytokeratins, 
synaptophysin, chromogranin A, and NSE; thyroid gland served 
as a positive control for calcitonin; and brain tissue was used for 
S-100 protein, GFAP, NFH and MAP-2.

FIGURE 1

Gross findings in a female roe deer (Capreolus capreolus) with 
neuroendocrine carcinoma. (A) The surface of the tumor mass after 
removal of the skin showed a highly exophytic, grey-white, firm 
mass. (B) The cut surface of the tumor mass was grey-white, smooth 
and moderately bulged. (C) The tumor, which originated from the 
ethmoidal region of the left nasal cavity (*), had invaded and 
destroyed the cribriform plate and the rostral bones of the skull. The 
tumor occupied the rostral part of the cranial cavity and affected the 
frontal lobe of the brain (arrows). The exophytic portion of the 
tumor, which protruded above the parietal and nasal regions, was 
removed.
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Most of the neoplastic cells were immunoreactive for cytokeratin 
AE1/AE3, and NSE. The immunolabeling was intense and localized 
in the cytoplasm (Figures 2C,D). The neoplastic cells were negative for 
cytokeratin MNF116, synaptophysin, chromogranin A, calcitonin, 
S-100 protein, GFAP, and NFH.

Based on the gross, histopathological and immunohistochemical 
features of the tumor, a nasal NEC was diagnosed.

3 Discussion

Based on thorough database searches (PubMed Central, Google 
Scholar, CAB Abstract) covering the years (1950–2024), and using 
mixed keyword combinations of “neuroendocrine,” “tumor,” 
“neoplasm,” “neoplasia,” “carcinoma,” “roe deer,” and “Capreolus 
capreolus,” this is the first description of NEC in a roe deer and the 

FIGURE 2

Microscopic findings of the neuroendocrine carcinoma in a female roe deer (Capreolus capreolus). (A) Nests of neoplastic cells separated by delicate 
fibrovascular stroma. H&E, 200x. (B) Nests of small to medium sized neoplastic cells exhibiting mild anisocytosis and anisokaryosis. H&E, 400x. 
(C) Neoplastic cells demonstrated strong cytoplasmic immunolabeling for cytokeratins. Pancytokeratin AE1/AE3 immunohistochemistry (IHC), 200x. 
(D) Neoplastic cells exhibited strong cytoplasmic immunolabeling for neuron specific enolase (IHC), 200x.

TABLE 1  Details of immunohistochemistry reagents and results of immunolabeling.

Antibody Clonality Concentration Incubation Manufacturer Immunolabeling in 
neoplastic cells

Cytokeratin AE1/AE3 1:100 60 min DAKO 100%

Cytokeratin MNF116 1:100 60 min DAKO –

Neuron specific 

enolase

1:100 60 min DAKO 100%

Synaptophysin 1:100 60 min DAKO –

Chromogranin A 1:500 60 min DAKO –

Calcitonin 1:1600 60 min DAKO –

S-100 protein 1:800 60 min DAKO –

GFAP 1: 2000 60 min DAKO –

Neurofilament H 1:200 60 min Millipore –

Microtubule-

associated protein 2 

(MAP-2)

HM-2 1:500 60 min Sigma –
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second reported case in wild animals. The first case was previously 
described in a raccoon dog (4).

Histologically, the neuroendocrine differentiation of the tumor 
was suspected based on the architecture of the tumor and the 
morphology of the tumor cells, which were consistent with an 
endocrine tumor (1). This was confirmed by histochemical and 
immunohistochemical stainings. The tumor cells showed argyrophilic 
staining and expressed NSE and cytokeratins. The Grimelius stain is 
a silver stain that shows neuroendocrine granules with specific peptide 
hormones and biogenic amines. Although it stains almost all 
neuroendocrine tumors with few exceptions, it is not specific for a 
single neuroendocrine tumor type (30). Immunohistochemistry is 
valuable for the confirmation of tumors of neuroendocrine origin in 
both humans and animals (2, 4, 31, 32). Cytokeratins, synaptophysin, 
NSE, and chromogranin A are usually expressed in sinonasal tumors 
with neuroendocrine differentiation (3, 32). In addition, tumor cells 
can also express somatostatin, vasoactive intestinal polypeptide (VIP), 
protein gene product 9.5 (PGP 9.5) (2), and S-100 (4).

In this case, two differential diagnoses were considered: NEC and 
ONB, based on histopathologic and immunohistochemical 
confirmation of neuroendocrine differentiation in the tumor cells. 
Their phenotypic characteristics overlap considerably, which makes 
differentiation and diagnosis difficult (5, 33).

Grossly, ONB often grows more invasively and causes more 
extensive destruction of adjacent bony structures (34, 35). Extension 
of the neoplasm into the olfactory bulb and orbital wall causing 
proptosis has been described in a cattle with ONB (12). Compression 
of the olfactory bulb and frontal lobe with caudal displacement of both 
cerebral hemispheres and the cerebellum has been described in a dog 
with ONB (36), and osteolysis of the cribriform plate and extension of 
the tumor into the brain was observed in two dogs and one cat with 
ONB (7). In the axolotl, the tumor replaced part of the maxillary bone 
tissue (13). On the other hand, there have been some other cases of 
ONB in dogs, cats, and horses, in which the tumor showed no invasive 
growth into the bone and/or brain cavity (6, 11, 37).

In a case of NEC in a Japanese raccoon dog, Kubo et  al. (4) 
reported destruction of the maxilla, extension of the tumor to the 
subcutis leading to swelling of the ridge of the nose, and extrusion of 
the eyeball. Sako et al. (2) found neoplastic infiltration of the nasal 
septum and frontal sinus in two dogs, and osteolysis of the maxilla and 
frontal bone in two of the ten dogs with NEC included in the study 
(2). Three horses with NEC were also found to have exophthalmos (3). 
In the case described here, the tumor also invaded the frontal sinuses, 
frontal bone, lacrimal bone, sphenoid bone and zygomatic bone as 
well as the rostral part of the cranial cavity and the orbit, resulting in 
proptosis of the left eye.

Both NEC and ONB form microscopic rosettes (1), and electron 
microscopic or immunohistochemical examination is often necessary 
to differentiate between them. In contrast to NEC, ONB has cell 
extensions that contain microtubules (1, 4). While the WHO 
classification requires electron microscopy for a definitive diagnosis 
in humans (37), these ultrastructural features have not yet been clearly 
demonstrated in animals (2, 5, 38).

The immunohistochemical findings of NEC and ONB also overlap 
considerably, and some researchers have even suggested that these two 
tumors are different manifestations of the same entity (11). 
Cytokeratins, chromogranin, and synaptophysin, as well as several 
peptides such as calcitonin and VIP, which are more regularly 

expressed in NEC (1) and the lack of immunolabeling for some 
cytoskeletal proteins such as neurofilament, class III beta-tubulin 
isotype and MAP-2  in human NEC are suggested to be  the main 
differences between NEC and ONB (2, 39). In a study, cytokeratin 
AE1/AE3 was expressed in all 10 cases of NEC in the nasal cavity of 
dogs (2). Expression of MAP-2 has been shown to be a potentially 
reliable and sensitive marker for ONB in dogs and cats, as all but one 
case of ONB in cats were immunoreactive for MAP-2 (5). MAP-2 
expression has also been described in case of ONB in horse (11).

NSE expression is used to support the diagnosis of ONB in human 
pathology and has also been described in cases of ONB in animals (5, 
10). However, in animals, NSE is also expressed in NEC (2).

4 Conclusion

In conclusion, NEC in a roe deer was diagnosed based on the 
histopathological and immunohistochemical characteristics of the 
tumor. The tumor cells expressed NSE and cytokeratin AE1/AE3, but 
were immunohistochemically negative for synaptophysin, 
chromogranin A, calcitonin, S-100 protein, GFAP, NFH, and MAP-2, 
which in our opinion supports the diagnosis of NEC.
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Hepatoid perianal gland tumors are relatively common in dogs, accounting for 
25% of all skin tumors. However, the specific factors involved in their development 
are still not completely clear. It has been established that hormonal influences can 
impact the formation of these tumors. The prognosis for dogs with perianal tumors 
depends largely on histology (benign vs. malignant) and, in case of malignancy, 
it has been suggested that the stage of the disease is important, with a more 
favorable outcome in dogs having small (under 5 cm in diameter), non-metastatic 
adenocarcinomas which are surgically removed with non-infiltrated margins. 
Nevertheless, there is a paucity of studies which thoroughly relate hepatoid gland 
histotypes to their prognosis; therefore, it is possible that a well-differentiated 
adenocarcinoma could be misclassified. Based on a retrospective review of 76 
dogs with hepatoid gland tumors having clinical follow-up, the aims of this study 
were (1) to establish a histological grading system capable of potentially predicting 
prognosis and (2) to explore the role of Ki67 as a potential prognostic marker. 
Based on histopathological features only, the proposed grading system effectively 
differentiated tumors with a favorable prognosis from those with a worse prognosis 
to support histological diagnosis. The evaluation of the Ki67 index was not useful 
to predict prognosis in this study.

KEYWORDS

dogs, neoplasm grading system, Ki67 antigen, perianal glands tumor, hepatoid tumors

1 Introduction

Tumors of the perianal/hepatoid glands are quite prevalent in dogs, constituting 25% of 
all skin tumors (1). Hepatoid gland adenomas account for most canine perianal tumors in dogs 
(58–96%), while adenocarcinoma is rare (3–21%) (2–4). An influence of sexual hormones on 
the growth of adenomas, and even of differentiated adenocarcinomas, has been shown (5, 6). 
Adenoma occurs more frequently in intact male dogs (3, 7). In particular, intact male dogs 
over 10 years of age are 5.6 times more likely to develop hepatoid gland tumors than neutered 
male and spayed female dogs (6, 8).

The mechanisms involved in the development of hepatoid tumors are not completely 
understood (8–10).

The prognosis of malignant hepatoid perianal tumors, apart from histological features, 
depends on the clinical stage of the disease [TNM; (11)]. In fact, it has been reported to 
be favorable in dogs with a minimally invasive adenocarcinoma, less than 5 cm in diameter 
and without regional metastasis at presentation (12); additionally, it has also been suggested 
that prognosis may be influenced by the excision margin status (13). The prognosis for benign 
hepatoid perianal tumors is favorable, and castration and marginal surgical excision are 
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curative, being the local recurrence rate very low; although it has been 
reported that an incomplete surgical resection may be a risk factor for 
recurrence (2, 14). Local regrowth after surgery in a neutered male is 
suggestive of tumor malignancy (3).

In the case of hepatoid malignancy, clinical stage (11) is the only 
prognostic factor identified; dogs bearing tumors larger than 5 cm in 
diameter have an 11-fold higher risk of death (12). According to the 1990 
study byVail et al., dogs with stage 1 and stage 2 tumors had a disease-free 
interval of 2 years while a 1-year survival rate of 75% was recorded in 
dogs with T1 tumors and of 60% in dogs with T2 tumors. Median 
survival time for stage 3 and 4 was 6–12.5 months (12). Metastases are 
rare and are mostly found at the level of the sublumbar lymph nodes 
(15%); however, they can also occur in the lungs, liver, and spleen (12).

Regarding the histological morphology of perianal adenomas and 
epitheliomas, the most recent classifications agree that both entities 
have little or no nuclear atypia (2, 15). However, in contrast to 
epitheliomas, perianal adenomas usually consist of ordered lobules of 
well-differentiated hepatoid cells which form islands, cords and 
trabeculae. Adenocarcinomas are composed of disorganized, poorly 
differentiated, hepatoid cells with pleomorphic nuclei, prominent 
nucleoli, and vacuolated cytoplasm, having an elevated degree of 
nuclear atypia and an elevated mitotic rate in both the hepatoid and 
the reserve cell population (2, 15, 16). Thus, while the older textbooks 
considered the possibility of adenocarcinomas having a different 
degree of differentiation (17), the most recent classifications 
incorporate them into a single category characterized by frank 
malignant criteria (15). Well-differentiated adenocarcinomas were 
previously differentiated from adenomas by the presence of signs of 
tissue invasion, and a crowded or sloppy architecture (17); however, 
they are no longer mentioned in the new reference texts (15).

There are only a few prognostic immunohistochemical studies 
including Ki67 (14), COX-2 (15) and p53 (18). Adenocarcinomas 
showed a higher proliferation rate as compared to epitheliomas and 
adenomas grouped together, and a higher Ki-67 index was related to 
recurrence of perianal gland adenocarcinoma (14).

The aims of this study were to evaluate a novel histological grading 
for hepatoid perianal tumors, single and non-metastatic at 
presentation, capable of predicting prognosis, and of investigating the 
Ki67 index as an additional prognostic factor.

2 Materials and methods

2.1 Case selection and inclusion/exclusion 
criteria

The cases studied were retrieved from dogs treated at the 
Veterinary Teaching Hospital (VTH) of the Department of Veterinary 
Sciences of the University of Turin (Italy) between January 2006 and 
December 2021, confirmed to be a hepatoid gland tumor based on the 
histology performed on the surgical specimens. At the time of 
admission, informed consent was obtained from the dogs’ owners for 
both the clinical and surgical procedures and the potential use of the 
results for clinical research studies.

The study included only those dogs with a hepatoid gland tumor, 
clinically single at presentation that was surgically excised, and staged 
T1-T3/N0/M0 (11); in addition, complete survey data and a tissue 
specimen of adequate quality had to be  available. Therefore, the 
exclusion criteria included the presence of distant metastases, an 
incomplete clinical report and a follow-up time of less than 6 months. 
Dogs clinically bearing multiple hepatoid nodules or those with 
sublumbar lymphadenopathy at admission were also excluded.

2.2 Histopathology

Archived paraffin-embedded tissues were retrieved, sectioned 
(4 μm), and stained with hematoxylin and eosin (HE). The histological 
slides were reviewed independently by 2 pathologists (L.M. and S.I.). 
They were blinded to the original histological diagnosis, 
clinicopathological data and clinical outcome; all the discordant 
results were reviewed by the 2 pathologists with a multiheaded 
microscope to reach a consensus based on the criteria established by 
the latest classification (19).

The tumor features were evaluated for all cases, regardless of 
diagnosis. To standardize the assessment, numerical values were 
assigned to the characteristics shown in Table 1. The mitotic count was 
assessed in areas of 2.37 mm2 for all cases, searching for the zones of 
the highest proliferative activity, which were then expressed as an 
arithmetic average of the counts reported by the two pathologists (20). 

TABLE 1  Tumor features evaluated.

Evaluation

Capsule or pseudocapsule Absent Present /

Calcific or mineralized intralesional foci Absent Present /

Ulceration Absent Present /

Loss of lobular/trabecular architecture No Yes (more than 50%) /

Sebaceous differentiation Absent Present /

Ductal differentiation Absent Present /

Tumor infiltrating lymphocytes Absent Present /

Infiltrative growth Absent Present /

Multinucleated cells Absent Present /

Cellular pleomorphism Regular, uniform cells having 

small nuclei with occasional 

small nucleoli

Moderate degree of variation in nuclear 

size and shape with nucleoli which can 

be prominent

Notable variation in nuclear 

size and more
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Finally, the values were reported in an Excel chart (Microsoft® Excel® 
2016 MSO.).

2.3 Establishment of histological grading

A novel grading system was created for hepatoid gland tumors 
using prognostic histological characteristics, such as weighted sums. 
This indicated that all the categorical features (given as binary values, 
0/1) were summed up together after being weighted by their hazard 
ratios which were derived from a survival regression model measuring 
their association with time to recurrence. The grading was created 
as follows:

	
( ) { , 10 , 10= > ≤∑ ∑i i i i

i i
Grading x high Hz x low Hz x

where x is the list of the canine patient’s characteristics and Hz is the 
relative hazard ratio.

2.4 Ki67 immunohistochemical staining 
and automated evaluation

Immunohistochemical staining for Ki-67 was carried out on 
additional sections obtained from formalin fixed paraffin embedded 
(FFPE) samples. Briefly, four μm sections of FFPE tissue were cut, 
mounted on positively charged slices (Menzel-Gläser Superfrost plus. 
Thermo scientific), deparaffinized in xylene, rehydrated in graded 
ethanol and rinsed in distilled water. Endogenous peroxidases were 
blocked by incubating sections for 20 min in 0.3% hydrogen peroxide 
diluted in distilled water.

Antigens retrieval was performed placing sections in a microwave-
resistant container with a solution of tris-EDTA (pH 9.0) and heating 
3 times (3 min each) at 700 W. The sections were left to cool at room 
temperature for 15 min and were next immersed in phosphate buffer 
saline solution (pH 7.4) for 5 min.

Tissue sections were subsequently incubated with Blocking serum 
(Vector® Vectastain Elite ABC kit) for 20 min in a humidified 
chamber, then incubated with the monoclonal mouse anti-human 
Ki-67 antibody (clone MIB-1, M7240, Dako, Glostrup, Denmark) 
diluted 1:200 in a PBS solution, in a humidified chamber for 120 min.

After incubation, tissue sections were washed in PBS-tween20 
diluted 1:1000 and then incubated with biotinylated secondary 
antibody (Vector® Vecstain Elite ABC kit, Anti-Mouse IgG/Rabbit 
IgG) in a humidified chamber, for 30 min.

Avidin-biotin system (Vecstain®) was used for immunolabeling, 
and reactions were visualized with 3′3′-diaminobenzidine (DAB, 
Peroxidase Substrate Cat. No. SK-4100). QuPath software was used for 
assessing the Ki67, following the guidelines provided by Pai et al. (21) 
and checking step by step that the cell selection provided by the 
software was correct (21). Briefly, for each case prepared, 3 fields were 
evaluated from Ki67-labeled slides in Ki67 hotspots (areas of the 
greatest immunolabeling of the tumor cells for this proliferation 
marker). The fields were photographed at 20x with a camera (Leica 
ICC50, Leica®, Germany), placed on an optical microscope (Leica 

DM750, Leica® Germany) and acquired as images on a personal 
computer using dedicated software (Leica Application Suite X 
5.1.0.25593, Leica®, Germany). The settings used are summarized in 
Supplementary File S1.

2.5 Follow-up

The owners or referring veterinarians were contacted to update 
the follow-up of the dogs included in the study to ascertain whether 
the tumor had recurred, whether the dog was still alive, or had died 
and the cause of death. Overall survival (OS) was considered as the 
number of days from surgery to death, while the disease-free interval 
(DFI) was considered as the number of days from surgery to tumor 
recurrence, and/or evidence of regional (cytologically confirmed) or 
distant metastasis. The cases were censored using right censoring 
(22, 23).

2.6 Statistical analysis

A grid search was used to identify the cut-off values to apply when 
using clinical prediction models to assign triage levels to the canine 
patients. This was carried out using a grid search to optimize the 
difference between both the median estimated OS and the DFI using 
the data uncovered by the newly found cut-offs. After having set an 
appropriate cut-off point for each continuous feature in order to 
reduce the degrees of freedom of the dataset, the prognostic relevance 
of each feature was accessed using a univariate regression model 
(survreg). The features having a p-value under the chosen statistical 
threshold of 0.05 were acknowledged to be independently relevant, 
requiring additional analysis.

The statistically significant parameters emerging from the 
univariate analysis regarding DFI were used to generate a scoring 
system. This score was defined as the sum of the hazard ratios 
associated with the presence of each characteristic. Finally, a suitable 
cut-off approximation was carried out regarding the newly designed 
score to divide (non-censored) canine patients into two categories 
(good and bad prognosis). The cut-off was then validated on both OS 
and DFI using the regression model. Clinical and pathological results 
were grouped into contingency tables and analyzed using Fisher’s 
exact or Chi square tests. All the analyses were carried out in an R 
environment (R Software v.4.3.1).

3 Results

A total of 76 hepatoid perianal gland tumors were retrieved from an 
equal number of dogs. Of the canine population examined, 66 were male 
(85.0%) of which 11 were neutered (16.6%), and 10 were female (15.0%) 
of which 6 were spayed (6.0%). There were 30 mixed-breed dogs (39.0%) 
and 46 purebred dogs (61.0%). The mean age was 11.4 years 
(SD ± 2.4 years). The mean weight was 18.4 kg (SD ± 13.4 kg). Regarding 
the surgical procedure, tumor excision with a 5–10 mm margin was 
attempted in all cases and was combined with castration in 45 cases 
(59.2%). In 31 dogs (40.8%), the tumor excision was not combined with 
neutering; 10 intact male dogs out of 55 (18.0%) were not castrated at 
owners’ request. The mean tumor size was 2.5 cm (SD ± 2.2 cm). Of the 
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45 dogs which underwent castration, histopathology revealed a testicular 
neoplasm in 18 dogs (40%). In particular, 9 dogs (50.0%) had a seminoma, 
2 dogs (11.0%) a seminoma and a Leydig cell tumor, 1 dog (5.5%) a 
seminoma and a Sertoli cell tumor, 3 dogs (17.0%) a Sertoli cell tumor, 1 
dog (5.5%) a Sertoli cell tumor and a Leydig cell tumor, and 2 dogs 
(11.0%) a Leydig cell tumor only. The perianal tumors were histologically 
classified as adenomas (19 cases, 25.0%), adenocarcinomas (50 cases, 
65.8%) and epitheliomas (7 cases, 9.2%). The median mitotic count was 
9.27 ± 10.49. The hepatoid tumors were histologically completely resected 
in all cases. The overall recurrence rate was 13%. Among the 10 dogs that 
showed signs of local recurrence, all were diagnosed with adenocarcinoma, 
and they included 1 female (10%), 2 neutered males (20%), and 7 intact 
males (70%); the latter had all been neutered during the excision of the 
hepatoid tumor. The metastatic rate was 9.2%; metastases developed in 
the regional sacral lymph nodes in 7 cases, lungs in 2 cases and liver in 1 
case. The dogs with metastases were 2 spayed female and 5 male dogs 
neutered at the time of the tumor excision. Fifty-four of 76 cases were 
censored as these dogs died from tumor-unrelated causes or were lost 

during the follow-up period. The median overall DFI and OS was 
730 days. The clinical and histological results were compared with the 
follow-up data and are summarized in Table 2.

