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ABSTRACT

Background: The anti-programmed death 1 (PD-1) antibody has led to durable clinical 
responses in a wide variety of human tumors. We have previously developed the caninized 
anti-canine PD-1 antibody (ca-4F12-E6) and evaluated its therapeutic properties in dogs with 
advance-staged oral malignant melanoma (OMM), however, their therapeutic effects on other 
types of canine tumors remain unclear.
Objective: The present clinical study was carried out to evaluate the safety profile and clinical 
efficacy of ca-4F12-E6 in dogs with advanced solid tumors except for OMM.
Methods: Thirty-eight dogs with non-OMM solid tumors were enrolled prospectively and 
treated with ca-4F12-E6 at 3 mg/kg every 2 weeks of each 10-week treatment cycle. Adverse 
events (AEs) and treatment efficacy were graded based on the criteria established by the 
Veterinary Cooperative Oncology Group.
Results: One dog was withdrawn, and thirty-seven dogs were evaluated for the safety and 
efficacy of ca-4F12-E6. Treatment-related AEs of any grade occurred in 13 out of 37 cases (35.1%). 
Two dogs with sterile nodular panniculitis and one with myasthenia gravis and hypothyroidism 
were suspected of immune-related AEs. In 30 out of 37 dogs that had target tumor lesions, 
the overall response and clinical benefit rates were 6.9% and 27.6%, respectively. The median 
progression-free survival and overall survival time were 70 days and 215 days, respectively.
Conclusions: The present study demonstrated that ca-4F12-E6 was well-tolerated in non-
OMM dogs, with a small number of cases showing objective responses. This provides 
evidence supporting large-scale clinical trials of anti-PD-1 antibody therapy in dogs.
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INTRODUCTION

Immune checkpoint inhibitor (ICI) development has led to numerous clinical benefits, 
including long-term survival in a wide range of advanced tumors in humans [1]. Notably, the 
inhibition of programmed death 1 (PD-1), PD-1 ligand (PD-L1), and cytotoxic T-lymphocyte-
associated protein 4 by each target-specific monoclonal antibody has strongly induced 
anti-tumor immunity via T cell re-activation and achieved the approval by the Food and 
Drug Administration as the standard care for various tumor types [2]. In 2017, one of the 
great predictive biomarkers for tumor response to anti-PD-1 antibody pembrolizumab was 
approved, which is high microsatellite instability (MSI-H) or mismatch repair deficient 
(dMMR) status in any solid tumor [3]. This was the first of its kind that used common 
indications for anti-tumor agents across tumor types, regardless of the tumor origin. Further 
clinical studies using ICIs revealed other cleared diagnostics and predictive biomarkers, 
including staining scores of PD-L1 and tumor mutation burden in various tumor types [2].

Recent veterinary studies have determined the PD-L1 expression in various canine tumor 
tissues, including oral malignant melanoma (OMM), nasal adenocarcinoma, squamous cell 
carcinoma (SCC), urothelial carcinoma (UC), and soft tissue sarcoma [4-7]. Additionally, 
mitogen-stimulated canine lymphocytes expressed PD-1 molecule on the cell surface [8-10]. 
Thus, ICIs targeting PD-1/PD-L1 molecules can be clinically utilized in canine tumors as a 
novel tumor therapy.

Clinical pilot studies used chimeric or caninized anti-canine PD-1 antibodies and the chimeric 
anti-canine PD-L1 antibody in dogs with advanced tumors [4,11,12]; most of those were OMM 
cases. Our previous studies produced rat-canine chimeric anti-canine PD-1 antibody (ch-
4F12-E6) and caninized anti-canine PD-1 therapeutic antibody (ca-4F12-E6) and confirmed 
that these antibodies can block the binding between canine PD-1 and canine PD-L1 molecules 
followed by T cell re-activation [11,13]. We investigated the safety profile and efficacy in 30 
dogs with advanced tumors, including OMM (21 cases), mammary gland tumor (MGT, 1 
case), SCC (2 cases), renal cell carcinoma (1 case), lymphoma (1 case), sebaceous carcinoma 
(1 case), lung adenocarcinoma (1 case), and skin melanoma (2 cases), after the safety 
examination of those antibodies against healthy beagles. This pilot study revealed that ca-
4F12-E6 had clinical benefits for OMM cases while unknown for other tumor types due to the 
limited number of cases. Therefore, the present study evaluated the safety profile and clinical 
efficacy of ca-4F12-E6 in dogs with advanced solid tumors except for OMM. Additionally, we 
assessed the tumor-infiltrating lymphocytes (TILs) using immunohistochemistry (IHC) in 
cases with available pre- and post-treatment tumor tissues.