The histological features were recorded and analyzed, considering 
those parameters which better correlated with prognosis 
(Supplementary File S2). Such features included anisocytosis, 
anisokaryosis, mitotic count, presence of tumor-infiltrating 
lymphocytes (TILs), sebaceous differentiation (the presence of 
cytoplasmic lipidisation), existence of a capsule, calcifications, 
infiltrative growth, ductal differentiation (squamous metaplasia), loss 
of lobular/trabecular architecture, ulceration and multinucleated cells.

A grading system was assessed including low and high grade 
(Table 3) based on whether they were associated with low or high 
probability of having a worse prognosis, respectively, and was applied 
by the two pathologists (L.M.; S.I.).

According to this novel histological grading, a total of 38/76 
cases were classified as low grade (50%) and 38/76 cases as high 
grade (50%) malignancy. Regarding the original diagnosis, of the 

TABLE 2  Clinical and histological results in comparison with the follow up data.

Variable Median DFI 
(days)

Median OS 
(days)

p value DFI p value OS

Sex Male 303 498 p > 0.05 p > 0.05

Female 1963 1981

Neutered male / 899

Spayed female 345 498

Weight ≤7 kg 254 570 p > 0.05 p > 0.05

>7 kg 1963 1,542

Tumor size T1 1963 1,460 p > 0.05 p > 0.05

T2 630 1,121

T3 287 662

Testicular tumors Absent 700 899 p > 0.05 p > 0.05

Present 303 –

Mitotic count ≤11 1963 1,542 p = 0.003* p > 0.05

>11 303 735

Multinucleated cells Absent 1963 1,542 p = 0.002* p > 0.05

Present 303 498

Loss of lobular/trabecular 

architecture

No (Figure 1A) 1963 1981 p = 0.0009* p = 0.003*

Yes (Figure 1B) 324 570

Sebaceous differentiation Absent 1963 1,542 p = 0.02* p > 0.05

Present (Figure 1C) 345 635

Calcific foci Absent 700 1,460 p> 0.05 p > 0.05

Present 630 899

Infiltrative growth Absent 1963 1,542 p > 0.05 p > 0.05

Present 324 700

Ductal differentiation Absent (Figure 1D) 1963 1,542 p = 0.015* p = 0.04*

Present 324 570

Cellular pleomorphism Regular (Figure 1E) 2045 1,246 p = 0.002* p = 0.01*

Moderate 1,286 617

Severe (Figure 1F) 1,081 351

*statistically significant association.
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FIGURE 1

Canine hepatoid gland tumors. (A) Presence of trabecular/lobular architecture. 200x magnification. (B) Loss of trabecular/lobular architecture. 200x 
magnification. (C) Sebaceous differentiation. 400x magnification. (D) Ductal differentiation. 400x magnification. (E) Cellular pleomorphism assessed as 
normal – score 0. 400x magnification. (F) Cellular pleomorphism assessed as severe – score 2. 400x magnification. Hematoxylin and eosin staining.
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cases with a previous diagnosis of adenoma (19 cases), according 
to the grading system presented herein, the majority were 
classified as low grade (18/19), with only 1 case being a high 
grade, based on the grading system proposed herein. The 
epitheliomas were classified as low grade in 2/7 cases and high 
grade in 5/7 cases, while the adenocarcinomas were classified as 
low grade in 18/50 cases and high grade in 32/50 cases. According 
to this novel grading system, the histological grade was strongly 
associated with the recurrence (Chi-square test; p = 0.003). In 
particular, three out of 38 dogs (7.9%) with adenocarcinomas 
classified as low grade and 7 out of 38 (18.4%) dogs with tumors 
classified as high grade developed a local recurrence. Metastases 
were confirmed in 3 out of 38 (7.9%) cases with adenocarcinomas 
classified as low grade and in 4 out of 38 (10.5%) cases classified 
as high grade. The histological grade was also associated with the 
patients’ outcome (p = 0.003 for DFI and a p = 0.02 for OS); in 
particular, a median DFI of 1963 days and a median OS of 
1762 days was recorded in dogs bearing a low grade hepatoid 
gland tumor as compared with a median DFI of 303 days and a 
median OS of 498 days in those dogs bearing a high-grade tumor 
(Figure  2). The histological grades in relation to 
clinicopathological data are summarized in Table 4. In addition, 
histological grade was applied only to malignant tumors showing 
it was associated with relapse (p = 0.04) but not with survival.

The evaluation of the Ki67 index was available for 75 out of 76 
cases; the median value was 4.84. With the cut-off set at 6%, the Ki67 
index was not correlated with prognosis (Figure 3).

4 Discussion

In the cohort of cases presented here, the dogs were mainly 
mixed breeds (39.9%) with a mean age of 11.4 years 
(SD ± 2.4 years), which, according to the literature (19, 24), is 
slightly higher than previously reported (3, 25, 26). The clinical 
features of the hepatoid tumors that were seen in this study 
mirror those reported in the literature, i.e., perianal tumors, well 

circumscribed in most cases, having an average diameter 
between 0.5 and 3 cm (3). Most of the dogs of this study were 
intact males (85%), and this finding correlates to the development 
of most low-grade hepatoid tumors with a hormonal influence 
(3, 4). In particular, it is known that androgenic hormones 
stimulate the growth of the hepatoid gland cells expressing the 
receptors. It is also known from the literature that castration 
alone may induce a substantial cytoreduction of most hepatoid 
adenomas (27). In intact male dogs, a correlation between 
perianal adenomas and testicular interstitial cell tumors has been 
suggested and this support a testosterone stimulation as a 
causative factor (4, 5). Even in the present cohort of cases, 40.0% 
of the dogs had a concurrent testicular tumor. However, only 
27.5% of these dogs had an interstitial cell tumor and 50% had a 
seminoma, bearing the remaining a Sertoli cell tumor, or both a 
Sertoli cell tumor and a seminoma. This phenomenon may 
indicate that a more complex hormonal change may play a 
pathogenetic role (28). At present, the standard of care for 
perianal adenomas is marginal excision associated with 
castration; conversely, perianal adenocarcinoma should 
be  addressed by a more aggressive surgery, with a minimum 
margin of 1–2 cm (3, 29). The prognosis for adenocarcinomas 
seems related to the clinical tumor stage and the completeness 
of the surgical excision (13). Due to the anatomic contiguity 
between most of these hepatoid tumors and the external anal 
sphincter muscle, a wide margin excision is rarely performed in 
an attempt to preserve fecal continence. Nevertheless, in most of 
the cases presented in this retrospective study the histologic 
evaluation of the excision margins indicated a complete surgical 
excision. Overall, the recurrence rate was 13%, that is comparable 
to that reported in the literature (2). Currently, the guidelines for 
the classification of epithelial neoplasms generically divide 
hepatoid gland tumors into adenoma, epithelioma and 
adenocarcinoma (without referring to different degrees of 
differentiation) (15). According to the literature, hepatoid gland 
adenocarcinomas are characterized by a low rate of both 
recurrence and metastasis (3, 12); however, to date, a histological 

TABLE 3  Schematic summary of the new grading model proposed in this study.

Histological feature Score p value DFI p value OS

Trabecular/lobular architecture 3.02: absence

0: presence

p = 0.0009* p = 0.003*

Multinucleated cells 0: absence

2.27: presence

p = 0.002* p > 0.05

Cellular pleomorphism 0: regular

2.78: moderate

5.56: severe

p = 0.002* p = 0.01*

Mitotic count 0: 0–7

2.21: >7

p = 0.003* p > 0.05

Sebaceous differentiation 0: absence

1.92: presence

p = 0.02* p > 0.05

Ductal differentiation 0: absence

2.48: presence

p = 0.015* p = 0.04*

Total score: ≤ 10: low grade

>10: high grade

p = 0.003 p = 0.022

Each parameter has been correlated with the survival data. *statistically significant association.
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grading system capable of identifying cases with a worse 
prognosis is missing. The literature has reported that a few 
hepatoid tumors with well-differentiated morphology, in the 
absence of any clinical tumor staging demonstrating the presence 
of metastases, would have been diagnosed as adenoma based on 
cell morphology alone (16); this finding was also confirmed by 
the present study (unpublished data) and by one case of the 
present cohort of dogs which developed a metastasis after 

198 days, despite a hepatoid tumor with histological features 
compatible with a benign lesion.

The histological grade proposed in this study was designed to 
be applicable to all hepatoid neoplasms, either diagnosed as adenomas, 
epitheliomas, or adenocarcinomas, so that their prognosis could 
be predicted. The histological parameters that were found to be useful in 
constructing this histological grading system are largely those that have 
previously been identified as carcinoma-related.

FIGURE 2

(A) Kaplan–Meier curve of the disease-free interval (DFI) in dogs with low grade (median 1963 days) and high grade (median 303 days – p = 0.003) 
tumors. (B) Kaplan–Meier curve of overall survival (OS) in dogs with low grade (mean 1762 days) and high grade (mean 498 days – p = 0.02) tumors.

TABLE 4  Histological grade in relation to the clinicopathological data.

Feature Low grade (n) High grade (n) p-value

Sex M

F

MC

FC

25

3

7

3

30

1

4

3

0.52

Tumor size T1

T2

T3

25

10

3

21

11

6

0.56

Testicular tumor Absent

Present

18

7

19

11

0.57

Recurrence Absent

Present

35

3

31

7

0.30

Metastasis Absent

Present

35

3

34

4

1

Ki67 index ≤6

>6

26

11

24

14

0.62
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Although this grading system offers better assistance in 
differentiating low-grade from high-grade hepatoid neoplasms, 
the existence of a small cohort of well-differentiated tumors 
which may develop metastases needs further consideration. The 
Ki67 index has been used as a prognostic indicator for some 
tumors in various studies (30–34); however, the different results 
that are often obtained may derive from the different 
immunohistochemical techniques and evaluation methods used. 
In the present study, the Ki67 index was evaluated using the 
QuPath software to strongly limit these evaluation bias, but it was 
not found to be associated with prognosis anyway. This result 
differs from the study by Pereira et  al. (14) who, using a 
computer-assisted image analysis, found that Ki67 with a cut-off 
assessed at 9.87% was predictive of recurrence. Therefore, 
although for many canine cancers, Ki67 seems to be a valuable 
prognostic factor (30–34), this was not the case for the hepatoid 
tumors presented in this case cohort. Nonetheless, the Authors 
encourage its use as an additional prognostic information since 
a single case diagnosed as adenoma and classified as low-grade 
by the present study had a Ki67 of 25.37% which was considerably 
above the cut-off considered by both the authors of this study and 
Pereira et al. and developed metastasis after 198 days, pointing 
out that, in selected cases, Ki67 can provide useful 
prognostic information.

Even if this study has two main limitations due to its 
retrospective nature and the limited number of cases included, it 
opens the way to a grading system which may be considered as 
an important and valid diagnostic tool for formulating a more 
accurate diagnosis and prognosis of canine hepatoid tumors. 

Nevertheless, further studies recruiting a larger number of cases 
are warranted in order to confirm these preliminary results.

5 Conclusion

The histological grading of hepatoid perianal tumors remains a 
challenge for the veterinary pathologists. Despite the fact that the 
prognosis for these tumors is often favorable following surgical excision, 
the Authors emphasize the importance of the collaboration between 
clinicians and pathologists in the evaluation of the clinical tumor staging, 
the long-term follow-up, and the histological appearance of these tumors. 
The Authors believe that the use of the histological scoring system 
proposed in this study may potentially help the understanding of the 
clinic-biological behavior of these tumors as additional prognostic 
information is added; at the same time, the Authors feel that further 
studies are warranted to confirm these preliminary data.
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FIGURE 3

(A) Kaplan–Meier curve of disease-free interval (DFI) in dogs having hepatoid gland tumors with a Ki67 ≤ 6% (median 700 days) and > 6% (median 
358 days – p = 0.5). (B) Kaplan–Meier curve of overall survival (OS) in dogs with hepatoid gland tumor with a Ki67 ≤ 6% (median 1,460 days) and > 6% 
(median 570 days – p = 0.36).
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Case report: A study on the 
pathology of mandibular 
osteosarcoma with hepatic 
metastasis in a giant panda
Zongliang Xiong 1†, Shanshan Ling 2†, Caiwu Li 2†, Linhua Deng 2, 
Tingting Wei 1, Ming He 2, Chengdong Wang 2, Qihui Luo 1, 
Desheng Li 2* and Zhengli Cheng 1*
1 Experimental Animal Disease Model Research Laboratory, School of Veterinary Medicine, Sichuan 
Agricultural University, Chengdu, China, 2 Key Laboratory of State Forestry and Grassland Administration 
on the Giant Panda, China Conservation and Research Center for the Giant Panda, Chengdu, China

During routine health examinations, an abnormal growth was detected in the oral 
cavity of a male giant panda. A malignant tumor, osteosarcoma, was diagnosed 
through CT (computed tomography) scans and pathological examination of biopsy 
samples. After two attempts at “tumor reduction surgery” with no improvement, the 
condition stabilized following particle implantation and arterial infusion interventional 
therapy. The following year, a CT scan revealed a highly similar mass in the left 
lumbar muscle, which showed no improvement despite chemotherapy, leading to 
death 1 month later. Post-mortem examination and tissue pathological diagnosis 
confirmed osteosarcoma characteristics in the facial, lumbar, and liver masses. The 
giant panda was diagnosed with osteosarcoma with liver metastasis based on integrated 
pathological and gross anatomical observations. This case represents the first report 
of osteosarcoma with liver metastasis in a giant panda, providing valuable data and 
references for future clinical diagnosis and treatment of tumors in giant pandas.

KEYWORDS

giant panda, osteosarcoma, tumor metastasis, pathology, cheek osteosarcoma

Introduction

The giant panda (scientific name Ailuropoda melanoleuca) belongs to the bear family, 
genus Ailuropoda, and has existed on Earth for at least 8 million years. Known as a “living 
fossil” and the “national treasure of China,” it serves as the emblem of the World Wildlife Fund 
(WWF) and is a flagship species in global biodiversity conservation. Its disease research is also 
highly focused. As a severe disease that poses a significant threat to health, the incidence of 
tumors in giant pandas has correspondingly increased with their extended lifespan. Given the 
uniqueness of the giant panda, clinical tumor case reports are extremely rare, with only 
sporadic reports available, such as ovarian cancer, pancreatic ductal adenocarcinoma, 
seminomas, cutaneous hemangiomas, and conjunctival vascular sarcomas (1–5). This leads to 
a severe shortage of clinical diagnostic data for tumors in giant pandas, especially lacking in 
testing data and reports from live sampling.

Osteosarcoma (Osteosarcoma, OS) is a common primary malignant bone tumor (6, 7), 
and OS is a disease originating from mesenchymal cells, characterized by the proliferation of 
osteoblast precursor cells and the formation of bone or immature bone (8). It is particularly 
common in humans and canines (9), and is typically treated with amputation or chemotherapy. 
Osteosarcoma can arise in any bone, most commonly affecting the long bones of the legs and 
occasionally the long bones of the arms (10). Osteosarcoma can metastasize from the primary 
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site to other locations, most frequently to the lungs, the same bone, or 
another bone, which increases the difficulty of treatment and 
rehabilitation (11–13). This case represents the first report of 
osteosarcoma in a giant panda and also the first report of osteosarcoma 
with liver metastasis in a giant panda, filling a gap in the clinical data 
of giant panda osteosarcoma and holding significant reference value.

Case presentation

Basic case information

Giant panda “Wugang” (lineage number 502), a male, was rescued 
in the wild in 1999. CT scans in May 2021 revealed irregular local 
bone quality in the right zygomatic arch, with adjacent soft tissue 
swelling and multiple small nodular calcifications; no other significant 
abnormalities were observed. In February 2023, an abnormal growth 
was found in its oral cavity, accompanied by symptoms such as 
bleeding during feeding. After examination and diagnosis, a malignant 
tumor, osteosarcoma, was confirmed. Two attempts at tumor 
reduction surgery were made, but the recovery was poor. Due to the 
astonishing growth rate of the osteosarcoma, the frequency and 
volume of bleeding increased, leading to severe anemia in the panda. 
To better control the tumor and reduce bleeding, Wugang underwent 
interventional chemotherapy, including particle implantation and 
arterial infusion, which effectively controlled the bleeding and 
reversed the anemia, stabilizing the condition for a period. In 

September 2023, a follow-up enhanced CT scan showed the oral 
tumor to be relatively stable, but a mass approximately 9.8 cm × 7.7 cm 
was found in the left lumbar muscle, highly similar in nature to the 
oral tumor (osteosarcoma), with surrounding bone tissue destruction 
affecting normal walking. After intravenous chemotherapy, the 
panda’s condition did not improve and the panda died at the age of 24. 
For treatment of tumors, please see the Supplementary material.

Necropsy findings

The body weight was 86 kg, with a total body length of 112 cm, 
head length of 37 cm, hind limb length of 59 cm, forelimb length of 
65 cm, chest circumference of 106 cm, abdominal circumference of 
113 cm, and neck circumference of 71 cm. The cadaver appeared 
clean, emaciated, with dull fur; the right cheek was swollen, and the 
mouth was draining brown liquid (Figures 1A,B). Upon necropsy, a 
large bony mass was found in the right cheek and mandible area, with 
a surface that exhibited a gradient of color from black to grayish-
white, resembling a cauliflower-like variation; the central part of the 
mass was a pinkish bone structure, and the mass occupied the entire 
right side of the face (Figures 1C,E). There was a mass measuring 
approximately 10 cm × 10 cm in the left lumbar muscle area, 
presenting as a solid structure with varying shades of pink (Figure 1F). 
The stomach was distended with gas, the gastric wall had pinpoint 
bleeding, there was hemorrhaging in the peritoneum, congestion in 
the intestinal walls, hepatic edema, multiple pale gray nodules on the 

FIGURE 1

Clinical necropsy examination of giant panda Wugang. (A) Facial appearance before death. (B) Oral margin. (C) Location and size of the cheek mass. 
(D) Surface characteristics of the cheek mass. (E) Cross-sectional characteristics of the cheek mass. (F) Cross-sectional characteristics of the lumbar 
mass. (G) Nodules on the lung surface. (H) Pale yellow foci can be seen in the liver.
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lung surface, each about 0.5 cm in diameter, and the lungs showed 
mild atrophy and collapse (Figure 1G). The liver is slightly enlarged, 
lighter in color, and yellowish foci are visible (Figure 1H).

Imaging examination

CT scans revealed a local mass in the right maxillofacial region 
extending to the right side of the neck, with the largest dimension 
measuring approximately 204 × 113 × 124 mm. The lesion had uneven 
density, with multiple patchy high-density and gas shadows, and 
showed mild heterogeneous enhancement on contrast scans. The skull 
and right maxillofacial bones were invaded and destroyed (Figure 2A). 
CT scans of the thorax and abdomen demonstrated a bulla in the left 
lower lobe of the lung (Figure 2B); left pleural effusion measuring 
approximately 20 mm in thickness, and right pleural effusion 
measuring approximately 10 mm (Figure 2C); degenerative changes 
in the 12th and 13th thoracic vertebrae and intervertebral discs 
(Figure  2D); enlargement of the left adrenal gland with multiple 
calcified foci (Figure 2E); swelling of the left psoas major muscle with 
an internal mass measuring approximately 98 × 77 mm, uneven 
density, and patchy non-enhancing shadows. Contrast scans showed 
peripheral rim enhancement, seemingly with small vessels traversing 
through, and the internal low-density focus did not enhance, with 
surrounding bone destruction (Figure 2F).

Pathological examination

Biopsy tissue pathology examination
After the excision of the mass from the right cheek, paraffin sections 

were prepared and HE  (Hematoxylin–Eosin)-stained, with a 
pathological diagnosis of spindle cell tumor, easily visible mitotic figures 
(Figure 3A), presence of atypical cartilage and tumorous osteogenesis 
(Figures 3B,C), and the tissue morphology was that of a high-grade 
malignant tumor (sarcoma), graded as 3 (G3) by the FNCLCC (French 
Federation of Comprehensive Cancer Centers) system. The subtype 
diagnosis, combining tissue morphology and immunohistochemical 
results, was conventional osteosarcoma (fibroblastic subtype). Surface 
squamous epithelial ulceration with significant hyperplasia and 
pseudoepitheliomatous hyperplasia (Figure 3D). Immunohistochemical 
results: tumor cells showed SATB2(+), Desmin(−), S100(−), 
SMA(partially +), H3K27Me3(partially lost), ERG(−), Ki-67(MIB-1)
(inconclusive) (Figures 3E–L).

Post-mortem tissue pathology examination

After necropsy, tissue samples from the major organs of the giant 
panda were collected, with bone tissues undergoing decalcification 
treatment and the remaining tissues undergoing routine dehydration 
and clarification. Paraffin sections were then prepared, stained with 

FIGURE 2

CT scans of giant panda Wugang. (A) A mass is visible in the right maxillofacial region. (B) A bulla is observed in the left lower lobe of the lung. 
(C) Pleural effusion is present. (D) Degenerative changes in the vertebrae. (E) Enlargement of the left adrenal gland with multiple calcified foci. 
(F) Swelling of the left psoas major muscle with a visible mass.
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HE, and histopathological changes were observed. The results are as 
follows: Facial mass: The mass tissue is primarily composed of large 
areas of interlacing neoplastic immature bone or cartilage. There is 
significant proliferation of fibrous new tissue between the bone plates, 
accompanied by a large number of blood vessels with vascular 
congestion. Most cells in the bone plates appear vacuolated. The 
fibrous tissue exhibits marked cellular pleomorphism, with spindle, 
oval, or round shapes, and contains a large amount of collagen. 
Mitotic figures are frequently observed (Figures  4A1–A6). In 
conjunction with the gross anatomical protruding proliferative mass 
on the facial surface, a preliminary diagnosis of osteosarcoma is 
made. Jejunum: Mucosal autolysis/necrosis (Figures 4B1,B2). Lumbar 
mass: The mass tissue is primarily composed of large areas of 
interlacing neoplastic immature bone. Between the bone plates, there 
are mature red blood cells and bone marrow cells, with erythroid 
hyperplasia. The bone plates contain a high amount of bone collagen, 
with cellular atypia, round, oval, and spindle shapes, and frequent 
mitotic figures (Figures  4C1–C4). In conjunction with the gross 
anatomical protruding proliferative mass, a preliminary diagnosis of 
osteosarcoma is made. Lungs: The pleura exhibits hyperplasia and 
hemorrhage. There is alveolar overinflation, rupture of the alveolar 
septa, and vascular congestion (Figures  4D1,D2). Duodenum: 
Dilation of intestinal glands, atrophy of intestinal villi, and massive 
inflammatory cell infiltration (Figures 4E1,E2). Liver: The liver tissue 
is largely replaced by tumor cells, with hepatocytes being compressed, 
and the cellular and tissue structure disappearing. The tumor tissue 
is arranged in sheets, with large cell volume, tight arrangement, 
obvious atypia, round, oval, and spindle shapes, and a high nuclear-
cytoplasmic ratio (Figures 4F1–F6). A preliminary judgment is made 
for osteosarcoma liver metastasis. Lymph nodes: The lymph nodes 
show extensive congestion and hemorrhage, tissue structure disorder, 
almost no mature lymph follicles in the cortical area, a significant 
reduction in cellular components, and a large number of 
multinucleated giant cells (Figures 4G1,G2). Spleen: The spleen is 

atrophied and degenerated, with the structure disappearing, a 
significant reduction in cellular components, and splenic trabecular 
hyperplasia (Figures 4H1–H4). Kidneys: Dilation of renal tubules, 
thinning of tubular walls, and detachment of some renal tubular 
epithelium. Focal inflammatory cell infiltration is observed 
(Figures 4I1,I2). Heart: Myocardial cell atrophy, interstitial edema, 
and brown pigment deposition (Figures 4J1,J2).

Discussion

Giant pandas, due to their unique characteristics, can survive for 
several decades in captive environments, compared to their wild 
habitats, they have a longer lifespan. With the extension of the giant 
panda’s lifespan, the incidence of tumors also increases, posing a threat 
to the lives of elderly giant pandas. Currently, there are few clinical 
reports of tumors in giant pandas, and there is a severe lack of clinical 
data. This case is the second tumor case diagnosed pathologically in 
our laboratory, with both cases having tumors located in the oral cavity 
(accepted), which may be related to the feeding habits of giant pandas. 
In canine osteosarcoma cases, tumors are commonly located in the 
limbs, and the treatment often involves removing the tumor mass while 
trying to preserve the limb, but sometimes, to eradicate all cancerous 
lesions, part of the limb may need to be amputated (14, 15). In this case, 
due to the tumor’s location in the maxillofacial region, the treatment 
methods used in canine osteosarcoma cases could not be applied, and 
due to the absence of data on giant panda osteosarcoma cases, there 
were no referable treatment methods. By referring to treatment 
methods from human medicine, a tumor reduction surgery was first 
performed, but with poor results; eventually, particle implantation and 
arterial infusion were used to inhibit further tumor progression.

In canine osteosarcoma cases, osteosarcoma most commonly 
metastasizes to the lungs, the same bone, or another bone (16, 17). In 
this case, the maxillofacial osteosarcoma in the giant panda, after being 

FIGURE 3

Biopsy tissue HE staining and immunohistochemical examination. (A–D) HE staining of the biopsy sample from the cheek mass. (E) H3K27Me3 staining 
of the biopsy sample from the cheek mass (partially lost). (F) ERG staining of the biopsy sample from the cheek mass (−). (G) Ki67 staining of the biopsy 
sample from the cheek mass (inconclusive). (H) S100 staining of the biopsy sample from the cheek mass (−). (I) SATB2 staining of the biopsy sample 
from the cheek mass (+). (J) SMA staining of the biopsy sample from the cheek mass (partially +). (K) p53 staining of the biopsy sample from the cheek 
mass (−). (L) Desmin staining of the biopsy sample from the cheek mass (−).
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stabilized with interventional treatment, experienced metastasis the 
following year. However, unlike the spread of canine osteosarcoma, 
after the stabilization of the maxillofacial osteosarcoma in this case, a 
mass with the same characteristics as the maxillofacial tumor was 
observed in the lumbar muscle by CT scan, and post-mortem sampling 
with H&E staining revealed similar tumor features in the liver tissue. 
Owing to the scarcity of clinical tumor case data in giant pandas, it is 
unclear whether this particular pattern of tumor metastasis is an 
isolated case or a common feature. This case represents the first 
reported instance of osteosarcoma in giant pandas, establishing a 
systematic and comprehensive diagnostic approach. The liver 
metastasis of osteosarcoma in this case also provides valuable reference 
and clinical data for the treatment of osteosarcoma in giant pandas.
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FIGURE 4

Post-mortem tissue sampling with H&E staining for pathological diagnosis. (A) Facial mass, with different Arabic numerals indicating different fields and 
magnifications, A1 40X, A2-A3 400X, A4 100X, A5 400X, A6 200X. (B) Jejunal tissue, B1 200X, B2 400X. (C) Mass in the lumbar region, C1 100X, C2 
200X, C3-C4 400X. (D) Lungs, D1 100X, D2 40X. (E) Duodenum, E1 200X, E2 400X. (F) Liver, F1 100X, F2-F4 200X, F5-F6 400X. (G) Lymph node G1 
100X, G2 400X. (H) Spleen, H1 100X, H2 200X, H3-H4 400X. (I) Kidney, I1 100X, I2 200X. (J) Heart, J1 400X, J2 200X.
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Ferritinophagy: a possible new 
iron-related metabolic target in 
canine osteoblastic osteosarcoma
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Canine osteosarcomas (COS) are the most common bone tumors in dogs, 
characterized by high metastatic rates, poor prognosis, and poor responsiveness 
to routine therapies, which highlights the need for new treatment targets. In this 
context, the metabolism of neoplastic cells represents an increasingly studied 
element, as cancer cells depend on particular metabolic pathways that are also 
elements of vulnerability. Among these, tumor cells (TCs) show higher iron 
requirements to sustain proliferation (so-called iron addiction), which are achieved 
by increasing iron uptake and/or by activating ferritinophagy, a process mediated 
by the Nuclear receptor Co-Activator 4 (NCOA4) leading to iron mobilization 
from ferritin (Ft) deposits. Previous studies have shown that COS cells overexpress 
Transferrin Receptor 1 (TfR1) to increase iron uptake. In this study we evaluated 
the immunohistochemical expression of ferritinophagy-related proteins, namely 
Ferritin Heavy chain (FTH1) and NCOA4, and proliferating cell nuclear antigen 
(PCNA) in canine normal bone and canine osteoblastic osteosarcoma (COOS) 
samples. Normal samples revealed negative/weak immunoreactivity for FTH1, 
NCOA4 and PCNA in <10% of osteocytes. In COOS samples the majority of 
neoplastic cells showed immunoreactivity to FTH1, NCOA4 and PCNA. Our data 
suggest that the activation of ferritinophagy by COOS cells responds to the need 
for feed their “iron addiction.” These data, though preliminary, further suggest that 
targeting iron metabolism represents a new potential strategy worthy of further 
study to be transferred into clinical practice.

KEYWORDS

bone cancer, canine osteosarcoma, immunohistochemistry, iron metabolism, therapy

1 Introduction

The study of metabolic alterations of neoplastic cells is currently a hot topic, as cancer cells 
can become addicted to specific metabolic pathways also representing metabolic vulnerabilities 
against which novel drugs that target them can be developed (1). Among these, the so-called 
“iron addiction” is one of the most relevant metabolic alterations of neoplastic cells (2). Cancer 
cells show higher iron requirements than normal cells to sustain proliferation (3) and tissue 
invasion (4) and tend to satisfy this need by over-expressing a series of proteins involved both 
in the iron uptake from the bloodstream (5, 6) and in its mobilization from intracellular 
reserves by so-called “ferritinophagy,” a selective form of autophagy that specifically targets 
intracellular (Ft) for lysosomal degradation (7, 8). Key molecules in iron metabolism are: (1) 
TfR1, which uptakes and internalizes iron by binding transferrin (Tf)-Fe3+ complex, which is 
followed by Fe3+ reduction to Fe2+ by ferrireductases in the cytosol (9); (2) the Ft, which 
represents the storage site of iron in the cytosol, and which also contributes to the physiological 
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release of iron from reserves to form the cytoplasmic labile iron pool 
(cLIP) (10–12); and (3) the NCOA4, a selective cargo protein which 
binds to a conserved C-terminal domain of FTH1 and to autophagy-
related proteins to deliver FT to autophagosomes and trigger 
ferritinophagy (13, 14). Previous studies in human pathology have 
reported impairment of iron metabolism in different cancers (15–21). 
This appears to be particularly true in human osteosarcomas (22, 23), 
the most common primary malignant bone tumor affecting children 
and adolescents (24, 25). Unfortunately, in veterinary medicine iron 
metabolism and its alterations connected to cancer are still poorly 
studied (26–31). The early results presented in a previous study (26) 
highlighted the relevance of TfR-1 expression in canine osteosarcomas 
(COS), suggesting therapies involving both TfR-1 and other molecules 
related to iron metabolisms in dogs with osteosarcoma should 
be  developed, also considering the potential clinical impact for 
humans. COS represent a well-known preclinical model for human 
osteosarcoma, particularly for those developing in young people as 
they share molecular and morphological aspects, as well as prognosis 
and treatment options (32). COS represent the most frequent primary 
malignant bone neoplasms of mesenchymal origin in dogs (33, 34), 
exhibiting local aggressiveness, high metastatic behavior and high 
mortality rates (35–38). COS originate mainly from appendicular 
skeleton, with the most frequent localization occurring at the 
metaphyseal level, while only 20–25% of tumors originate from the 
axial bone (34). Histological classification of bone tumors of domestic 
animals describes the presence of six different histotypes, namely: 
poorly differentiated, osteoblastic (productive and non-productive), 
chondroblastic, fibroblastic, telangiectatic, giant cell type, with the 
osteoblastic type being the most frequent (33, 39). To date, therapy is 
based on surgery (conservative or not) coupled to chemotherapy and 
radiotherapy, however life expectancy remains low (40–42) and 
resistance to typical antineoplastic drugs is building up (43–45). 
Therefore, the need for new targets, new antineoplastic drugs and/or 
adjuvant antineoplastic compounds for COS is rising. In this context, 
we recently validated and studied the expression of the NCOA4 and 
FTH1  in some canine normal and neoplastic tissues (46). In this 
report, we  provide additional evidence for the relevance of iron 
metabolism alterations in canine osteoblastic osterosacomas (COOS), 
highlighting the role of ferritinophagy-related molecules NCOA4 and 
FTH1, thus suggesting that the mechanisms of ferritinophagy could 
represent a further potential pathway to be  targeted to selectively 
destroy this type of cancer cells.

2 Materials and methods

2.1 Tissue samples

Three normal bone samples (N1-N3) and 20 COOS samples 
(COOS1-COOS20) were retrieved from the archives of the 

Department of Veterinary Medicine  – University of Perugia. 
Ethics committee’s approval and animal testing request were 
waived since all animal tissue samples examined in this study were 
retrieved from archives. Samples had been previously decalcified 
and processed by routing histological techniques, paraffin-
embedded and stained with hematoxylin and eosin (H&E). All 
samples had been observed by light microscopy for morphological 
classification of histological subtypes according to the World 
Health Organization’s histologic classification of tumors of 
domestic (33).

2.2 Immunohistochemistry

For each paraffin-embedded sample 3 μm sections were 
processed for immunohistochemistry (IHC) as previously 
described (47) to evaluate expression of proteins involved in 
ferritinophagy (FTH1, NCOA4), and PCNA to assess 
proliferation (46). Antibody specification and dilutions are reported 
in Table 1. Sections were counterstained with hematoxylin, and 
immunolabeling was revealed with diaminobenzidine-
tetrahydrochloride (DAB).

2.3 Scoring of Immunoreactivity

To evaluate the expression of FTH1, NCOA4 and PCNA a 
semiquantitative score was applied by analyzing the number of 
positively labelled cells in 1,000 cells in 10 fields at 400x magnification 
(40x objective 10x ocular) for each specimen by two independent 
observers (Leonardo Leornardi and Gionata De Vico) under blinded 
conditions (48). Results were expressed as percentage.

3 Results

3.1 Histopathology results

Breeds, sex, age, tumor localization and histologic classification 
are summarized in Supplementary Table S1. Normal tissue samples 
(N1-N3) were characterized by abundant bone matrix in which 
elliptical osteocytes, showing mildly basophilic cytoplasm and oval 
nucleus, were immersed (Figure  1A). All COS samples (COOS1-
COOS20) were characterized by polyhedral cells with eccentric nuclei 
and basophilic cytoplasm. Nuclei appeared pleomorphic, presenting 
hyperchromatic chromatin, and bizarre and atypical mitosis were 
observed. Osseus matrix was present in moderate to high amounts, 
often in the pattern of dense sheets (Figure  1B). Considered the 
histopathological features observed in the COS samples, they were 
classified as productive COOS.

TABLE 1  Antibodies used in immunohistochemical analysis.

Antibody Manufacturer/clone Host species Dilution

FTH1 Antibodies/Polyclonal Rabbit 1:100 Leandri et al. (46)

NCOA4 Abcam ab62495/439CT10.1.2 Mouse 1:100 Leandri et al. (46)

PCNA Abcam ab18197/PC10 Mouse 1:400 Ersoy et Ozem (68)

64

https://doi.org/10.3389/fvets.2025.1546872
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Power et al.� 10.3389/fvets.2025.1546872

Frontiers in Veterinary Science 03 frontiersin.org

3.2 Immunohistochemistry results

Normal bone samples presented less than 10% of cells positive for 
all the three tested antibodies (Figures 2A,C,E). On the contrary, in 
COOS samples 85–95% of neoplastic cells showed a strong 
cytoplasmic immunostaining for FTH1 (Figure  2B) and NCOA4. 
(Figure  2D). Moreover, 70–80% of neoplastic cells were strongly 
labelled at the nuclear level by anti-PCNA (Figure 2F).

4 Discussion

Canine osteosarcomas (COS) are aggressive malignancies of the 
bone, for which the prognosis of patients still remains relatively poor 
and survival rates have not significantly improved during the recent 
decades. COS share biological and clinical similarities with the 
human counterpart, where a growing research tendency is focusing 
on the role of iron and its metabolism in both tumor progression and 
tumor suppression (2, 3, 20). Given the similarities between the two 
species, we  investigated the expression in COOS of key proteins 
involved in iron metabolism to possibly identify new therapeutical 
targets for both dogs and possibly humans. Our results show an 
increased expression of all analyzed proteins in COOS samples 
compared to normal samples. Previous data on the overexpression of 
TfR1 in COS (26), supported the idea that iron uptake plays a decisive 
role in supporting the growth of COOS neoplastic cells and could 
represent a new therapeutic target. Our study emphasizes for the first 
time in COOS the role of NCOA4 and FTH1, key molecules involved 
in ferritinophagy regulation (49). Interestingly, in our study cancer 
samples showed higher immunoreactivity in neoplastic cells 
compared to normal ones, in accordance to literature (50, 51). In the 
classical ferritinophagy pathway NCOA4 interacts with ferritin-heavy 
chain (FTH1), transferring autophagosomes to lysosomes to degrade 
FT and release free iron thus increasing cLIP. Physiologically, NCOA4 
combined with iron is continuously degraded by ubiquitin-
proteasome system or directly by lysosomes (52), explaining why in 
our study NCOA4 was usually poorly highlighted in normal cells by 
immunohistochemistry. On the contrary, an intriguing result of our 
investigation is the strong immunohistochemical detection of 

NCOA4 coupled with the one of FTH1 in COOS cells, which testify 
for a deep dysregulation of iron metabolism and in particular of the 
ferritinophagy pathway. In our case, in fact, it could be hypothesized 
that the COOS cells are so highly dependent on the availability of 
iron for their growth and survival (iron addiction), to simultaneously 
activate different pathways that allow them to maintain high levels of 
iron in the cytosol, namely iron upload, storage and mobilization 
from storage. High iron loads and ferritinophagy have also been 
closely correlated with ferroptosis, a form of iron dependent 
non-apoptotic programmed cell death linked to oxidation of 
membrane lipid (53). It is to be  believed that COOS cells have 
developed mechanisms to evade these forms of cell death as already 
described in other tumor types (54, 55, 69). As a matter of fact, in our 
cases there was no evidence of characteristic morphological feature 
of ferroptosis in COS cells, namely cell membrane rupture, 
cytoplasmic swelling, and moderate chromatin condensation (56). 
Escaping ferroptotic mechanisms provides further vulnerable 
possible targets for ferroptosis-based therapy (70). Previous studies 
in human oncology have described the possibility of using synthetical 
or natural compounds to target iron metabolism (57–60) and 
enhance ferroptosis. Artemisin, the main bioactive component of 
Artemisia annua L, has been proven to activate apoptosis, ferroptosis 
and induce cancer cell death by producing ROS in human 
osteosarcoma (61, 62) and also in COS cell lines (63). More recently, 
two studies by Isani et al. (64) and Colurciello et al. (65) showed that 
COS cells treated with artemisin showed higher mortality rates and 
lower iron concentrations compared to untreated ones, probably due 
to ferroptosis. Furthermore, targeting ferritinophagy pathway can 
also represent mechanisms for some common anticancer drugs. As 
examples, low-dose cisplatin combined with ursolic acid inhibits 
cancer cell growth by activating autophagic degradation of Ft and 
overloading intracellular iron ions (66). The combination of 
artesunate and the hepatocellular carcinoma first-line drug sorafenib 
induces ferritinophagy in hepatocellular carcinoma cells and improve 
the efficacy of single anticancer drugs (67). The results of our study 
provide relevant, thought preliminary data on the alteration of the 
iron-metabolic pathway in COOS. Notably, they suggest an increased 
uptake of iron (26), release of iron from ferritin-storage coupled to a 
continuous replacement of the used Ft storage. COS appear as 

FIGURE 1

(A) Canine normal bone tissue showing osteocytes (arrow heads) and abundant bone matrix. H&E 20x. (B) Canine productive osteoblastic 
osteosarcoma showing many polyhedral cells (arrow heads) and osseus matrix. H&E 20x.
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favorable candidates for the use of antineoplastic drugs targeting iron 
metabolism, ferroptosis and ferritinophagy. Ideally, therapies should 
on one hand enhance cLIP by increasing NCOA4-induced 
ferritinophagy and on the other hand use TfR1 as a tool to selectively 
deliver compounds to tumoral cells and reduce undesired effects on 
healthy cells. Further studies will help deepen the knowledge about 
alterations in iron metabolism in COOS. Of particular interest would 
be correlating the overexpression of these molecules with patient 
follow-up data to assess their potential prognostic implications, and 

using 2D cell models hopefully opening the way to possible in vivo 
studies to be transferred into clinical practice.
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FIGURE 2

(A) Canine normal bone tissue. FTH1. Osteocytes showing no immunolabeling. 40x; (B) canine productive osteoblastic osteosarcoma. FTH1. Tumoral 
cells revealed cytoplasmic immunostaining (arrow heads). 40x; (C) canine normal bone tissue. NCOA4. Osteocytes showing no/weak immunolabeling. 
40x; (D) canine productive osteoblastic osteosarcoma. NCOA4. Tumoral cells revealed cytoplasmic/perinuclear immunostaining (arrow heads). 40x; 
(E) canine normal bone tissue. PCNA. Few osteocytes showing weak nuclear immunolabeling. 40x. (F) canine productive osteoblastic osteosarcoma. 
PCNA. Tumoral cells showing strong nuclear immunolabeling (arrow heads). 40x.
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Case Report: 18F-FDOPA PET in
the clinical management of a dog
with an intraventricular tumor
suspected to be choroid plexus
papilloma

Juwon Wang†, Yeon Chae†, Dohee Lee, Taesik Yun, Hakhyun Kim

and Byeong-Teck Kang*

Laboratory of Veterinary Internal Medicine, College of Veterinary Medicine, Chungbuk National

University, Cheongju, Republic of Korea

An 8-year-old neutered male Miniature Poodle, weighing 6.7 kg, was presented

with lethargy, anorexia, and single seizure episode. Neurological examination

revealed bilaterally absent menace reflexes and an obtunded mental status.

Magnetic resonance imaging showed a papilliform shaped mass measuring

1.2 × 1.4 × 1.3 cm in size, with a volume of 1.17 cm3 in the third ventricle.

3,4-dihydroxy-6-[18F] fluoro-l-phenylalanine (18F-FDOPA) positron emission

tomography/computed tomography (PET/CT) was performed 53 days after

presentation, revealing a hypermetabolic region in the intraventricular mass

with mean and maximal standardized uptake values (SUVmean and SUVmax) of

1.2 and 1.42, respectively, and a tumor to normal tissue (T/N) ratio of 1.33.

The mass lesion measured 1.3 ×1.4 × 1.2 cm in size, with a volume of 1.09

cm3 on contrast-enhanced CT images. The metabolic tumor volume (MTV)

was 1.184 cm3
. No evidence of brain parenchymal metastases was observed.

Therefore, the dog was tentatively diagnosed with a brain tumor, which was

suspected to be a choroid plexus papilloma (CPP) and chemotherapy with

prednisolone and cyclophosphamide was initiated. As worsening clinical signs

were observed, a second 18F-FDOPA PET/CT scan was performed on day

183. The SUVmean, SUVmax, and T/N ratio of the lesion were 1.49, 1.85, and

1.62, respectively. The mass lesion measured 1.0 × 1.0 × 1.3 cm in size, with

a volume of 0.68 cm3 on contrast-enhanced CT images, whereas the MTV

was increased to 2.217 cm3. The dog died 186 days after the presentation. To

the best of our knowledge, this is the first report describing the 18F-FDOPA

PET/CT findings in a dogwith an intraventricular brain tumor suspected of having

CPP. In the present case, although the lesion size decreased on CT contrast

imaging, an increase in the MTV was observed on follow-up 18F-FDOPA PET/CT

after chemotherapy. Thus, an increase in MTV post-chemotherapy combined

with the worsening clinical signs and limited survival period in dogs correlates

with poor prognosis, as previously reported in a human study. This case o�ers

significant diagnostic insights into canine intraventricular tumors within the field

of veterinary medicine.
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Introduction

Intraventricular brain tumors in dogs mainly arise from the

ependymal cells and the choroid plexus epithelium. Therefore,

differential diagnoses for intraventricular tumors in dogs include

choroid plexus tumors (CPT), ependymomas, oligodendrogliomas,

and astrocytomas (1).