MATERIALS AND METHODS

Ethics statement
The present clinical study for clients’ dogs including the study design was approved by the 
Ethics Review Board of the Joint Faculty of Veterinary Medicine of Yamaguchi University 
(Approval No. 17). The owners all agreed and gave written informed consent.
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Study design and treatment regimen
The present open-label, single-arm, investigator-initiated clinical study was conducted 
at Yamaguchi University Animal Medical Center from January 7, 2020, to April 15, 
2022. Inclusion and exclusion criteria based on our previous report [11] are shown in 
Supplementary Table 1. Inclusion criteria is as follows; the case with a confirmed tumor 
diagnosis by cytology or histopathology except for a heart base tumor, a tumor whose 
size that can be measured by one of either caliper, X-ray, computed tomography (CT) 
scan, or ultrasonography and a life expectancy of at least 1 month. Cases with previous 
treatments such as radiation or chemotherapy were allowable if they had stable disease 
(SD) or progressive disease (PD) at the start of the trial. We excluded dogs with initial 
concurrent treatment such as systemic chemotherapies at the start of the trial. However, the 
use of concurrent continuous treatments with non-steroidal drugs and without apparent 
therapeutic effects before study inclusion was included. If cases had received radiation 
or toceranib prior to the start of the trial and the tumor had progressed, the concomitant 
treatment was permitted.

The present study primarily aimed to evaluate the safety profile of caninized anti-canine PD-1 
monoclonal antibody (ca-4F12-E6) in dogs with advanced solid tumors except for OMM. The 
secondary objective is to evaluate the treatment response in enrolled dogs.

The detail of the caninized anti-canine PD-1 monoclonal antibody, ca-4F12-E6, was described 
in our previous report [11]. Eligible cases received 1 hour of ca-4F12-E6 intravenous constant 
rate infusion at 3 mg/kg every 2 weeks of each 10-week treatment cycle until disease 
progression, an unacceptable adverse event (AE), and a withdrawal of consent. Continuous 
ca-4F12-E6 administration was permitted over the first assessment of PD if only acceptable 
AEs were observed, the dogs remained in better condition as compared to prior to enrollment 
as assessed by investigators, and the owner made the decision to continue treatment. Dose 
modification of ca-4F12-E6 was not implemented throughout the study except for Case 6.

Clinical assessments
All enrolled dogs were evaluated for AEs. The assessment duration is from initial treatment 
to trial termination. Complete blood count and blood biochemistry were performed every 
two weeks. AEs were graded based on the Veterinary Cooperative Oncology Group-Common 
Terminology Criteria for Adverse Events v2 scale [14].

Tumor response was assessed according to the response evaluation criteria for solid tumors 
in dogs cRECIST v1.0 [15]. All enrolled dogs were assessed for tumor response either by 
caliper, X-ray, or CT scan, followed by comparing tumor diameter between baseline and 
termination of each treatment cycle. A target lesion was defined as a > 10-mm tumor 
diameter while a non-target lesion as a < 10-mm tumor diameter. Dogs with measurable 
disease were defined as having tumor mass as a target lesion, and dogs with non-measurable 
disease were defined as having tumor mass as a non-target lesion only. Tumor response was 
separately evaluated for a target and non-target lesion based on cRESIST v1.0 every 10 weeks, 
i.e., two weeks after the end of one cycle of five doses every two weeks, except the case that 
was evaluated as PD in the middle of the cycle due to clinical progression. A new metastatic 
tumor lesion, non-target lesions progression, or clinical progression was determined as PD, 
even if the target lesion had shrunk. Cases with changes in tumor diameter of < 20% increase 
or 30% decrease are considered SD after the completion of each treatment cycle (every 10 
weeks). The overall response rate (ORR) was calculated as the number of dogs whose target 
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lesion had a complete response (CR) and partial response (PR) at the first treatment cycle 
termination. The clinical benefit rate (CBR) was defined as the objective status, including 
CR, PR, and SD. The overall survival (OS) was defined as the duration from initiation of the 
treatment to death. The progression-free survival (PFS) was defined as the length of time 
from the initial treatment until PD or death at the end of the study.