CPTs are mostly found in the intraventricular region,

originating from the epithelium of the choroid plexus, wherein

the primary mass is mostly located in the lateral or third ventricle

(2). They constitute 10% of primary intracranial central nervous

system tumors in dogs. Although the definitive diagnosis of

CPT relies on histopathological examination, magnetic resonance

imaging (MRI) and cerebrospinal fluid (CSF) analysis are used

for presumptive clinical diagnosis of brain tumors in dogs. CPT

is suspected based on MRI results of an intraventricular mass at

or adjacent to anatomical sites of the choroid plexus. Commonly

observed features include intraventricular masses characterized

by prominent contrast enhancement and ventriculomegaly (3–

8). Several treatment modalities are available for CPTs including

surgery, radiation therapy, chemotherapy, and palliative treatment

with anticonvulsants and steroids (9–14). Conversely, in veterinary

medicine, chemotherapy protocols for CPTs remain limited, and a

standardized treatment regimen has not been established; however,

cyclophosphamide, one of the most effective agents for treating

choroid plexus-derived tumors in human medicine is known to

cross the blood-brain barrier (BBB) in humans, and may be a

treatment option (15).

Positron emission tomography (PET) offers significant

advantages over conventional imaging methods, such as computed

tomography (CT) or MRI, which primarily focus on anatomical

features, by providing functional information about tumors.

One of the amino acid analogs used in PET is 3,4-dihydroxy-

6-[18F] Fluoro-L-phenylalanine (18F-FDOPA) (16). 18F-FDOPA

absorption is facilitated by up-regulated amino acid transporters,

which is attributed to the nature of brain tumor (16, 17).

Additionally, the efficacy of 18F-FDOPA PET (96%) surpasses

that of 18F- Fluoro-2-Deoxyglucose PET (18F-FDG) PET (61%) in

visualizing human brain tumors (18).

Previously, human studies have demonstrated the superiority

of 18F-FDOPA over MRI in visualizing tumors more accurately

and delineating brain tumor margins (19). Moreover, metabolic

tumor volume (MTV) obtained from 18F-FDOPA images provides

valuable insights into predicting tumor recurrence or progression,

assessing treatment response, and predicting the prognosis of

human brain tumors (17, 20, 21). However, only a single instance

has been reported in dogs, wherein a tumor lesion was detected

by 18F-FDG PET but was successfully identified through visual

analysis using 18F-FDOPA PET, underscoring the superiority of
18F-FDOPA PET over 18F-FDG PET (22).

Herein, we present a report describing the application of 18F-

FDOPA in visualizing an intraventricular brain tumor suspected to

be a CPT, particularly choroid plexus papilloma (CPP), in a dog.

Case description

An 8-year-old neutered male Miniature Poodle presented

with a lethargy, anorexia, and tonic seizures. On physical

examination, the dog weighed 6.7 kg, had a pulse rate of

114 beats per minute, a respiratory rate of 30 breaths per

minute, and a rectal temperature of 38.3 ◦C. Neurological

examination revealed bilaterally absent menace reflexes and an

obtunded mental status. No other abnormalities were observed,

and ocular findings were unremarkable. Complete blood count

revealed thrombocytopenia (81 × 103/µL; reference interval

RI: 148–484 × 103/µL), whereas serum biochemical analysis

did not show any remarkable abnormalities, except for mildly

decreased aspartate transaminase activity (18 mg/dL; RI: 23–

66 mg/dL), hypotriglyceridemia (19 mg/dL; RI: 21–116 mg/dL),

and hyperlactatemia (2.99 mmol/L; RI: 0.5–2.5 mmol/L). Blood

electrolyte analysis revealed mild hypocalcemia (8.5 mg/dL; RI: 9–

11.3 mg/dL) and mild hypomagnesemia (1.6 mg/dL; RI: 1.8–2.4

mg/dL), which were clinically insignificant.

Based on clinical signs, neurological, ocular, and laboratory

examination results, the lesion was neuroanatomically localized

to the forebrain. A brain MRI was performed using 1.5-Tesla

unit (Signa Creator; GE Healthcare, Milwaukee, WI, USA).

The dog was anesthetized via intravenous administration of 6

mg/kg propofol (Provive, Myungmoon Pharm. Co., Ltd, Seoul,

South Korea) and 0.2 mg/kg midazolam (Midazolam, Bukwang

Pharm. Co., Ltd., Seoul, South Korea) and maintained by

inhalation of 2.0–2.5% isoflurane (Terrell, Piramal Critical Care,

Bethlehem, PA, USA) in 100% oxygen in a circle rebreathing

circuit. T1-weighted images (WI) (pre- and post-contrast), T2-

WI, and fluid-attenuated inversion recovery (FLAIR) images

were obtained using transverse, sagittal, and dorsal planes. A

papilliform shaped mass lesion measuring 1.2 × 1.4 × 1.3 cm

in size, with a volume of 1.17 cm3 was detected in the third

ventricle. Additionally, periventricular and peritumoral edema

were observed around the lesion (Figure 1). The papilliform-

shaped mass was identified as hyperintense on T2-WI (Figure 1A)

and FLAIR images (Figure 1B) and hypointense on T1-WI

(Figure 1C). A remarkable enhancement in the papilliform

shaped mass on T1-WI was noted after administration of 0.1

mmol/kg gadolinium-diethylenetriamine pentaacetic acid [IV;

OmniscanTM, GE Healthcare (Shanghai), Co., Ltd, China],

(Figure 1D). However, diagnosis and treatment options involving

a surgical approach for the lesion could not be performed due

to lack of consent from the owner. Nonetheless, a diagnosis of

CPP was strongly suspected based on the patient’s history, clinical

assessments, and MRI features, even though CSF collection and

analysis could not be performed owing to considerations regarding

post-seizure intracranial pressure elevation.

Therefore, symptomatic therapy was prescribed with

prednisolone 0.5 mg/kg PO q12h (Solondo R©, Yuhan, Seoul,

South Korea) and zonisamide 10 mg/kg PO q12h (Excegran R©,

Dong-A, Seoul, South Korea). After 53 days, an 18F-FDOPA

PET scan of whole body, including the head, was performed

to determine malignancy of the tumor and whether metastasis

had occurred. 18F-FDOPA (0.094 mCi/kg) was intravenously

administered into the right saphenous vein, followed by 5mL of

0.9% normal saline to flush residual 18F-FDOPA. CT images (pre-

and post-contrast) were acquired before PET scans. Attenuation

correction for PET image reconstruction was performed using

pre-contrast CT images to prevent potential artifacts from

iodine-based contrast agents. The PET scans (Discovery-STE,

General Electric Medical Systems, Waukesha, WI, USA) were
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FIGURE 1

MRI characteristics of a dog with an intraventricular tumor suspected to be choroid plexus papilloma presented in the transverse plane. A

well-defined solitary papilliform shaped mass is observed in the third ventricle with enlarged lateral ventricle (arrows). The tumor lesion (arrow heads)

shows hyperintensity on T2-weighted images (WI) (A), hyperintensity on FLAIR images (B) with periventricular edema (dotted arrow), and

hypointensity on T1-WI (C). Post-contrast T1-WI (D) image shows uniformly remarkable enhancement (arrow). No metastatic findings or brain

parenchymal involvement were identified. MRI, magnetic resonance imaging; T1-WI, T1-weighted image; T2-WI, T2-weighted image; FLAIR,

fluid-attenuated inversion recovery.

FIGURE 2
18F-FDOPA PET/CT findings in a dog with an intraventricular tumor suspected to be choroid plexus papilloma. The first image was taken on day 53,

after initial symptomatic therapy (A–C); Contrast-enhanced CT (A) image shows size of 1.3 ×1.4 × 1.2 cm papilliform shaped mass (arrow heads).
18F-FDOPA PET (B) and PET/CT fusion (C) images showed elevated 18F-FDOPA uptake (dotted circles) with SUVmean 1.2, SUVmax 1.42, T/N ratio 1.33,

and MTV 1.184 cm3. The second image was captured on day 117 after initiation of chemotherapy; Contrast-enhanced CT (D) image shows size of

1.0 × 1.0 × 1.3 cm papilliform shaped mass (arrows). 18F-FDOPA PET (E) and PET/CT fusion (F) images demonstrated remarkable elevated
18F-FDOPA uptake in the papilliform shaped tumor lesion (circles) with SUVmean 1.49, SUVmax 1.62, T/N ratio 1.62, and MTV 2.217 cm3. The black and

white scale bar represents high 18F-FDOPA uptake in black and low uptake in white (B and E), while the color scale bar represents high 18F-FDOPA

uptake in yellow and low uptake in red (C, F). 18F-FDOPA, 3,4-dihydroxy-6-[18F]-fluoro-l-phenylalanine; PET, positron emission tomography; CT,

computed tomography; SUV, standard uptake value; T/N, tumor to normal tissue; MTV, metabolic tumor volume.

obtained 10min after 18F-FDOPA injection (Figures 2A-C)

and were analyzed using OsiriX MD v10.0 (Pixmeo Sarl,

Geneva, Switzerland).

Based on visual evaluation of the contrast enhanced CT images,

the papilliform shaped mass lesion measured 1.3 ×1.4 × 1.2 cm in

size, with a volume of 1.09 cm3 (Figure 2A). An 18F-FDOPA avid
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tumor was identified in PET and PET/CT images, with no evidence

of metastatic lesions (Figures 2B, C). The regions of interest (ROIs)

were manually drawn on the PET/CT fusion images (Figure 2C).

The metabolic activity of ROIs was converted to a standard

uptake value (SUV) as follows: SUV = concentration of 18F-

FDOPA in the ROIs (mCi/kg)/injected dose (mCi) per kilogram

of body weight (kg). The mean and maximum SUVs (SUVmean

and SUVmax) of the tumor were 1.2 and 1.42, respectively. The

tumor to normal tissue (T/N) ratio was calculated by dividing

the SUVmax of the tumor by the SUVmax of the normal brain

parenchyma using the dorsal plane to evaluate metabolic activity

objectively, and was 1.33. All voxels with SUV above the threshold

were included to evaluate the MTV based on an SUV threshold

determined by the SUVmean of the normal tissue background

(17). The MTV was calculated to be 1.184 cm3. The increase in

intracranial pressure was expected to stabilize after medication.

Eventually, with the owner’s consent, CSF samples were collected

via the foramen magnum immediately after the 18F-FDOPA PET

scan for differential diagnosis. Cytological evaluation of CSF was

conducted within 30min of collection, with total nucleated cell

counts, RBC counts, and differential nucleated cell counts assessed

using a standard hemocytometer and methylene blue staining.

Total protein concentration was measured using an automated

biochemical analyzer (Catalyst One, IDEXX Laboratories, USA).

CSF cytology analysis revealed no detectable nucleated cells or

red blood cells, with a total protein concentration of 30 mg/dL.

Polymerase chain reaction was negative for the following infectious

agents: Bartonella spp., Blastomyces dermatitidis, Coccidioides spp.,

Cryptococcus spp., Histoplasma capsulatum, Canine distemper

virus, West Nile virus, Borrelia burgdorferi, Neospora spp., and

Toxoplasma gondii.

On initial evaluation, the dog was suspected to have CPP based

on history, clinical assessments, and MRI features. CPP was more

strongly presumed to be a tentative diagnosis following additional

examinations, including CSF analysis and 18F-FDOPA PET.

Chemotherapy with cyclophosphamide 12.9 mg/m2 PO q12 h, PO

(Alkyroxan R©, JW-pharma, Seoul, South Korea) and prednisolone

0.5 mg/kg PO q24 h was initiated based on its established efficacy

in human cases, its accessibility in veterinary practice, and the

owner’s decision to proceed with this treatment option (15).

Fifteen days after the commencement of chemotherapy, elevated

liver enzyme levels were observed without worsening neurological

signs, and prednisolone was tapered to 0.5 mg/kg q48 h. However,

100 days after the initiation of chemotherapy, dullness was

observed, representing the first deterioration in neurological signs

since the commencement of chemotherapy. Consequently, the

prednisolone dose was increased to 0.5 mg/kg q24 h. On day 102

after the commencement of chemotherapy, cluster seizures were

observed, and prednisolone dose was increased to 0.5 mg/kg q12 h.

Additionally, potassium bromide was loaded at 100mg/kg PO q12h

for 2 days and tapered to 17.5 mg/kg PO q12 h as an epileptic drug

to control cluster seizures.

A second 18F-FDOPA PET scan was performed to assess the

treatment response after 117 days of chemotherapy (Figures 2D–F),

employing the same procedure as previously described. A visual

evaluation of the contrast enhanced CT image showed that the

papilliform shaped mass lesion measuring 1.0 × 1.0 × 1.3 cm

in size, with a volume of 0.68 cm3 was present in the third

ventricle (Figure 2D). An 18F-FDOPA avid tumor was identified

in the second PET/CT image, without evidence of metastatic

lesions (Figures 2E, F). The tumor displayed an SUVmean of

1.49 and SUVmax of 1.85. In addition, the T/N ratio was 1.62,

and the MTV was 2.217 cm3. An increase in both 18F-FDOPA

avidity and MTV was observed compared with the initial pre-

chemotherapy scan results. Unfortunately, the dog died 120 days

after the commencement of chemotherapy and 186 days after the

initial presentation.

Discussion

In the present case, the dog presented with an intraventricular

brain tumor, which was suspected to be CPP, and survived for

186 days after diagnosis and 120 days after chemotherapy with

prednisolone and cyclophosphamide. Unfortunately, necropsy

could not be performed due to the owner’s refusal, therefore, a

definitive diagnosis could not be made. Nonetheless, a tentative

diagnosis was made based on history, signalment, clinical

assessment, MRI features, CSF analysis, and 18F-FDOPA PET

scans. This is the first report describing 18F-FDOPA PET findings

in a dog presenting with an intraventricular tumor suspected to be

CPP. Our case suggests that the findings from 18F-FDOPA PET

scans may provide superior clinical insights compared with those

from conventional diagnostic methodologies.

Differentiation between CPP, choroid plexus carcinoma (CPC),

meningioma, ependymoma, oligodendroglioma, and astrocytoma

is essential (1). Both MRI and CSF examinations present distinct

characteristics which help differentiate between CPC and CPP.

CPPs typically present as a papilliform or globular mass on MRI,

with variable T1-WI, contrast enhancement, and hyperintense T2-

WI, often accompanied by periventricular edema. In contrast,

CPCs exhibit MRI characteristics similar to those of CPP but may

display multiform or linear shapes and occasionally metastasize.

Additionally, the median CSF protein concentration for CPP is

34 mg/dL, ranging from 32 to 80 mg/dL, whereas that for CPC

is 108 mg/dL, ranging from 27 to 380 mg/dL (2). Moreover,

discrimination between CPPs and CPCs can be achieved by

assessing CSF protein concentration, with a sensitivity of 67%

and specificity of 100% when using a threshold of 80 mg/dL

(2). Conversely, intraventricular meningiomas are rare, with only

one documented case displaying a well-defined mass with T1

isointensity and T2 hyperintensity within the fourth ventricle (23).

Whereas ependymomas typically manifest as smooth or lobulated

masses on MRI, showing T1 isointensity, T2 hyperintensity, and

variable contrast enhancement. Although parenchymal tumors

have been described as breaking through the ependymal lining

to invade the ventricular space, intraventricular occurrences

of oligodendrogliomas are not well documented in veterinary

literature (1). In the present case, MRI revealed a papilliform

lesion in the third ventricle, demonstrating T1 hypointensity,

T2 hyperintensity, and contrast enhancement without metastasis.

Parenchymal lesions were not identified, and no signs of ventricular

penetration were observed. The CSF protein concentration was 30

mg/dL, below the 80 mg/dL threshold for distinguishing CPP from

CPC. Therefore, the patient was tentatively diagnosed with CPP
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based on these findings, however, a definitive diagnosis remained

inconclusive owing to the lack of histopathological examination.

In the field of human oncology, PET/CT is extensively

employed to assess tumor metabolism, metastases, and evaluate

residual disease after radiotherapy and surgery (24–26). 18F-FDG,

a glucose analog, is a commonly used PET tracer; however, the

inherent high physiological glucose metabolism rate of normal

brain tissue represents challenge for FDG PET scans in identifying

intracranial malignancies (27). In contrast, 18F-FDOPA, an amino

acid analog tracer, is advantageous for brain tumor imaging because

of its low uptake in normal brain tissue and high uptake within

tumor tissue. A previous human study reported that the sensitivity

of 18F-FDOPA for the detection of brain tumors was higher than

that of 18F-FDG (96% and 61%, respectively) (18, 28).

The detection of brain tumors using 18F-FDOPA has also

been reported in veterinary medicine (22, 29). A previous case

study involving canine glioma highlighted discrepancies between

diagnostic results of 18F-FDG and 18F-FDOPA scans (22). Notably,

although the tumor lesion was not detected on the 18F-FDG

scan, it was confirmed on the 18F-FDOPA PET scan, which aligns

with previous findings in human medicine (17, 29). Although
18F-FDOPA PET can detect tumor lesions with high sensitivity

(18, 28), no metastatic tumor lesions were identified on 18F-

FDOPA PET in this case. This observation serves as a further

point of differentiation from CPC, where metastatic occurrences

are prevalent in over half of cases (2).

The findings from the 18F-FDOPA PET scan in the current case

suggest several implications. First, 18F-FDOPA PET scans could

be used to detect not only brain parenchyma tumors, previously

identified in veterinary medicine, but also intraventricular tumors.

Second, 18F-FDOPA scans, which are highly sensitive to tumor

detection, can determine the presence of metastasis to the brain

parenchyma and serve as a distinguishing feature of the tumor.

Third, the T/N ratio of the 18F-FDOPA PET scan, which serves

as a diagnostic parameter for brain tumors, has demonstrated

high sensitivity (96%) and specificity (86%) for identifying brain

tumors in humans when its value exceeds 1.3 (18). The T/N

ratio in the present case was 1.33 before chemotherapy, which

is consistent with the cut-off value reported in human brain

tumors; however, it increased to 1.62 at 18F-FDOPA PET/CT

follow-up, which was conducted 117 days after chemotherapy with

prednisolone and cyclophosphamide. Although it was challenging

to diagnose and initiate chemotherapy for the tumor solely based

on the results of conventional diagnostic methodologies, such

as physical examination, neurological assessment, blood tests,

MRI scans, and CSF analysis, with the utilization of T/N ratio

results, a provisional diagnosis of brain tumor was made, allowing

for the initiation of chemotherapy. Thus, differentiating between

tumor and other intracranial conditions is crucial for developing

treatment plans for veterinary patients presenting with brain

abnormalities. Although biopsy remains an essential diagnostic tool

for differential diagnosis in veterinary patients with brain lesions,

its invasiveness and potential for complications limit its use. In

such cases, 18F-FDOPA PET scans are a noninvasive diagnostic

modality for identifying of brain tumors, including metastasis to

brain parenchyma. Thus, our findings serve as important points

for differentiating between different diagnoses, thereby effectively

guiding the course of treatment. However, while 18F-FDOPA

PET provides valuable metabolic insights, its limitations in

distinguishing benign from malignant tumors and the lack

of established evidence for detecting extracranial metastases

suggest that it should not be solely relied upon for diagnosis.

Consequently, a comprehensive evaluation incorporating other

diagnostic modalities is essential (18).

Additionally, the MTV on 18F-FDOPA PET increased from

1.184 cm3 to 2.217 cm3 despite observed tumor volume upon MRI

being 1.17 cm3 and on contrast-enhanced CT scans decreasing

from 1.09 cm3 to 0.68 cm3 in the present case. A study in human

medicine suggested that the response rate of MTV at follow-up

examinations may serve as a prognostic indicator for brain tumor

chemotherapy (17). This association is due to the increased amino

acid uptake by the tumor, which may be due to the impairment

of BBB integrity, suggesting tumor-induced BBB disruption (17).

Moreover, this indicates that the normalization of BBB permeability

leads to a decrease in the MTV in cases where the treatment

response is favorable, whereas BBB permeability remains abnormal

in cases where the treatment response is unfavorable (16). Although

the median survival time for CPP is not well known due to the

limited number of reports, a survival period of 388 days has been

reported for dogs treated with lomustine and hydroxyurea (30).

In addition, a survival of 15 months with symptomatic treatment

alone has been reported (31). In this case, the dog died 186 days

after diagnosis and 120 days after the start of chemotherapy. This

coincides with a previously reported human study showing that

non-responder MTV after treatment indicates a poor prognosis.

Therefore, follow-up 18F-FDOPA PET scans could be helpful for

monitoring treatment effects and evaluating prognosis after the

treatment of intracranial tumors in veterinary medicine.

To the best of our knowledge, this is the first report to describe
18F-FDOPA PET findings in a clinical case of a dog with an

intraventricular brain tumor suspected to have CPP. This case

offers significant diagnostic insights into canine intraventricular

tumors within the field of veterinary medicine. Nevertheless,

further studies are required to establish diagnostic criteria using
18F-FDOPA PET scans, such as SUVmax or T/N ratio cut-off,

for canine intraventricular tumors. In the present case, although

the lesion size decreased on follow-up CT contrast imaging, an

increase in the MTV was observed on the 18F-FDOPA PET/CT

after chemotherapy. Consequently, integrating findings from other

diagnostic modalities is important for a more comprehensive

evaluation. Combining this with worsening clinical signs and

a limited survival period suggests that increased MTV post-

chemotherapy correlates with poor prognosis, as reported in

human studies. Thus, MTV measurements from pre- and post-

chemotherapy 18F-FDOPA scans could be valuable prognostic

factors beyond lesion size assessments from contrast-enhanced

CT images. However, this was a single case study; therefore,

investigations involving larger populations are required to confirm

these findings.
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of Veterinary Radiology, School of Veterinary Medicine, Nippon Veterinary and Life-Science University

(NVLU), Tokyo, Japan

Animal practice requires both convenience for the owner and risk management

for the animal’s health. Deterioration due to cancer may associate with

poor prognosis under general anesthesia, which need to partial excision for

pathological diagnosis. This study aimed to establish rapidly detecting the

expression of survivin antigens for cancer vaccines or molecular targeted

therapies via flow cytometry (FCM) using the intracellular staining method

in tumor samples obtained via needle biopsy without anesthesia. Therefore,

survivin expression patterns in each cell lines of canine melanomas, a murine

mast cell tumor, a murine colon carcinoma, and a murine melanoma was

analyzed by FCM and immunofluorescence microscopy, and compared with

immunohistochemical analysis and western blot method. Interestingly, FCM

results of the bimodal expression pattern of survivin were suggested to reflect

the high fluorescence intensity of its nuclear–cytosol localization and the weak

fluorescence intensity of its cytosol alone localization. In a case of canine cancer

disease, it was confirmed that survivin expression patterns can be detected via

FCM using needle biopsy samples in actual clinical settings. In this study, a novel

method via FCMwas proposed to quickly determine also survivin localization not

only whether the survivin is expressed in cancer cells. The application of cancer

vaccine or chemical therapy via this technology can be expected to contribute

to improved animal care due to the “one-day first program,” which has been

proposed in convenience for owners.

KEYWORDS

survivin, flow cytometry, CMM2, CMeC2, LMeC, p815, CT26, B16F10

1 Introduction

Survivin (BIRC5, API4) is known for its dual biological role in apoptosis inhibition

and mitotic progression (proliferative response) in many cancers (1). Five splice variants

of survivin have been reported, namely, survivin-2α, survivin-3α, survivin-2B, survivin-

3B, and survivin-δ-Ex3, in addition to the survivin wild type (2). These heterogeneous

or homogenous dimerization results in the determination of nuclear or cytoplasmic

Frontiers in Veterinary Science 01 frontiersin.org76

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2025.1552415
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2025.1552415&domain=pdf&date_stamp=2025-03-27
mailto:tkd-oks@nvlu.ac.jp
https://doi.org/10.3389/fvets.2025.1552415
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fvets.2025.1552415/full
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Tsumoto et al. 10.3389/fvets.2025.1552415

localization and the functions of apoptosis inhibition and

mitotic progression (3). Survivin-δ-Ex3 has antiapoptotic functions

(inhibits caspase-3) and promotes cell cycle progression via

nucleolar localization signals and degradation signals (4). It has

also been shown that not only survivin dimers but also survivin

monomers participate in regulating apoptosis (5). In highly

malignant cancers where the splicing of survivin is progresses, more

survivin-δ-Ex3 of five splice variants are formed, which leads to

the nuclear localization of the survivin molecule. On the contrary,

it was also reported that survivin-2B expression (in cytoplasm)

was dominant in benign brain tumors in comparison with the

malignant ones (6).

In canine cancer, survivin expression is recognized in various

malignant tumors, such as lymphoma (7), malignant melanoma

(8), mast cell tumors (9), hemangiosarcomas (10), transitional

cell carcinoma (11), osteosarcoma (12), cutaneous squamous

cell carcinomas (13), histiocytic sarcoma (14), nasal carcinoma

(15), prostatic carcinoma (16), and canine hemangiopericytomas

(17). Therefore, the molecular targeted agents using such as 3-

cyanopyridine, YM-155, Debio1143, EM1421, LQZ-7I, or TL32711

(18), and immunotherapies as cancer vaccines (19), targeting

survivin molecules have been highlighted recently.

In previous cancer treatments for dogs, the pathological

diagnosis will take on 5 to 7 days after tumor collection,

and surgical treatment will be 1 month later for reasons of

hospital’s reservation and owner schedule, resulted in tumor

growth and metastasis. If a rapid diagnosis of survivin expression

can be made today, it will enable measures to be taken

immediately to slow the progression of cancer and may contribute

to reduce the tumor volume and the metastasis risk before

surgical treatment.

In this study, we propose a novel method via FCM to

quickly determine whether survivin is expressed in cancer cells.

Cancer vaccine or chemotherapy by applying this technology will

contribute to also solving problems related to human convenience

focused on the field of animal medicine.

2 Method

2.1 Mice

An intradermal allograft model or xenograft model using

murine or canine cell lines was generated by usingNOD/SCIDmice

(female, 8–12 weeks old). All the mice were kept on clean racks

under appropriate air conditioning, room temperature, humidity,

and a 12-h light cycle in accordance with the ethical guidelines of

the Nippon Veterinary and Life Science University.

2.2 Cell lines

A total of six cell lines were used: canine malignant melanoma

lines [CMM2, CMeC2, LMeC; provided byDr. Takayuki Nakagawa,

Department of Veterinary Surgery, University of Tokyo; (20)],

the murine malignant melanoma line B16F10, the murine mast

Abbreviations: IHC, Immunohistochemistry; FCM, Flow cytometry; WB,

Western blot; IM, Immunofluorescence microscopy.

cell tumor line p815, and the murine colon cancer line CT26

(distributed for a fee by the JCRB Cell Bank).

2.3 Immunohistochemical analysis (IHC)

After the cell line xenograft or allograft models were prepared,

the removed tissue samples were embedded in paraffin blocks,

sectioned at 3µm, deparaffinized in xylene, and rehydrated.

Endogenous peroxidase was subsequently treated with 3% H2O2

solution for 30min, and antigen retrieval was subsequently

performed by autoclaving at 105◦C for 25min (pH 9.0 EDTA).

After cooling at room temperature, the samples were washed

three times for 3min with phosphate-buffered saline (PBS).

Next, milk blocking was performed, and a rabbit anti-survivin

monoclonal antibody (mAb; 1:300, ab134170, Abcam) was applied

and incubated overnight at 4◦C. After being washed three times for

3min with PBS, the sections were incubated with an HRP-labeled

anti-rabbit secondary antibody (1:300; G0418, Tokyo Chemical

Industry, Japan) for 1 h at 37◦C. After washing three times for

3min each, the sections were stained with DAB for 10min and

counterstained with hematoxylin for 1 min.

2.4 Western blotting (WB)

WB was performed via standard methods to examine total

cellular components and cytosolic fraction components. First,

various cell lines were dissolved in a neutral detergent, a portion

was centrifuged at 10,000 × g to adjust the total protein amount

of the cytosolic fraction, and the total cellular components and

cytosolic fraction components were prepared by diluting them

in the same ratio. The proteins were separated and subjected

to 10% SDS–PAGE. After being transferred to polyvinylidene

difluoride (PVDF) membranes treated with 99% methanol, the

membranes were incubated with 5% skim milk in PBS-T (10mM

sodium phosphate, 0.15M NaCl, 0.05% Tween-20, pH 7.5) for

1 h to block non-specific binding. Anti-survivin mAb (1:500,

ab134170, Abcam, USA) and anti-β-actin mAb (1:1000, W16197A,

BioLegend, USA) were then incubated overnight at 4◦C. The

membrane was then incubated with an HRP-conjugated anti-

rabbit secondary mAb (1:5,000). Survivin or β-actin protein was

visualized via an enhanced chemiluminescence (ECL) detection

system (GE Healthcare Bio-Sciences). The density of the plot was

measured via ImageJ software, and the density ratio of cytosolic

survivin was fitted on the basis of total survivin corrected for

β-actin density.

2.5 Flow cytometry (FCM)

First, the cultured cells or needle biopsy sample cells were

treated with 0.25% trypsin-EDTA for 5min, and the cells were

allowed to accumulate. For the intracellular staining method, the

cells were fixed with 4% Parafolaldehyde for 60min. Next, they

were reacted with 0.05% Triton-X for 30min to treat the cell

membrane. Finally, they were reacted with an APC-labeled survivin

mAb (1:200, ab134170, Abcam) for 30min and then analyzed via a

flow cytometer (Beckman, CytoFLEX).
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FIGURE 1

Analysis of survivin expression sites by IHC and WB. (A) Images of HE staining and survivin expression via IHC in canine melanoma cell lines (CMM2,

CMeC, and LMeC) are shown. (B) Images of HE staining and survivin expression via IHC in murine cell lines (p815, CT26, and B16F10) are shown. (C)

The cytosol and total survivin expression patterns via WB are indicated. (D) The expression levels of total survivin (blue bar) and cytosolic survivin

(orange bar) corrected on the basis of β-actin expression are shown via density of plot analysis via ImageJ software.

2.6 Immunofluorescence microscopy (IM)

The cells were seeded in 96-well glass-bottom plates (GP96000,

Matsunami, Osaka, Japan). Adherent cells were fixed with

4% paraformaldehyde and treated with 0.05% Triton, followed

by APC-conjugated survivin mAb (1:200, ab134170, Abcam)

treatment. Nuclei were counterstained with DAPI (SeraCare,

Milford, IA). Images of the sections were captured via a BZ-X800

fluorescence microscope (Keyence Corporation; Tokyo, Japan) at

400×magnification to measure the survivin (red) area. The images

are displayed in Z-axis slices.

2.7 Statistical analysis

The data are expressed as themeans± SEMs. Statistical analysis

was performed via one-way ANOVA. A p < 0.05 was considered

statistically significant.

3 Results

3.1 Analysis of survivin expression sites by
IHC or WB

The expression of survivin in the tumor mass from each cell

line in the intradermal allograft model or xenograft model in

NOD/SCID mice was analyzed via IHC. In canine melanoma

cell lines (CMM2, CMeC, LMeC), granular expression of survivin

was observed in the cytosol, with little expression in the nucleus.

In murine cell lines (p815, CT26, and B16F10), survivin was

relatively strongly localized to the nucleus and was expressed

in both the cytosol and nucleus in the mast cell tumor line

p815 and the melanoma line B16F10. On the other hand, in

the colon cancer line CT26, survivin was specifically expressed

in the nucleus (Figures 1A, B). The expression of survivin in

the total or cytosolic cell fraction was compared with the

adjusted total protein amount using β-actin via WB analysis

(Figures 1C, D). The amount of total survivin was significantly

2–3 times greater in the murine cell lines than in the canine

melanoma cell lines. There were no significant differences

between p815 and B16F10 (p = 0.447, one-way ANOVA),

but CT26 was significantly lower than p815 or B16F10 (p

< 0.05, one-way ANOVA). The amount of cytosol-localized

survivin expression was observed in all the analyzed cell lines

except CT26.

3.2 Analysis of survivin expression patterns
via FCM and IM

The FCM results indicate that the fluorescence intensity of

each individual cell is different but that survivin is detected in

total cells, including both the cytosol and nucleus. Histogram

analysis via FCM revealed that survivin expression was bimodal

in each individual cell line. Although the canine melanoma cell
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FIGURE 2

Analysis of survivin expression patterns by FCM and IM and the tests in a clinical case. (A) The fluorescence intensity of APC-survivin in each cell line

detected by FCM is shown. (B) Representative survivin expression patterns in each cell line by IM are shown. (C) The percentages of high

fluorescence intensity of survivin expression in each cell line are indicated. *p < 0.05, one-way ANOVA. (D) Survivin expression after needle biopsy in

a clinical case of canine oral melanoma (female, 9 years old) was analyzed via FCM. The percentage of cells with high fluorescence intensity was

57.46%. Similar findings were detected in four other cases of oral melanoma.
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FIGURE 3

“One-day first program” for a cancer check and vaccination. At the university’s veterinary hospital, after an interview and an informed consent form

(ICF) with the owner in the morning, the patient dog is taken in, and a general CBC blood test is performed to check its health condition. Needle

biopsy will be performed on the tumor, the cells will be stained via an APC-conjugated anti-survivin mAb after detergent treatment following cell

membrane fixation, and the presence or absence of survivin expression will be examined by FCM. If the tumor expresses survivin, the vaccine after

production will be administered intradermally, such as through the axilla. After confirming that there is no anaphylactic reaction, the patient’s dog

waits until the owner returns to pick up after 5 p.m.

lines (CMM2, CMeC2, and LMeC) expressed survivin mainly

in the cytosol were few as 27.2, 31.6, and 27.1%, respectively,

in percentage of relatively high fluorescence intensities. On the

other hand, the murine cell lines (p815, CT26, and B16F10)

expressed mainly in nucleus–cytosol or nucleus alone localization

were many as 63.9, 50.4, and 53.4%, respectively, in percentage

of relatively high fluorescence intensities (Figures 2A, C). The

bimodal expression pattern suggested a high fluorescence intensity

of nuclear—cytosol localization and a weak fluorescence intensity

of cytosol alone localization. The survivin expression in CT26

cells (nuclear alone localization) tended to be lower than that

in p815 and B16F10 cells (nuclear—cytosol localization), but

the difference was not significant (p = 0.116 and p = 0.092,

one-way ANOVA). The IM results revealed that the expression

pattern of survivin in terms of both nuclear localization and

cytosolic localization was granular in each individual cell line;

however, interestingly, that in CT26 cells was restricted to the

nuclear membrane (Figure 2B). These results suggest that survivin

expression detected by FCM is not inconsistent with the results of

IHC and WB (expression in the cytosol, nucleus, or both in each

cell line) and is reasonably consistent.

3.3 Survivin expression detected via FCM
using needle biopsy samples

A clinical case of canine oral melanoma (female, 9 years old)

was evaluated for survivin expression via FCM (Figures 2D). This

histogram analysis revealed a bimodal pattern, similar to the FCM

analysis using each individual cell line, with high fluorescence

expression (57.46%). This survivin expression pattern was similar

to that of both the cytosol and nucleus, such as p815 or B16F10

cell line.

3.4 “One-day first program” for cancer
screening and vaccination

A cancer screening and therapy program that is highly

convenient for dog owners is important. The “one-day first

program” proposed here is possible to be implemented immediately

by avoiding the owner’s schedule issues (Figure 3).

The pathological diagnosis will take on 5 to 7 days after tumor

collection, and surgical treatment will be performed 1 month

later for reasons of hospital’s reservation and owner schedule.

During this time, the tumor volume increases ∼4fold, and both

the difficulty of surgery and the risk of metastasis increase. The

“one-day first program” as therapy strategy that utilizes and

applies the technology established in this study, whose introduction

will contribute to simplifying surgical therapy 1 month later by

reducing the tumor volume and the risk of metastasis. Thus,

depending on the various cases, cancer vaccines using this program

can be used not only for (1) the purpose of preventing recurrence

but also for (2) active treatment purposes, such as achieving

complete or partial remission, and for (3) the purpose of improving

poor prognosis when recurrence has occurred after surgery,

chemotherapy, radiation therapy, etc., and retreatment is difficult.

4 Discussion

A 2006 study of canine mast cell tumors reported no

association between the nuclear or cytosol localization of survivin

and prognostic survival rates (9). In a recent study of canine

hemangiopericytomas, nuclear survivin expression was observed

in all 41 cases (100%), but the proportion of nuclear survivin-

expressing cells in the entire tumor mass ranged from 1 to 12%.

In contrast, cytoplasmic survivin expression was observed in 31/41
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cases (76%), and the proportion of cytoplasmic survivin-expressing

cells in the entire tumor mass was 75% or greater. However, the

important point of this report is that a statistical association was

demonstrated in which every 1% increase in nuclear survivin in the

tumor mass was associated with a 1.15-fold increase in the risk of

immediate mortality (17). Future research should focus not only

on the presence or absence of survivin expression for each type of

cancer but also on the localization of survivin in the nucleus and

cytoplasm to verify the prognosis.

In this study, the bimodal expression pattern of survivin was

suggested to reflect the high fluorescence intensity of its nuclear–

cytosol localization and the weak fluorescence intensity of its

cytosolic alone localization resulting from FCM in various cell

lines. This makes it possible to use FCM technology on clinical

specimens obtained via needle biopsy to determine whether the

survivin of cancer cells is localized in the cytoplasm alone or both

nucleus and cytoplasm. Previous reports (6) have shown that of

the five splice variants of survivin, survivin-δ-Ex3 (expressed in

the nucleus) is expressed in highly malignant tumors, whereas

survivin-2B (expressed in the cytosol) tends to be expressed in

relatively benign tumors. In the future, when fluorescent-labeled

anti-survivin-2B mAbs and anti-survivin-δ-Ex3 mAbs become

available to canine tumor cells, the test via FCM may be able to

reflect the prognostic status.

5 Conclusions

In this study, a novel method via FCM was proposed to quickly

determine also survivin localization not only whether the survivin

is expressed in cancer cells. The application of cancer vaccine or

chemotherapy via this technology can be expected to contribute

to improved animal care due to the “one-day first program.” This

technology is also expected to be applicable to other proteins

involved in cancer progression.
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Transitional cell carcinoma (TCC) is the most prevalent cancer of the urinary tract 
in dogs. The prognosis is often poor, and the optimal standard treatment has not 
been established. The objectives of this study were to (1) describe the clinical 
outcomes of dogs with TCC, and (2) determine the potential effects of tumor 
locations and treatment modalities on the survival times of patients. Electronic 
records of client-owned dogs with TCC treated with different modalities in a large 
veterinary hospital in Hong Kong (2005–2024) were evaluated. Of 84 confirmed 
cases included in the study, 49 (58.3%) died or were euthanized due to TCC. 
Tumors were located in the bladder neck or trigone region (41), apex (26), prostate 
(10), and urethra (7). Metastases were detected in 10 patients (12%) at diagnosis, 
including 4 peripheral lymph nodes, 4 lungs, and 2 in the lumbar spine. Of 84 
cases, 4 (4.8%) did not receive any treatments, 14 (16.7%) underwent surgery, 
25 (29.7%) received metronomic chemotherapy with chlorambucil with/without 
methotrexate, 27 (32.1%) received COX-2 inhibitors alone, and 14 (16.7%) received 
conventional chemotherapy, of which, 5 were later switched to metronomic 
chemotherapy. The overall median survival time was 233 days. There was no 
statistically significant difference in patients’ survival between tumor locations 
(p > 0.05), aside from tumors involving the prostate that had the shortest MST 
(88 days). Metronomic chemotherapy led to a significantly longer survival time 
(median of 303 days) than the other treatment groups (p < 0.05), with the lowest 
incidence of adverse events. Metronomic chemotherapy using chlorambucil was 
well-tolerated and can be considered as a single modality treatment or as adjunctive 
therapy to conventional chemotherapy in dogs with TCC.

KEYWORDS

canine, chlorambucil, metronomic chemotherapy, TCC, transitional cell carcinoma, 
urinary bladder mass

Introduction

Canine transitional cell carcinoma (TCC), also referred to as urothelial carcinoma, is the 
most common malignant neoplasm of the urinary tract in dogs, accounting for about 1.5 to 
2% of all canine cancers (1, 2). Certain breeds, such as Scottish terriers, Shetland sheepdogs, 
and West Highland white terriers (1, 3) are predisposed to TCC (1, 3). The tumor is aggressive, 
invading the urinary bladder wall, and often metastasizes to the regional lymph nodes and 
distant organs, with the metastatic disease found in more than half of the patients at necroscopy 
(4, 5). However, most dogs are usually euthanized due to the progression of the local disease 
and/or lower urinary tract obstruction (6). The clinical signs of TCC are nonspecific and 
include haematuria, dysuria, pollakiuria, stranguria, and urinary obstruction (2, 4).

The prognosis of canine TCC is generally poor, with most patients surviving less than a year 
despite treatment (7, 8). The most common treatment options for canine TCC consist of 
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chemotherapy often with mitoxantrone, carboplatin, gemcitabine, 
doxorubicin and vinblastine (9–15). Non-steroidal anti-inflammatory 
drugs (NSAIDs) with cyclooxygenase-2 (COX-2) inhibiting properties, 
especially piroxicam and meloxicam are often used alone or in 
combination with chemotherapy (11, 15–19). The role of surgery in the 
treatment of TCC is still controversial (4, 20). Most canine TCCs are 
located in the trigonal region of the urinary bladder where surgery is 
usually not feasible (10). Even when the tumor is located away from the 
trigone and resected with complete margins, recurrence is often seen due 
to urinary bladder field cancerization (21, 22). Despite surgery alone is 
unlikely to be effective, a combination of surgery and chemotherapy has 
shown some promising results (2, 4, 6–8, 11, 16, 17). Unfortunately, the 
aforementioned therapies are all accompanied by a common incidence of 
adverse events, impacting the patient’s quality of life, which is one of the 
major reasons patients were elected to be euthanized in some of the cases.

In addition to conventional chemotherapy agents, metronomic 
chemotherapy has emerged as a promising alternative or adjunctive 
treatment for canine TCC. Metronomic chemotherapy refers to a 
continuous and repetitive administration of a chemotherapeutic agent 
at a lowered dose, contrasting to a conventional regime, where agents 
are usually administered at maximum tolerated dose as boluses with 
longer intervals. Chlorambucil is an alkylating agent that inhibits 
DNA synthesis and functions by cross-linking with cellular DNA 
(23–25). It has direct anti-tumor effects, inhibiting angiogenesis and 
immunomodulatory properties that suppress tumor growth (23). In a 
prospective study on metronomic chemotherapy on canine TCC 
patients, chlorambucil showed 70% clinical benefit, with a good safety 
profile, as only 23% of dogs developed mild adverse events (25).

Currently, there is little data on canine tumor cell carcinoma and its 
treatment options in Asia, and no literature comparing the efficacy and 
adverse events of metronomic chlorambucil with other approaches. This 
retrospective study analyzed dogs with TCC treated at a Hong Kong 
veterinary hospital (2005–2024) to (1) describe their clinical outcomes and 
assess the impact of tumor location (bladder apex, bladder neck/trigone, 
prostate, urethra) and (2) treatment modalities (surgery, COX-2 inhibitors, 
conventional and metronomic chemotherapy) on patient survival.

Methods

Data collection

The electronic database of a tertiary referral veterinary hospital 
was searched for all canine patients diagnosed with TCC between 
January 2005 and March 2024. After complete data extraction, all 
patients meeting the following criteria were included in our study: (1) 
dogs with confirmed TCC diagnosis by a board-certified pathologist 
using cytology, histopathology, or CADET BRAF mutation test by a 
reference laboratory, (2) complete records including the date of birth 
and death, record of TCC diagnosis, record of surgery in our hospital 
or dispensation of TCC therapies, and (3) at least one revisit following 

the initial consultation on the medical records, with the documentation 
of adverse events between visit(s). Collected data included age at the 
time of diagnosis, breed, sex, neuter status, the location of TCC, type 
of treatment, dose, and number of chemotherapy treatments 
administered, observed adverse events, clinical response, objective 
response, and patient outcomes.

Treatments

For statistical analysis, administered treatments to the study cases 
were categorized into five groups: (1) surgery plus COX-2 inhibitors, 
(2) conventional chemotherapy alone, (3) metronomic chemotherapy 
alone, (4) metronomic following conventional chemotherapy (patients 
who responded well to chemotherapy and their stable disease status 
were maintained with metronomic chemotherapy), and (5) COX-2 
inhibitors alone.

Surgery consisted of a partial cystectomy to remove tumors with as 
wide margins as possible. Long-term COX-2 inhibitors were prescribed 
following surgery. The most common agent used was oral piroxicam 
(0.3 mg/kg once daily). Chemotherapy agents in this study included 
various intravenous administration of mitoxantrone (5–6 mg/m2 every 
21 days), carboplatin (200–300 mg/m2, with a lower dose in smaller 
patients), and vinblastine (2 mg/m2). Based on the clinician’s preference, 
each protocol had chemotherapy agents in different orders. Metronomic 
chemotherapy consisted of the oral administration of chlorambucil at 
home, commonly in combination with a reduced dose of a COX-2 
inhibitor. The chlorambucil dosage was 4 mg/m2 every 24 h, or every 
other day, often in combination with the standard dose of meloxicam 
0.1 mg/kg, with/without the combination of oral methotrexate 2.5 mg 
weekly or biweekly, adjusted based on the weight of the dog and clinician’s 
preference. Metronomic following conventional chemotherapy referred 
to the group who switched to metronomic chemotherapy after the 
initiation of conventional chemotherapy. In the group of COX-2 inhibitors 
alone, oral piroxicam as a single agent (0.3 mg/kg once daily or every 
other day) was the most used agent. When administered in the 
metronomic setting, most dogs received meloxicam (0.1 mg/kg once 
daily), while the most common adjuvant COX-2 inhibitor given after 
surgery or a single agent was piroxicam (0.3 mg/kg once daily). Table 1 
has summarized the treatment options for comparison.

Tumor locations

The location of TCC is determined by imaging, most commonly 
with abdominal ultrasonography, sometimes with computed 
tomography when full staging was performed. Locations were 
categorized into four groups, namely bladder apex, neck, prostate, and 
urethra. If a tumor demonstrated a diffuse pattern or neoplastic 
lesions were found in more than one location, the largest measurable 
lesion represented the location of this tumor.

Response to therapy

Evaluation of the response was based on the Veterinary Cooperative 
Oncology group’s RECIST response in solid tumors (26). The assessment 
of the response to treatment and subsequent monitoring were conducted 

Abbreviations: CBR, clinical benefit rate; CR, complete response; CRR, clinical 

response rate; COX-2, cyclooxygenase-2; MST, median survival time; NSAIDS, 

Non-steroidal anti-inflammatory drugs; ORR, objective response rate; PD, 

progressive disease; PFS, progression-free survival; PR, partial response; SD, stable 

disease; TCC, Transitional cell carcinoma.
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using clinical examination, diagnostic imaging, and ultrasonography. 
The response was assessed by measuring the mass/masses/lesions before 
and during the regular follow-up. Complete response (CR) was defined 
as the resolution of all clinical and imaging-based evidence of the 
disease; partial response (PR) was defined as a decrease of at least 30% 
in tumor diameter with no new lesions; stable disease (SD) was defined 
as neither sufficient shrinkage to qualify as PR nor sufficient increase to 
qualify as progressive disease (PD). Progressive disease was defined as 
an increase in tumor diameter greater than 20% or the development of 
new lesions. Objective response rate (ORR) was defined as 
CR + PR. Clinical benefit rate (CBR) was defined as CR + PR + SD. A 
clinical response rate (CRR) was also calculated based on the 
improvement in clinical signs. For all patients included in the study, the 
progression-free survival was calculated in days from the date of the first 
chemotherapy treatment to the date of disease progression. Survival time 
for each patient was calculated from the TCC diagnosis to the date of 
death, euthanasia, or loss at follow-up. All observed adverse events were 
graded based on the Veterinary Cooperative Oncology Group Common 
Terminology Criteria for Adverse Events (VCOG-CTCAE v2) (27).

Statistical analyses

All statistical analyses were conducted using Stata v18 (StataCorp 
LLC, College Station, United States). Descriptive statistics (e.g., median 
and range) for the survival times of patients were calculated and 
tabulated by the available explanatory variables. In survival analyses, 
death due to TCC was defined as the outcome of interest. Kaplan–Meier 
survival curves were created to visualize the survival of patients by tumor 
locations and treatment groups. The survival time and progression-free 
survival (PFS) were compared across tumor locations and treatment 
groups using the Wilcoxon–Breslow test. The PFS was defined as the 
time from the diagnosis until PD. Survival time was defined as the time 
from the diagnosis until death. To control the potential confounding 
effect of tumor location on treatment outcomes, the survival times of 
patients in different treatment groups were also compared in dogs that 
had TCC only in their bladder apex using the Wilcoxon-Breslow test.

Results

Initially, 134 cases with suspected transitional cell carcinoma 
(TCC) were identified, but only 84 cases met the selection criteria. The 

majority of the excluded cases never had a definitive diagnosis nor 
returned for rechecks after the initial consultation. Cases without 
complete documentation of clinical response or tests performed were 
not included in this study. The frequency distribution of all cases by 
signalments, tumor location, and treatment modality has been 
presented in Table 2. Of the 84 patients, 46 were males (55%) and 38 
females (45%), with 90.5% being neutered and 93% being purebred 
(Table 2). Patients were between 7 and 17.5 years old at the time of 
diagnosis, with a median of 12 years. Of the 84 patients, 41 had TCC in 
their bladder neck or trigone region, 26 in the apex, 10 in the prostate, 
and the remaining 7 had urethral involvements. Some forms of staging 
were performed in all cases but using different modalities. Abdominal 
ultrasound was performed in all cases. Thoracic radiography and 
CT-scan were conducted on 19 and 7 cases, respectively. Metastases 
were detected in 10 patients (12%) at diagnoses, of which, 4 had 
metastasis in peripheral lymph nodes, 4 had pulmonary metastasis and 
2 had metastatic lesions in their lumbar spine. Among these 10 
metastatic patients, 6 dogs had TCC in their trigone, 2 in the apex, and 
2 in the prostate. A table showing all the patients, including but not 
limited to outcomes, treatment groups, location groups and adverse 
events, is provided as a Supplementary material to this study.

Patient outcome

Of the 84 dogs, 49 cases (58.3%) died or were euthanized due to TCC 
(11 with metastases and 38 due to the local progression). Twelve patients 
(14.3%) died of other diseases unrelated to TCC. Until the end of the 
study (March 2024), 10 patients (11.9%) were still alive, and 13 (15.5%) 
were lost to follow-up. The survival time of patients ranged between 1 and 
1,184 days with a median of 233 days. The PFS ranged from 1 to 862 with 
a median of 177.5 days. The Kaplan–Meier survival curve for all patients 
by the four tumor locations is illustrated in Figure 1.

Treatments

Of the 84 cases, 4 (4.8%) did not receive any treatments, and 25 
(29.8%) received metronomic chemotherapy with chlorambucil, with/
without methotrexate. Twenty-seven patients (32.1%) only received 
COX-2 inhibitors. Of the patients receiving metronomic 
chemotherapy, 82% also received COX-2 inhibitors. All 9 patients 
undergoing conventional chemotherapy (10.7%) also received adjunct 

TABLE 1  Summary of treatment groups.

Treatment group Treatment description Specific doses

Surgery Partial cystectomy + long term oral COX-2 

inhibitors

Oral piroxicam, 0.3 mg/kg SID

Conventional chemotherapy Intravenous administration of a single or 

combination of chemotherapeutic agents

Mitoxantrone (5–6 mg/m2 every 21 days), carboplatin (200–300 mg/m2, with 

a lower dose in smaller patients), and vinblastine (2 mg/m2); variable

Metronomic chemotherapy Oral administration of chlorambucil at home Oral chlorambucil at 4 mg/m2 SID/EOD, +/− oral meloxicam 0.1 mg/kg SID, 

+/− oral methotrexate 2.5 mg weekly or biweekly

Metronomic following conventional 

chemotherapy

Metronomic chemotherapy after the 

completion of a full course of chemotherapy

As above

COX-2 inhibitors only Utilize COX-2 inhibitors as the only 

therapeutic agents

Oral piroxicam as a single agent (0.3 mg/kg SID/EOD) or meloxicam 

(0.1 mg/kg SID) most commonly
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COX-2 inhibitors. Five patients (5.9%) received metronomic 
chemotherapy following conventional chemotherapy. Among these 5 
cases, 3 switched because of tumor progression, and 2 received 
metronomic when stable disease was achieved. Of the 14 patients 

undergoing surgery, 4 had incomplete excision and 10 had complete 
excision confirmed in histopathology. Of these 14 cases, 10 also 
received adjunct COX-2 inhibitors, and 4 received no other treatments.

Responses of all patients to the treatment groups are detailed in 
Table 3. Patients receiving conventional chemotherapy alone had an 
ORR of 22% and a CBR of 55%. For the metronomic chemotherapy 
group, ORR and CBR were 0 and 83.3%, respectively. For patients 
treated with COX-2 inhibitors alone, ORR was 7.4% and CBR was 
85.2%. The five patients treated with metronomic chemotherapy 
following conventional chemotherapy had ORR and CBR of 0 and 
40%, respectively. The CRR was 100% for all three chemotherapy 
groups, while CRRs for surgery and COX-2 inhibitor groups were 71.4 
and 81.5%, respectively (Table 3). The owners of all 4 patients who 
received no treatments reported worsening clinical signs, one patient 
remained stable and 3 had progressive diseases.

Adverse events

Among the 14 surgery patients, 8 (57.1%) developed 
gastrointestinal adverse events, including vomiting, diarrhea, melena 

TABLE 2  Frequency distribution of 84 dogs with TCC in the study by available explanatory variables.

Variable Category Number %

Sex/Neuter status Spayed female 35 41.7

Intact female 3 3.6

Castrated male 41 48.8

Intact male 5 6.0

Breed Poodle 11 13.1

Schnauzer 7 8.3

Yorkshire terrier 7 8.3

Shetland sheepdog 6 7.1

Pomeranian 6 7.1

Mongrel 6 7.1

Shih Tzu 5 6.0

Othersa 36 42.9

Age group (year) 7 to <10 16 19.0

10 to 13 39 46.4

>13 to 17.5 20 23.8

Tumor location Urethra 7 8.4

Bladder neck/trigone 41 48.8

Prostate 10 11.9

Bladder apex 26 30.9

Treatment No treatment 4 4.8

Surgery 14 16.7

Conventional chemotherapy 9 10.7

Metronomic chemotherapy 25 29.8

Metronomic following conventional 

chemotherapy

5 5.9

COX-2 inhibitors 27 32.1

aIncludes all other pure breeds with low numbers (<4).

FIGURE 1

Kaplan–Meier survival curve for all 84 study dogs with TCC by tumor 
location.
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and hyporexia (Veterinary Cooperative Oncology Group Common 
Terminology Criteria for Adverse Events Grade 1), 2 (14.3%) dogs 
died of postoperative complications, and the remaining 4 (28.6%) had 
no reported adverse events.

Of the 9 conventional chemotherapy cases, 2 (22.2%) 
developed Grade 1 GI adverse events, 3 (33.4%) had Grade 2 
adverse events, such as hematemesis or mild neutropenia, and 2 
(22.2%) developed Grade 3 adverse effects, such as lethargy or 
thrombocytopenia. The remaining 2 cases (22.2%) experienced no 
adverse events.

Of the 25 patients receiving metronomic chemotherapy, 12 
(48%) dogs experienced no adverse events, 10 (40%) showed 
Grade 1 adverse events, 3 (12%) developed Grade 2 adverse 
events, including lethargy and listlessness, and no Grade 3 toxicity 
was reported. Of the 5 patients who received a combination of 
metronomic and conventional chemotherapy, 2 (40%) had Grade 
1 adverse events, 1 (20%) had Grade 2 adverse events, 1 (20%) had 
Grade 3 adverse events, and 1 (20%) had no adverse events.

Among the 27 patients receiving COX-2 inhibitors alone, 12 
(44.5%) dogs had no adverse events, 13 (48.1%) developed Grade 
1 GI adverse events, 1 (3.7%) had Grade 2 adverse events, and 1 
(3.7%) showed Grade 3 adverse events (azotemia).

Location effects

Patients with TCC in their prostates had significantly shorter 
survival times than those with tumors in the other three locations 
in the Wilcoxon tests (p < 0.05). There was no statistically 
significant difference in survival of patients between bladder neck/
trigon, apex, and urethra (Figure 1). The Kaplan–Meier curve for 
PFS of patients by tumor location is depicted in Figure 2. The PFS 
of patients was significantly shorter in the prostate cases 
(PFS = 61.5 days) compared to the urethra and bladder neck (178 
and 222 days, p = 0.044 and p = 0.003, respectively), but not 
significantly different than the apex (p = 0.104). There was no 
significant difference in PFS between the urethra, bladder neck, 
and apex (all p > 0.05).

The four tumor locations were further categorized into two 
main groups based on their likelihood for early urinary obstruction 
and to allow a more meaningful comparison: the apex of the 

bladder (the location considered less likely to cause an early 
urinary obstruction) versus other locations combined, including 
the bladder neck, prostate, and urethra (i.e., locations with a higher 
likelihood of causing early urinary obstruction) (Figure 3). There 
was no statistically significant difference in the survival of patients 
between the bladder apex and other locations in the Wilcoxon test 
(p = 0.573).

TABLE 3  Responses of 84 study dogs with TCC to the four treatment groups.

Treatmenta No. of 
patients

Complete 
response 

(CR)

Partial 
response 

(PR)

Stable 
disease 

(SD)

Progressive 
disease (PD)

Objective 
response 

rate (ORR)

Clinical 
benefit 

rate 
(CBR)

Clinical 
response 
rate (CRR)

Conventional 

chemotherapy

9 0 2 (22.2%) 3 (33.3%) 4 (44.5%) 2 (22.2%) 5 (55.5%) 9 (100%)

Metronomic 

chemotherapy

25 0 0 22 (83.35) 3 (16.7%) 0 22 (83.3%) 25 (100%)

Metronomic 

following 

conventional 

chemotherapy

5 0 0 2 (40%) 3 (60%) 0 2 (40%) 5 (100%)

COX-2 inhibitors 27 0 2 (7.4%) 21 (77.8%) 4 (14.8%) 2 (7.4%) 23 (85.2%) 22 (81.5%)

aSurgery was not included in the table as the only outcomes were complete or incomplete excision, so response could not be measured.

FIGURE 2

Kaplan–Meier progression-free survival (PFS) curve for all 84 study 
dogs with TCC by tumor location.

FIGURE 3

Kaplan–Meier survival curve for study dogs with TCC by two 
main locations; i.e., the apex of urinary bladder versus other 
locations (bladder neck, prostate, urethra).
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Treatment effects

To better assess the potential effects of treatments on the survival 
of patients, the 5 cases that received metronomic chemotherapy 
following conventional chemotherapy were removed from the 
comparisons, as there is potential carryover effect on the metronomic 
component from the conventional chemotherapy. The Kaplan–Meier 

survival curve for the four main treatment groups (surgery plus 
COX-2, conventional chemotherapy, metronomic chemotherapy, and 
COX-2 inhibitors alone) is presented in Figure  4. There was a 
statistically significant difference in the survival of patients between 
the metronomic chemotherapy and the other three treatment groups 
in the Wilcoxon tests (p < 0.05). There was no statistically significant 
difference between surgery, conventional chemotherapy alone, and 
COX-2 inhibitors groups (Figure 4). The Kaplan–Meier curve for PFS 
of patients under the four treatments is depicted in Figure 5. Similarly, 
the only statistically significant difference in PFS of patients was due 
to the difference between the metronomic chemotherapy group and 
the others (p < 0.05).

The medians of survival time and PFS for dogs who died of TCC 
are presented by tumor locations and treatments in Table 4, indicating 
MST was the longest for the three chemotherapy groups, especially for 
those dying after metronomic chemotherapy (303 days). Survival 
times for the 4 patients who did not receive any treatments were 41, 
305, 276, and 316 days.

To account for any potential confounding effect of location, the 
survival time comparison between the four treatments was restricted 
to dogs with TCC on their bladder apex only (n = 25), no significant 
difference between the treatments was observed (p = 0.738).

Discussion

This study compiled all canine TCC patients treated in a large 
veterinary hospital, including 84 confirmed cases treated with 
different modalities. We aimed to describe the clinical outcomes and 
assess the impact of tumor location and treatment modalities on 
patient survival.

In our study, metronomic chemotherapy using chlorambucil, with 
or without methotrexate, resulted in longer survival compared to 
other treatment options, with a median survival time (MST) of 
303 days, consistent with findings reported in previous studies (25). 
As mentioned above, metronomic administration of chlorambucil 
offers anti-angiogenesis and immunomodulatory effects to reduce 
tumor growth. Growth of solid tumor is often accompanied by 
angiogenesis. A low-dose, continuous administration of 
chemotherapeutic agents was found to have sustained apoptotic effects 
on endothelial cells of tumors, thus disrupting and destroying the 
vascular tumor bed, achieving antitumor effects (28). Moreover, the 
immunomodulating effects of metronomic chemotherapy might 

FIGURE 4

Kaplan–Meier survival curve for study dogs with TCC under four 
types of treatment, including surgery (plus COX-2 inhibitors), 
conventional chemotherapy alone, metronomic chemotherapy, and 
COX-2 inhibitors alone.

FIGURE 5

Kaplan–Meier progression-free survival (PFS) curve for study dogs 
with TCC under four types of treatment, including surgery (plus 
COX-2 inhibitors), conventional chemotherapy alone, metronomic 
chemotherapy, and COX-2 inhibitors alone.

TABLE 4  Distribution of survival time (ST) and progression-free survival (PFS) of study dogs who died of TCC by tumor location and treatment group.

Variable Category No. of death Median ST (range) Median PFS (range)

Tumor location Urethra 5 280 (136–406) 178 (110–276)

Bladder neck/trigone 23 303 (1–1,184) 222 (1–862)

Prostate 8 88 (74–300) 61.5 (35–260)

Bladder apex 13 231 (20–562) 75 (17–524)

Treatment Surgery (plus COX-2 inhibitors) 9 194 (1–562) 94 (1–524)

Conventional chemotherapy 7 219 (74–484) 178 (54–484)

Metronomic chemotherapy 11 303 (36–862) 303 (36–862)

Metronomic following conventional 3 235 (136–1,184) 235 (110–818)

COX-2 inhibitors 16 127 (42–635) 65.5 (17–432)
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potential benefit its antitumor function: by acting on 
immunosuppressive cells and allowing T cell and NK cells to infiltrate 
and attack tumors (29). Metronomic chlorambucil can offer TCC 
canine patients a promising alternative to traditional chemotherapy 
or COX-2 inhibitors. Furthermore, metronomic chemotherapy led to 
the longest PFS compared to other treatment options, indicating that 
it might offer longer survival in combination with a good quality of 
life. Potentially, dogs with advanced muscle invasive TCC can 
be considered a model for similar tumors in humans. Metronomic 
chemotherapy could also be investigated to be a treatment strategy 
that could be  used in advanced bladder tumors in people when 
standard treatment have failed.

We initially expected that the combination of metronomic and 
conventional chemotherapy would result in longer survival than 
metronomic chemotherapy alone. However, our findings showed 
the opposite, with a shorter survival time in this group. Nonetheless, 
the small number of patients in the combined group could be the 
reason for this observation; therefore, we did not include this group 
in our direct statistical comparisons. The combined group only 
included 5 patients with 3 deaths, of which, 3 switched to 
metronomic chemotherapy due to progression or metastasis, 
suggesting a more aggressive tumor or a more advanced stage of 
disease that could have reduced the overall survival time in this 
group. The remaining 2 patients (of 5) that were switched to 
metronomic chemotherapy after achieving stable disease over 
conventional chemotherapy protocol had longer survival times of 
401 and 1,184 days, and PFS of 401 and 818 days, respectively. Well-
designed prospective studies with a larger number of cases are 
required to enable a robust comparison of patients’ outcomes 
between metronomic chemotherapy alone and a sequential 
combination of conventional and metronomic chemotherapy.

We hypothesized that the tumor location could affect the survival 
of patients with TCC. Iwasaki et al. (5) stated that patients with TCC 
in their bladder had significantly longer survival than urethra. In their 
study, urethral TCCs were found to have a significantly higher 
metastatic rate than TCCs in the bladder, thus shorter survival. 
Although full tumor staging was not performed in our patients, 
we can still hypothesize that TCC in the bladder apex may have a 
better prognosis than urethra and trigone as it is less likely to grow in 
an area of the bladder that would cause a more rapid urine outflow 
obstruction (10). Furthermore, complete surgical excision is more 
likely for apical masses compared to locations like the trigone. When 
comparing patient outcomes across different tumor locations, no 
significant difference in survival was observed. However, prostatic 
carcinomas had a significantly lower survival rate compared to tumors 
in other locations, a finding previously reported in the literature (1). 
It is often difficult to differentiate primary prostatic carcinoma from 
bladder TCC invading the prostate and it is possible that some of these 
tumors were prostatic adenocarcinoma rather than TCC. It is well 
known that prostatic adenocarcinoma has a poor prognosis both due 
to local rapid invasion causing early clinical signs of urinary 
obstruction and a higher metastatic rate (30). In our study, we also 
found that patients with prostate tumors had a higher metastatic rate 
(20%) compared to apex (7.7%), trigone (14.6%), and urethra (0%).

Tumor location could dictate the treatment offered by the 
clinicians (surgical versus non-surgical). To further account for any 
potential confounding effect of tumor location on the survival of 
treatment groups, we specifically compared the survival of patients 

between treatment groups only in apically located tumors which 
resulted in no significant difference in MST or PFS of the patients. The 
latter could suggest different types of treatment did not affect the 
survival of dogs with apical TCC, but this finding was not statistically 
robust and must be interpreted with caution due to the low number 
of cases within each treatment group (e.g., only one case in the 
conventional chemotherapy group) once we limited our data to the 26 
cases of apical TCC only. When we  specifically compare apically 
located masses with all other locations (non-apical masses), no 
significant difference in survival between the two main  locations 
was found.

Because none of our surgery cases received adjuvant conventional 
or metronomic chemotherapy, we  could not assess the potential 
additive effects of chemotherapy on surgery. According to Bradbury 
et al. (4), patients receiving a combination of partial cystectomy and 
medical therapy, which included chemotherapeutic agents and COX 
inhibitors, survived significantly longer than those who received 
medical therapy alone. Also, Molnár et al. reported that a combination 
of chemotherapy and surgery resulted in longer survival than 
chemotherapy or surgery alone (31). It would be  interesting to 
compare our current treatment groups with surgical patients who also 
received chemotherapy, be it conventional or metronomic, and see if 
there is a survival benefit for a hybrid approach. Nonetheless, there are 
some risks of performing surgery in patients with TCC. Common 
complications of partial cystectomy in TCC post-operation include 
hematuria, pollakiuria, urinary incontinence, and dehiscence, with a 
reported complication rate of 43 to 81% in two studies (4, 32). Tumor 
seeding from partial cystectomy can also contribute to rapid regrowth 
or metastasis in patients who received surgery, leading to a poorer 
survival and outcome. One of the patients with trigonal TCC in this 
study was euthanized 1 day after surgery due to uroabdomen and 
dehiscence despite two revisit surgeries. There was another dog who 
received a partial cystectomy and passed away 3 days post-surgery at 
home due to an unknown reason. Another patient who had a complete 
excision, as confirmed by histopathology, died 20 days post-surgery 
due to immediate regrowth of the mass and spinal metastasis.

Most of the dogs who underwent surgical removal of TCC were 
administered COX-2 inhibitors as an adjuvant therapy. Theoretically, 
COX-2 inhibitors could delay the regrowth of the tumor by its 
antitumor effect as post-surgical adjuvant treatment (11). Although 
the MST of surgery plus COX-2 group (194 days) was higher than 
COX-2 alone (127 days) in our study, this difference was not 
statistically significant. Marvel et al. (20) reported that the MST of 
patients receiving daily administration of piroxicam combined with 
partial cystectomy reached 772 days, which was significantly longer 
than the survival times in TCC patients who underwent surgery 
alone. The paper pointed out that adding an adjuvant therapy to 
surgery might bring survival benefits to patients, but it is also 
worthwhile to consider the huge discrepancy in MST between our 
surgical patients and those in Marvel et al. Besides the difference in 
sample sizes, one of the theories is case selection. As previously 
mentioned, only a fraction of our sample was fully staged. There was 
a possibility that clients selected surgery for patients with metastasis 
or advanced disease, thus poor outcomes. In fact, one of the surgical 
patients in our study lived up to 562 days, which implied the 
importance of case selection when it comes to canine TCC (31). 
Considering the promising antitumoral effect of metronomic 
chemotherapy, future studies on the use of adjunct metronomic 
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chemotherapy in surgical patients may offer an alternative to 
adjuvant COX-2 inhibitors alone.

Ravicini et al. (33) reported that dogs receiving a combination 
of chemotherapy and COX-2 inhibitors had significantly longer 
survival times than those receiving COX-2 inhibitors alone. Knapp 
et  al. (11) stated that dogs receiving cisplatin had an MST of 
338 days while dogs receiving only firocoxib had an MST of 
152 days, but the difference was not statistically significant. 
Although not directly comparable, in a clinical trial by Schrempp 
et al. (25), the MST for dogs with TCC receiving chlorambucil was 
221 days, whereas the MST of dogs receiving only COX-2 inhibitors 
in another study was 181 days (16). TCC often causes obstruction 
in  locations such as trigone, ureter, or with invasion into the 
prostate, and most patients had deteriorated quality of life and were 
euthanized when obstruction occurred (9). Chemotherapy and 
metronomic chemotherapy offer better outcomes compared to 
COX-2 inhibitors alone. Nevertheless, COX-2 inhibitors remain a 
sensible choice of treatment for cases who cannot receive or 
decline chemotherapy.

Metronomic chemotherapy with chlorambucil with or without 
methotrexate led to the lowest occurrence of adverse events among 
all treatment groups in our study. In Schrempp et  al. (25), 
metronomic chemotherapy with chlorambucil as a treatment for 
TCC yielded a low rate of adverse events of 23%. Despite a higher 
rate of adverse events in this study (52%), the majority of the 
adverse events are low-grade and no grade 3 or above adverse event 
was reported (25). In another prospective study by Leach et al. 
(23), using chlorambucil in treating different cancers, metronomic 
chemotherapy rarely caused adverse events, and they were limited 
to grade 1 or 2. Our study echoes the previous studies in terms of 
safety profile in long-term use in our canine patients. COX-2 
inhibitors can cause adverse renal or GI events; for example, 
melena, hematochezia, and hematemesis, especially when 
piroxicam is used for a long time (34, 35). Conventional 
chemotherapy resulted in the highest adverse events, including 
Grade 3 adverse events, such as lethargy and neutropenia, which 
were often resolved by postponing the next dose of injection (36). 
The lower rate of adverse events following metronomic 
chemotherapy not only can lead to a better life quality in patients 
but also allows better continuity and client compliance without 
treatment delay, resulting in potentially better outcomes. In 
addition to a safer toxicity profile, metronomic chemotherapy 
entails easier oral administration than conventional injectable 
chemotherapies, thus reducing the number of treatments and 
revisits and consequently lowering costs. Nearly half of the patients 
who received metronomic chlorambucil also received oral 
methotrexate in our study. Methotrexate is an oral antimetabolite 
chemotherapy mainly excreted by the urine and used in people 
with bladder cancer (37). Despite methotrexate being given at low 
doses, concentration in the urine for a long period could increase 
the cancer control rate for bladder TCC in dogs. Nonetheless, the 
fact that only 12 patients were treated with this combination 
precluded robust statistical comparison; therefore, further studies 
are needed to verify this assumption.

In our study, metronomic chemotherapy was associated with 
longer survival. However, no statistically significant difference was 
found between other treatment groups, such as COX-2 inhibitors 
alone and conventional chemotherapy. The potential benefit of 

continuing low doses of chemotherapy instead of high pulsatile doses 
of conventional chemotherapy, in slow-growing tumors, such as the 
case in some bladder TCC, is reasonable. However, a larger prospective 
study comparing metronomic, conventional, and metronomic plus 
conventional chemotherapies is needed to validate our findings. It 
should be noted that chlorambucil had a poor ORR for canine TCC 
in our study. Indeed, none of the dogs receiving chlorambucil had a 
measurable response upon therapy, indicating that metronomic 
chemotherapy can effectively slow the tumor growth, but its efficacy 
in reducing the size in extensive disease with partial or complete 
obstruction is limited and the selection of the treatment on a case-by-
case basis is paramount. In advanced TCC affecting the urethra/
trigonal area, conventional chemotherapy could be more likely to 
produce a favorable outcome or measurable response (8, 11, 17).

We had a group of patients (n = 4) who received no treatment in 
this study. It is emphasized that treatment options were recommended 
for these cases based on each patient’s condition, but the owners 
declined. Under normal circumstances, no treatment is discouraged 
for animal welfare reasons. These 4 dogs had various survival times of 
41, 305, 276, and 316 days. The relatively long survival times in three 
of these patients could have been due to being in the early stages of the 
disease. According to medical records, the patient who survived 
41 days had evidence of metastasis in the lumbar spine whereas the 
remaining patients had no signs of metastasis on staging by 
radiography and ultrasonography.

There were some potential limitations to our study. The 
retrospective nature of the study does not allow for drawing strong 
inferences about the location and treatment effects and controlling 
for potential biases. As mentioned earlier, the low number of cases 
in some groups did not allow for robust statistical comparisons. For 
example, although we  tried, we  were not able to use more 
sophisticated survival analysis tests, such as the Cox proportional-
hazards model to conduct multivariable analyses, as the underlying 
assumptions (e.g., proportional hazards) were not met. Staging and 
restaging of tumors were mainly done by ultrasound and the size 
and amount of urine were not standardized for comparison, hence 
the RR could have been under or overestimated. However, it should 
be noted that repeated CT scans for restaging, including general 
anesthesia, are rarely performed and carry extra costs for the 
owners. Although we have tried to eliminate the confounding effect 
of location and treatment, there is still a confounding factor 
we could not address due to the number of treatment categories and 
locations. Besides, the low number of observations with 
non-censored outcomes in some categories in age, breeds, and 
sub-categories made it impossible to completely eliminate 
confounders. Despite the outlined potential limitations, we believe 
including 84 TCC cases from nearly 20 years and handling the data 
with the ultimate care in this study have resulted in reliable and 
interesting findings, further contributing to the limited body of 
evidence on canine TCC topic and setting the stage for well-
designed prospective studies (preferably clinical trials) addressing 
the highlighted gaps.

In conclusion, prostatic TCCs had significantly shorter survival 
time than TCC in other locations. Metronomic chemotherapy led to 
longer survival and PFS and the lowest occurrences of adverse events 
compared to other treatment options in our study. For tumors located 
in the bladder apical region, surgery in combination with COX-2 
inhibitors resulted in comparable survival to metronomic 
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chemotherapy. Metronomic chemotherapy had relatively lower costs 
as a long-term control for canine TCC. While metronomic 
chemotherapy is promising as a relatively safe and effective treatment 
option for canine TCC, well-designed clinical trials are still 
recommended to establish the most effective treatment option/s by 
specific tumor location.
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activation, and sustained DNA
repair responses to interstrand
crosslinks in elephant cells
compared to humans
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Yasunaga Yoshikawa*

Laboratory of Veterinary Biochemistry, School of Veterinary Medicine, Kitasato University, Aomori,

Japan

Elephants exhibit remarkable resistance to cancer, and understanding these

mechanisms has focused on their potential applications in cancer prevention

and treatment in humans. A genome-wide comparative analysis identified

that the accelerated regions in elephants are enriched in Fanconi anemia

(FA) complementation group L (FANCL), a ubiquitin E3 ligase that mediates

the monoubiquitylation of FANCD2 as an essential step in the FA pathway.

The FA pathway plays a crucial role in DNA interstrand crosslink (ICL) repair,

contributing substantially to genome stability and cancer resistance. In this

study, we investigated the di�erences in ICL repair via the FA pathway,

including the function of FANCL, as well as the DNA damage response to

ICLs between elephants and humans. We found that elephant fibroblasts

exhibited higher sensitivity to ICL-inducing treatments, such as mitomycin C

and trimethylpsoralen plus UVA (PUVA), than human fibroblasts, while showing

comparable or reduced sensitivity to other DNA-damaging agents, such as

doxorubicin and bleomycin. Functional analyses revealed that elephant and

human FANCL performed similarly in mediating FANCD2 monoubiquitylation

and cell viability following mitomycin C treatment. Interestingly, elephant

fibroblasts exhibited a more potent and prolonged activation of p21 and

sustained DNA repair responses, such as FANCD2 monoubiquitylation and

increased RAD51expression, following ICL-induced treatments. Moreover,

elephant fibroblasts showed significantly greater RAD51 foci formation than

human fibroblasts after PUVA treatment, even under comparable levels of

DNA damage. These findings suggest that elephants e�ciently repair ICLs in

growth-arrested cells likely through robust p21 activation. This study provides

new insights into the cancer resistance mechanisms of elephants and o�ers

novel approaches for cancer prevention and therapy.
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elephant, p21, FANCL, interstrand crosslink repair, comparative molecular biology,

RAD51
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1 Introduction

Elephants are known for their remarkable resistance to

cancer. Despite their large size and long lifespan, their cancer

incidence and mortality rates are estimated to be <5%, which is

significantly lower than the >20% observed in humans (1, 2). The

mechanism of cancer resistance in elephants has been the focus

of much research because of its potential application in cancer

prevention and treatment in humans (3). As a key mechanism,

the elephant genome encodes 20 copies of the tumor suppressor

gene TP53, which enhances the apoptotic response following

DNA damage (1, 4). Additionally, p21 (Waf1/Cip1), a primary

downstream target of p53, is strongly upregulated in elephant cells

following DNA damage (1). Moreover, elephants possess additional

leukemia inhibitory factor (LIF) genes such as LIF6, which are

upregulated by p53 and further promote apoptosis in response

to DNA damage (5). Thus, elephants have evolved mechanisms

to resist cancer by activating systems that efficiently eliminate

aberrant cells. Interestingly, a genome-wide comparative analysis

of accelerated regions revealed that these regions in elephants were

uniquely enriched near DNA damage response genes, and the top

hotspot was observed in Fanconi anemia (FA) complementation

group L (FANCL), a master regulator of the FA DNA repair

pathway (6).

The FA pathway plays a crucial role in the repair of DNA

interstrand crosslinks (ICLs), which are highly cytotoxic DNA

lesions that interfere with critical cellular processes such as DNA

replication and transcription (7). Importantly, ICLs can naturally

arise within the body due to exposure to endogenous aldehydes

generated during normal cellular metabolism as well as from

exogenous aldehydes and environmental factors (8, 9). In the

FA pathway, at least 22 FA proteins sequentially contribute to

the repair of ICLs through distinct steps, including the removal

or unhooking of ICLs (which generates DNA double-strand

breaks) and subsequent repair via homologous recombination

(10). In these steps, FANCL, which functions as a ubiquitin E3

ligase in the core complex with other FA proteins, mediates the

monoubiquitylation of FANCD2 and FANCI, which constitutes

an essential step in the FA pathway (11). Notably, cancer

predisposition is one of the primary symptoms in patients

with FA caused by homozygous germline mutations in the FA

genes, and somatic mutations and copy number variations in

these genes are frequently observed in various human cancers

(12, 13). These findings highlight that the FA pathway plays a

substantial role in maintaining genomic stability and is crucial for

cancer resistance.

Based on these findings, we hypothesized that the

characteristics of FANCL, along with the FA pathway and

DNA damage responses to ICLs, contribute to cancer resistance

mechanisms in elephants. However, limited research has focused

on the FA pathway and DNA repair mechanisms in elephants. In

this study, we aimed to investigate the differences in ICL repair

via the FA pathway, including the function of FANCL, as well

as the DNA damage responses to ICLs between elephants and

humans as a step toward understanding their unique cancer

resistance mechanisms.

2 Materials and methods

2.1 Chemicals and treatments

Mitomycin C (MMC; product no. 20898-21) was purchased

from NACALAI TESQUE (Kyoto, Japan). Trimethylpsoralen

(product no. T6137) was purchased from Merck (Darmstadt,

Germany). Doxorubicin (DOX; product no. 15007) was purchased

from Cayman Chemical (Ann Arbor, MI, USA). Bleomycin

(product no. HY-17565) was purchased from MedChemExpress

(Monmouth Junction, NJ, USA). All drugs were diluted in culture

medium and applied to the cells. Psoralens plus UVA (PUVA)

treatment was conducted by pre-incubation with trimethylpsoralen

for 4 h followed by UVA (0.1 J/cm2, delivered over∼10 s) exposure.

For Western blotting and immunostaining, the antibodies against

FANCL (Product No. sc-137076), and p21 (product no. sc-

271610) were purchased from Santa Cruz Biotechnology (Dallas,

TX, USA). Antibodies against β-actin (product no. PM053),

α-tubulin (product no. M175-3), and lamin B1 (product no.

PM064) were purchased from MEDICAL and BIOLOGICAL

LABORATORIES (Tokyo, Japan). Antibody against FANCD2

(product no. EPR2302) was purchased from Abcam (Cambridge,

UK). Antibody against RAD51 (product no. 70-012) was purchased

from BioAcademia (Osaka, Japan). Antibody against FLAG-tag

(DYKDDDDK) (product no. KO602-L) was purchased from

TransGenic (Tokyo, Japan). Antibody against phospho-histone

H2A.X (Ser139) (γH2AX; product no. 05-636) was purchased

fromMerck.

2.2 Cell cultures and generation of cell lines

Fibroblasts isolated from the ear skin of African elephants

(LACF-NaNaII) were provided by the RIKEN Cell Bank (Ibaraki,

Japan) through the National BioResource Project of MEXT.

Human oral mucosal fibroblasts (hOMF100) were purchased

from the Cell Research Corporation (Singapore). Both cells were

cultured in α-minimum essential medium (NACALAI TESQUE)

supplemented with 10% fetal bovine serum (FBS). Human

HeLa cells were purchased from the RIKEN Cell Bank and

cultured in Dulbecco’s modified Eagle’s medium (FUJIFILMWako

Pure Chemical, Osaka, Japan) supplemented with 10% FBS. All

cells were maintained at 37◦C in a humidified incubator with

5% CO2.

The FANCL-knockout (KO) HeLa cells were

generated by CRISPR-Cas9 using the gRNA sequence 5′-

CGGTCGAAAACCGTGTATGA-3′ in the pSpCas9(BB)-2A-Puro

(PX459) V2.0 vector (Addgene plasmid no. 190542). Exogenous

expression of human or elephant FANCL in LACF-NaNaII

and HeLa cells was achieved using retroviral transduction and

magnetic sorting. Retroviruses were obtained from Phoenix A

cells transfected with a pOZ-N vector carrying human or elephant

FANCL. All plasmid DNA transfections were performed using

FuGENE HD (Promega, Madison, WI, USA) according to the

manufacturer’s instructions.
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2.3 Cell viability and proliferation assay

Cells were seeded into 96-well plates at 1,000 cells/well and

incubated for 24 h. For cell viability assay, cells were treated with

drugs for 96 h and then incubated with 10 µL of Cell Counting Kit-

8 solution (DOJINDO, Kumamoto, Japan) for 3 h. Absorbance was

measured at 450 nm using a microplate reader, and cell viability

was calculated as the ratio of absorbance to non-treated cells. For

the cell proliferation assay, at each time points of 24, 48, 96, and

120 h after seeding, the cells were incubated with Cell Counting Kit-

8 solution for 3 h, and the absorbance was measured in the same

way. The cell proliferation rate was calculated as the ratio of the

absorbance of the cells at 24 h after seeding.

2.4 Western blotting

Cells were lysed in an equal volume of Benzonase buffer

(20mM Tris-HCl, pH 8.0; 2mM MgCl2; 1% Triton X-100; 10%

glycerol; and >12.5 U/ml Benzonase) at 4◦C for 10min and

then treated with the same volume of 2% SDS to extract the

total proteins. The lysates were mixed with 4× LDS loading

buffer (Thermo Fisher Scientific, Waltham, MA, USA) and

10× reducing agent (Thermo Fisher Scientific). The samples

were separated by 4–15% SDS-PAGE and transferred onto

nitrocellulose membranes (Cytiva, Tokyo, Japan). The membranes

were blocked with 5% skimmed milk and then incubated overnight

at 4◦C with the primary antibodies. Next, the membranes were

incubated with horseradish peroxidase-conjugated secondary anti-

mouse or anti-rabbit antibodies (MEDICAL & BIOLOGICAL

LABORATORIES) for 1 h at room temperature. Immunoreactive

bands were visualized using Immunostar Zeta or Immunostar LD

(for higher-sensitivity detection) (FUJIFILMWako Pure Chemical)

and detected using a C-DiGit Blot Scanner (LI-COR, Lincoln, NE,

USA). Band intensities were measured using the Image Studio

Software (LI-COR).

2.5 Immunostaining and image analysis

Cells were cultured on coverslips (Matsunami Glass, Osaka,

Japan) and treated with PUVA (0.1µg/mL TMP). At 0, 3, 6, 12, 24,

and 48 h after treatment, cells were fixed with 4% paraformaldehyde

for 5min at room temperature. Following permeabilization with

phosphate-buffered saline (PBS) containing 1% Triton X-100 for

10min, cells were incubated with PBS containing 5% bovine serum

albumin (BSA) at room temperature for 1 h. Subsequently, cells

were incubated overnight at 4◦C with anti-γH2AX and anti-

RAD51 antibodies diluted in PBS with 5% BSA. After washing, cells

were stained for 1 h at room temperature with Alexa Fluor 488-

conjugated goat anti-mouse IgG and Alexa Fluor 568-conjugated

goat anti-rabbit IgG (Thermo Fisher Scientific), along with 4′,6-

diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific), all

diluted in PBS containing 5% BSA. Coverslips were mounted

using VECTASHIELD R© Antifade Mounting Medium (Vector

Laboratories, Newark, CA, USA). Cells were imaged using a

confocal laser scanning microscope (Carl Zeiss AG, Oberkochen,

Germany) equipped with ZEN software (Carl Zeiss AG). Nuclear

γH2AX and RAD51 foci were analyzed in>70 cells per group using

Cellpose3 (14) and ImageJ software (National Institutes of Health,

Bethesda, MD, USA). Briefly, individual nuclei were segmented

based on DAPI staining using Cellpose3, and the resulting outlines

were used as nuclear regions of interest (ROIs) for subsequent

analyses. Foci in the γH2AX and RAD51 channels were identified

by subtracting a Gaussian-blurred background image, followed

by local auto-thresholding using the “Bernsen” method and

conversion to binary masks. The area fraction (%) of γH2AX and

RAD51 foci was quantified within each nuclear ROI. Additionally,

the percentage of RAD51-positive area within γH2AX foci was

calculated for nuclei with a γH2AX area fraction >1.5%.

2.6 Data analysis

Data are expressed as mean ± standard error of the mean

(SEM) (n = number of independent experiments). Two-group

comparisons were performed using Welch’s t-tests or the exact

Wilcoxon rank-sum test (also known as theMann-Whitney U test).

Multiple comparisons were performed using one-way ANOVAs

followed by Tukey’s HSD test, Dunnett’s test, or Steel’s test (with

control group), as appropriate. Statistical significance was set at

p < 0.05. All statistical analyses were performed using the JMP

Pro software (SAS, Cary, NC, USA). Comparisons between the

control and treatment, as well as between elephant and human

cells, were analyzed based on independent hypotheses; therefore,

no correction was applied. All graphs were constructed using Excel

(Microsoft, Redmond, WA, USA).

3 Results

3.1 Elephant fibroblasts exhibited higher
sensitivity to ICL-inducing treatments
compared to human fibroblasts

To compare the properties in the viability to ICLs between

human and elephant cells, we examined the effects of ICL-induced

treatment on the viability of human and elephant cells. Human

(hOMF100) and African elephant (LACF-NaNaII) fibroblasts

were used because these cells exhibit comparable proliferative

capacities under identical culture conditions (Figure 1A). MMC,

a major DNA crosslinking agent, reduced the viability of LACF-

NaNaII cells in a dose-dependent manner, with a significantly

greater effect than on hOMF100 cells (Figure 1B). A similar

differential sensitivity to MMC was also observed in the clonogenic

assay (Supplementary Figure S1). Moreover, LACF-NaNaII cells

exhibited a higher sensitivity to trimethylpsoralen plus UVA

(PUVA) treatment, which induces ICLs more effectively and

specifically (15) (Figure 1C). Consistent with these findings, cell

cycle analysis revealed a pronounced G2/M arrest in LACF-NaNaII

cells following MMC treatment (Supplementary Figure S2). In

contrast, this increased sensitivity in LACF-NaNaII cells was

not observed with other DNA-damaging agents such as DOX,

which intercalates into the DNA and inhibits topoisomerase

II, or bleomycin, which induces DNA double-strand breaks
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FIGURE 1

Elephant fibroblasts exhibit higher sensitivity to DNA ICL treatments compared to human fibroblasts. (A) Proliferation rate of hOMF100 and

LACF-NaNaII cells at 24–120h after seeding (n = 6–9). (B–E) Viability of hOMF100 and LACF-NaNaII cells at di�erent concentrations of mitomycin C

(n = 5) (B), trimethylpsoralen (plus UVA [0.1 J/cm2]: PUVA) (n = 6) (C), doxorubicin (n = 7) (D) or bleomycin (n = 9) (E). *p < 0.05, **p < 0.01 vs.

hOMF100 cells (Welch’s t-tests). All data are presented as mean ± SEM.

(Figures 1D, E). In contrast, LACF-NaNaII cells exhibited lower

sensitivity to higher DOX concentrations (160 nM). These results

suggest that elephant cells are more sensitive to ICLs than are

human cells.

3.2 Comparable function of elephant and
human FANCL in ICL repair

FANCL locus has been identified as a genomic hotspot

of elephant-accelerated regions (6). Elephant genomic DNA

information has been reported, but the sequence of FANCL

mRNA has not been confirmed. Therefore, we first determined

the full-length elephant FNACL cDNA (Accession No.

LC858708). The open reading frame consisted of 1,119 base

pairs, and the predicted protein length was 372 amino acids,

which was three amino acids shorter than that of human

FANCL. Moreover, amino acid sequence alignment between

elephant and human FANCL revealed three substitutions in

elephant FANCL at functionally significant positions: I136F,

F252R, and I265L (Supplementary Figure S3). These residues

are critical for FANCL folding or the monoubiquitylation

of FANCD2, as reported in studies on human FANCL
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mutations (16). Thus, we investigated the functional differences

between elephant and human FANCL and their potential

relationship with the enhanced sensitivity of elephant cells

to ICLs.

To compare FANCL functions, we generated FANCL-KOHeLa

cells and reconstituted themwith either human or elephant FANCL

(Figure 2A). FANCL-KO cells exhibited significantly increased

sensitivity to MMC, which was restored to a similar extent

by exogenous expression of both human and elephant FANCL

(Figure 2B). Furthermore, we examined the functional differences

between human and elephant FANCL in the monoubiquitylation

of FANCD2 after treatment with MMC (160 ng/mL) for 12 or

24 h (Figure 2C). The change in the ratio of monoubiquitylated

FANCD2 levels was not significantly different between parental

cells and cells expressing human or elephant FANCL (Figure 2D).

Nuclear FANCD2 foci formation after MMC treatment was also

restored in these cells (Supplementary Figure S4). These results

indicate that the function of elephant FANCL in ICL repair is

comparable to that of human FANCL when expressed in human

cells. To investigate whether higher expression levels of FANCL

rescued the enhanced sensitivity of elephant cells to ICLs, we

generated LACF-NaNaII cells expressing exogenous human or

elephant FANCL (Figure 2E). MMC sensitivity was not influenced

by exogenous expression of either human or elephant FANCL

(Figure 2F), suggesting that the heightened sensitivity of elephant

cells to ICLs is not attributable to differences in FANCL function or

expression levels.

3.3 Elephant fibroblasts exhibit a potent
p21 response to ICL-inducing agents
compared to human fibroblasts

Elephant fibroblasts exhibit increased p21 protein expression

and reduced viability following ionizing radiation exposure

compared to human fibroblasts (1). To investigate the mechanism

underlying the higher sensitivity of elephant cells to ICL

treatment, we compared the ICL damage response following

MMC treatment of hOMF100 and LACF-NaNaII cells (Figure 3A).

Treatment with MMC (256 ng/mL) for 12 and 24 h enhanced the

monoubiquitylation of FANCD2 in both cell lines. Higher levels of

FANCD2 were detected in LACF-NaNaII cells than in hOMF100

cells. Additionally, even after MMC treatment, the proportion

of non-ubiquitylated FANCD2 relative to ubiquitylated FANCD2

was higher in LACF-NaNaII cells than in hOMF100 cells. The

change in the ratio of monoubiquitylated FANCD2 following

MMC treatment was not significantly different between these cells

(Figure 3B), suggesting a comparable ICL repair response between

elephant and human cells. Interestingly, treatment with MMC

for 24 h increased p21 expression in LACF-NaNaII cells but not

in hOMF100 cells (Figure 3C). In contrast, DOX (80 nM) and

bleomycin (5µM) increased p21 expression to the same level in

both cell lines (Figures 3D, E), consistent with their comparable

effects on cell viability, as shown in Figure 1. These results suggest

that ICLs induce a more potent p21 response in elephant cells than

in human cells.

3.4 Prolonged and robust p21 activation
and sustained DNA repair responses
following ICL-inducing treatment in
elephant fibroblasts

We further investigated time-dependent differences in the

monoubiquitylation of FANCD2 and p21 expression between

human and elephant cells following ICL induction using PUVA

treatment, which induces ICLs more specifically at the precise time

of UVA exposure (Figure 4A). In addition to FANCD2 and p21, we

also examined the expression of RAD51 recombinase (also known

as FANCR), which is essential for homologous recombination

following the removal of ICLs during ICL repair (17). PUVA

treatment (trimethylpsoralen [0.1µg/mL] plus UVA [0.1 J/cm2])

enhanced themonoubiquitylation of FANCD2 in both cells starting

6 h after treatment. In LACF-NaNaII cells, even after PUVA

treatment, the proportion of non-ubiquitylated FANCD2 relative

to ubiquitylated FANCD2 was higher than that in hOMF100

cells. Interestingly, increased levels of monoubiquitylated FANCD2

following PUVA treatment were sustained for up to 48 h in

LACF-NaNaII cells; however, they were not sustained and instead

decreased in hOMF100 cells (Figure 4B). Consistent with the

results of MMC treatment, an increase in p21 expression was

observed in LACF-NaNaII cells following PUVA treatment, starting

at 24 h post-treatment and persisting for up to 48 h, whereas

no such increase was observed in hOMF100 cells (Figure 4C).

Moreover, PUVA treatment increased RAD51 expression in

both cell lines starting at 12 h after treatment. Similar to

monoubiquitylated FANCD2, this increase was sustained for up to

48 h post-treatment in LACF-NaNaII cells, and decreased by 48 h

in hOMF100 cells (Figure 4D). These results indicate that ICLs

induce a more prolonged and robust activation of p21, along with

sustained DNA repair responses, in elephant cells than in human

cells. To investigate whether these long-lasting responses to ICLs

in elephant cells are dependent on the level of ICLs, specifically

whether the prolonged responses result from higher levels of

ICLs, we performed PUVA treatment using lower concentrations

(0.04 and 0.008µg/ml) of trimethylpsoralen and evaluated the

responses in LACF-NaNaII cells (Figure 5A). These concentrations

exerted similar or less effects on the viability of LACF-NaNaII cells

compared to the effect of 0.1µg/ml trimethylpsoralen on hOMF100

cells. PUVA treatment increased the levels of monoubiquitylated

FANCD2 (Figure 5B), p21 (Figure 5C), and RAD51 (Figure 5D) in

a dose-dependent manner 24 h post-treatment. These responses

were sustained by 48 h. Together, these results suggest that

prolonged p21 activation and sustained DNA repair responses in

elephant cells are independent of ICL levels.

3.5 Enhanced DNA repair responses under
comparable levels of DNA damage after
ICL-inducing treatment in elephant
fibroblasts

To elucidate the differences in DNA damage and repair

responses—and their relationship—following ICL induction
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FIGURE 2

Functional comparison between human and elephant FANCL. (A, B) Expression levels of endogenous (end.) FANCL and exogenous (exo.)

FLAG-HA-fused human or elephant FANCL in four types of HeLa cells: parental, FANCL knockout (KO), and FANCL-KO cells expressing exogenous

human or elephant FANCL, were analyzed via Western blotting using anti-FANCL and FLAG antibodies (A). Viability of these cells at di�erent

concentrations of mitomycin C (MMC) was examined (n = 5) (B). Di�erent letters indicate statistically significant di�erences (p < 0.01, Tukey’s HSD

test) at all concentrations. (C, D) Monoubiquitylation (Ub) of FANCD2 at 12 or 24h after treatment with MMC (160ng/mL) in parental, FANCL-KO

HeLa cells, and FANCL-KO cells expressing exogenous human or elephant FANCL, were evaluated via Western blotting using anti-FANCD2 antibody

(C). Change ratio of Ub-FANCD2 levels with MMC treatment were quantified (n = 3) (D). (E, F) Expression levels of endogenous FANCL and

exogenous FLAG-HA-fused human or elephant FANCL in LACF-NaNaII cells, transduced with empty vector or vector carrying human or elephant

FANCL, were observed via Western blotting using anti-FANCL and FLAG antibodies (E). Viability of these cells at di�erent concentrations of MMC was

examined (n = 6) (F). All data are presented as mean ± SEM with or without individual data points.
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FIGURE 3

Elephant fibroblasts exhibit potent p21 response to DNA ICL agent. (A–C) Monoubiquitylation (Ub) of FANCD2 and p21 expression levels at 12 or 24h

after treatment with mitomycin C (MMC; 256ng/mL) in hOMF100 and LACF-NaNaII cells were observed via Western blotting using anti-FANCD2 and

p21 antibodies (A). Change ratio of Ub-FANCD2 levels (B) and p21 expression levels (C) with MMC treatment were quantified (n = 5). Two images of

same membrane with di�erent contrast settings for FANCD2 are shown. ##p < 0.01, control vs. MMC treatment (exact Wilcoxon rank-sum test). **p

< 0.01, hOMF100 vs. LACF-NaNaII cells (exact Wilcoxon rank-sum test). (D, E) p21 expression levels at 24h after treatment of MMC (256ng/mL),

doxorubicin (DOX; 80nM), or bleomycin (BLEO; 5µM) in hOMF100 and LACF-NaNaII cells were analyzed via Western blotting using anti-p21

antibody (D). Change ratio of p21 expression with drug treatments were quantified (n = 5) (E). *p < 0.05, hOMF100 vs. LACF-NaNaII cells (exact

Wilcoxon rank-sum test). All data are presented as mean ± SEM with individual data points.

between human and elephant cells, we further examined the

time-dependent formation of nuclear γH2AX foci, a highly

sensitive marker of ICL-associated DNA damage (18, 19), as

well as RAD51 foci following PUVA treatment (Figure 6A).

Although the basal level of γH2AX foci was higher in LACF-

NaNaII cells than in hOMF100 cells, PUVA treatment induced

a continuous increase in γH2AX foci formation up to 48 h

post-treatment to a similar extent in both cells (Figure 6B).

These results suggest that PUVA treatment causes comparable

levels of DNA damage in both human and elephant fibroblasts.

RAD51 foci also tended to be higher at the basal level in LACF-

NaNaII cells (Figure 6C). Although PUVA treatment induced

RAD51 foci formation in hOMF100 cells, the levels at all time

points remained significantly lower than those in LACF-NaNaII

cells. Furthermore, the RAD51-positive area within γH2AX

foci was (tended to be) higher in LACF-NaNaII cells compared

to hOMF100 cells across all time points (Figure 6D). These

findings suggest that elephant cells may exhibit a more robust

RAD51-mediated DNA repair response under comparable levels

of DNA damage.
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FIGURE 4

Elephant fibroblasts exhibit prolonged and robust p21 activation along with sustained DNA repair responses following ICL treatment compared to

human fibroblasts. (A–D) Monoubiquitylation (Ub) of FANCD2 and expression levels of p21 and RAD51 at 6, 12, 24, or 48h after treatment with

trimethylpsoralen (0.1µg/mL) plus UVA (0.1 J/cm2) (PUVA) in hOMF100 and LACF-NaNaII cells were analyzed via Western blotting using

anti-FANCD2, p21, and RAD51 antibodies (A). Change ratio of Ub-FANCD2 levels (B) and expression levels of p21 (C) and RAD51 (D) with PUVA

treatment were quantified (n = 5). ##p < 0.01, control vs. PUVA treatment (exact Wilcoxon rank-sum test). *p < 0.05, **p < 0.01, hOMF100 vs.

LACF-NaNaII cells (exact Wilcoxon rank-sum test). All data are presented as mean ± SEM with individual data points.

4 Discussion

In this study, we observed that elephant cells exhibited

enhanced sensitivity, prolonged and robust p21 activation, and

sustained DNA repair responses (monoubiquitylation of FANCD2,

increased expression of RAD51 and prominent formation

of nuclear RAD51 foci), specifically following ICL-inducing

treatment, compared to human cells. The comparable induction

of nuclear γH2AX foci in both species following ICL-inducing

treatment suggests that the differences in cellular responses are not

due to differences in the extent of DNA damage. Furthermore, the

similar functions of elephant and human FANCL suggest that their

function is not likely to contribute to these differences.

Our results are consistent with those of a previous report

that showed greater p21 upregulation following irradiation in

elephant fibroblasts than in human fibroblasts (1). p21 is a

critical mediator of cell-cycle arrest and is upregulated by p53

activation in response to DNA damage (20). Considering previous

reports of more robust p53 signaling in elephant cells after

DNA damage (1, 4), it is speculated that ICL-induced treatments

strongly activate the p53-p21 pathway in elephant cells, leading

to a more pronounced reduction in cell viability than in human
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FIGURE 5

Prolonged p21 and sustained DNA repair responses in elephant fibroblasts appear to be independent of ICL levels. (A–D) Monoubiquitylation (Ub) of

FANCD2 and expression levels of p21 and RAD51 at 24 or 48h after treatment with di�erent concentrations of trimethylpsoralen (TMP) plus UVA (0.1

J/cm2) (PUVA) in LACF-NaNaII cells were evaluated via Western blotting using anti-FANCD2, p21, and RAD51 antibodies (A). Change ratio of

Ub-FANCD2 levels (B) and expression levels of p21 (C) and RAD51 (D) with PUVA treatment were quantified (n = 4). #p < 0.05 vs. control (Steel’s

test). Not significant (n.s.), 24 h vs. 48h after PUVA treatment (exact Wilcoxon rank-sum test). All data are presented as mean ± SEM with individual

data points.

cells. However, the specificity of the enhanced p21 response to

ICLs in elephant cells may not be solely explained by the p53

mechanism, as enhanced p53 signaling in elephant fibroblasts has

also been observed in response to other DNA-damaging treatments,

such as DOX and UVC, in addition to MMC (although not

directly compared with human fibroblasts) (4). Several studies have

identified p53-independent mechanisms for the upregulation of

p21, notably involving breast cancer susceptibility gene 1 (BRCA1,

also known as FANCS), which functions as a component of the

FA pathway (20, 21). In addition, increased p21 expression in FA

pathway-deficient cells (with knockdown of FANCA or FANCD2)

is partially mediated by microphthalmia-associated transcription

factor and nucleophosmin 1 in a p53-independent manner (22).

Unfortunately, in this study, we were unable to evaluate the

expression of elephant p53 because it was not detected by western

blotting using various commercially available anti-p53 antibodies

(DO-1, DO-7, A-1, and C-11) (data not shown). The relationship

between p53 signaling and enhanced p21expression in elephant

cells in response to ICLs should be addressed in future studies.

In contrast to sustained FANCD2 monoubiquitylation and

a sustained increase in RAD51 expression in elephant cells

following ICL induction, these DNA repair responses disappeared

48 h after induction in human cells. Both FANCD2 and RAD51

are cleaved by caspase 3 and undergo proteolytic degradation

during DNA damage-induced apoptosis (23–25). Additionally, p53

downregulates FA proteins, including FANCD2 and RAD51, by

activating p21 (26). These mechanisms are likely to contribute to

the reduction in the expression of monoubiquitylated FANCD2

and RAD51 following ICL induction in human cells. However,

it seems unlikely that p53 signaling and the apoptotic response

were strongly induced in human cells compared to elephant

cells, given the lower sensitivity of human fibroblasts to PUVA

in terms of viability, and previous reports indicate higher p53

signaling and caspase 3/7 activity in elephant cells in response

to DNA damage (1, 4). Negative regulatory mechanisms affecting

the expression of FANCD2 and RAD51 may be less active in

elephant cells. Suzuki et al. have reported that p21 mediates the

inactivation of caspase 3 (27, 28). Furthermore, p21 promotes

MMC-induced FANCD2/I monoubiquitylation, likely through the

transcriptional repression of the USP1, a deubiquitylating enzyme

for FANCD2/I (29). Thus, the prolonged and robust activation

of p21 following ICL induction may contribute to the sustained

monoubiquitylation of FANCD2 and a sustained increase in

RAD51 expression in elephant cells. Higher levels of FANCD2 were

detected in elephant cells than in human cells. Additionally, even

after ICL-inducing treatments, the proportion of non-ubiquitylated

FANCD2 relative to ubiquitylated FANCD2 in elephant cells

remained higher than that in human cells, despite a similar
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FIGURE 6

Elephant fibroblasts exhibit higher RAD51 foci formation than human fibroblasts under comparable levels of DNA damage. (A) Formation of γH2AX

(green) and RAD51 (red) foci in DAPI-stained nuclei (blue) at 0, 3, 6, 12, 24 and 48h after treatment with trimethylpsoralen (0.1µg/mL) plus UVA (0.1

J/cm2) (PUVA) in hOMF100 and LACF-NaNaII cells were evaluated via immunostaining. Representative images of a single cell at each timepoint are

shown. Scale bar = 10µm. (B–D) Percentage of γH2AX (B) and RAD51 (C) foci area in nuclei, and RAD51-positive area within γH2AX foci (D) were

quantified (n = 3). #p < 0.05, ##p < 0.01, ###p < 0.001 vs. 0 h (Dunnett’s test). *p < 0.05, **p < 0.01, ***p < 0.001, hOMF100 vs. LACF-NaNaII

cells (Welch’s t-tests). All data are presented as mean ± SEM.
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induction ratio of ubiquitylated FANCD2 in both cells. These

observations suggest that elephant cells exhibit a higher overall

expression of FANCD2, which may contribute to the sustained

levels of monoubiquitylated FANCD2 following ICL induction.

RAD51 plays a crucial role in homologous recombination and

is essential for ICL repair (17). Monoubiquitylated FANCD2

promotes homologous recombination during ICL repair by

interacting with CtIP, which is involved in DNA end resection (30–

32). Moreover, regardless of monoubiquitylation, FANCD2 plays

a crucial role in the stabilization of RAD51 in single-stranded

DNA and promotes strand exchange activity, an important process

in homologous recombination (33). Given this role, the higher

expression of FANCD2 in elephant cells may partly account for

the elevated formation of RAD51 foci. Taken together, sustained

FANCD2 monoubiquitylation, along with the prolonged increase

in RAD51 expression and nuclear foci formation in elephant cells,

likely contribute to the error-free repair of ICLs and maintenance

of genome stability. However, further investigations are needed to

determine whether homologous recombination or other error-free

repair pathways are indeed more active in elephant cells, and how

these mechanisms influence cellular fate following ICL-induced

DNA damage.

Our findings suggest that elephant cells may not only

indiscriminately eliminate abnormal cells through apoptosis

mediated by potent p53 signaling but also exhibit a remarkable

ability to arrest cell proliferation via robust p21 signaling (likely

regulated by p53), enabling efficient repair of DNA damage.

Supporting this hypothesis, previous studies have demonstrated

that p21 expression is positively associated with RAD51 expression

and foci formation (34), and that p21 promotes error-free

replication-coupled repair of DNA double-strand breaks (35).

Although further research is necessary to confirm whether our

findings are universally applicable to elephant cells, this strategy

may explain the exceptional cancer resistance of elephants, allowing

them to sustain numerous cells in their large bodies over a long

lifespan. The modulation of p53 signaling by various mechanisms,

depending on the type and extent of DNA damage, determines

the cell fate, including apoptosis, cell cycle arrest, and DNA repair

(36). Understanding how p53 signaling orchestrates these cell

fates in elephants is particularly intriguing and may hold the

key to uncovering the molecular basis of cancer resistance. This

study provides new insights into the cancer resistance mechanisms

of elephants, potentially offering novel approaches for cancer

prevention and therapy in humans.
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