IHC
Formalin-fixed, paraffin-embedded tumor tissues obtained from case 6 were used for IHC 
of infiltrating lymphocytes. No tumor tissue samples post-treatment were obtained from 
other cases. According to our previous reports [16,17], tissue sections (5-μm) were subjected 
to antigen retrieval by incubation in a citric acid buffer (pH 6.0) using a pressure cooker 
(Dako Japan, Tokyo, Japan). The sections were incubated with 3% of hydrogen peroxide 
in phosphate-buffered saline (PBS) to block endogenous peroxidase activity. The sections 
were incubated with a rat anti-canine CD8 monoclonal antibody (F3-B2, produced by 
our laboratory; 5 μg/mL dilution), a rat anti-mouse Foxp3 monoclonal antibody (FJK-16s, 
Thermo Fisher Scientific, Waltham, MA, USA; 1:200 dilution), or a rat IgG2a isotype control 
(RTK2578, BioLegend; 1:400 dilution) as a primary antibody after the incubation with 5% of 
skimmed milk in PBS. Histofine Simple Stain Rat MAX PO (Nichirei Bioscience Inc., Tokyo, 
Japan) was used as a secondary antibody. Peroxidase Stain DAB Kit (Nacalai Tesque, Kyoto, 
Japan) was used to visualize the immunolabelling. The sections were counter-stained with 
Mayer’s hematoxylin.

The immunohistochemical staining using the melanoma diagnostics markers PNL2 and 
Melan-A was performed at IDEXX laboratories (Tokyo, Japan) for histopathologically 
undistinguished OMM and undifferentiated sarcoma. Cases with oral mass having negative 
markers were diagnosed as undifferentiated sarcoma.

Statistical analysis of clinical assessment
All enrolled dogs that received ca-4F12-E6 administrations were considered evaluable for safety 
endpoints. Safety evaluation only included data until the date of withdrawal when enrolled dogs 
were found ineligible. Tumor response evaluation included both cases with measurable disease 
and non-measurable diseases. However, the calculation of ORR and CBR after the first treatment 
cycle was limited to dogs with measurable diseases. Cases 22 and 26 in which toceranib or 
radiation was used in combination at start to the trial were excluded from the calculation of 
tumor response rate. The mean or median value of age, the number of treatments, PFS, and OS 
were calculated using JMP pro software (SAS Institute Japan, Tokyo, Japan).

Data availability statement
The data that support the findings of this study are available from the corresponding author 
upon reasonable request.

RESULTS

Case characteristics
This study included 38 dogs with advanced non-OMM solid tumors from January 7, 2020, 
to April 15, 2022. However, one dog was withdrawn from the trial at the owner’s request, 
for unknown reason. Then, we assessed 37 enrolled dogs for further analysis (Fig. 1). The 
characteristics of 37 dogs were summarized in Table 1. The median age for entry to this study 
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was 11 years (range, 1–15). There were 6 intact males, 12 castrated males, 3 intact females, and 
16 spayed females. The most common breed was Miniature Dachshund (n = 9). The tumor 
types included UC (n = 5), SCC (n = 6), undifferentiated sarcoma (n = 5), nasal adenocarcinoma 
(n = 3), MGT (n = 3), lung carcinoma (n = 2), heart base tumor (n = 2), adenocarcinoma of 
unknown origin (n = 1), hepatocellular carcinoma (n = 2), colorectal adenocarcinoma (n = 1),  
osteosarcoma (n = 2), soft tissue sarcoma (n = 3), and skin melanoma (n = 2). Primary 
tumor lesion, tumor, node, and metastasis classification, and the target lesion in each case 
were shown in Table 1. Of 37 dogs, 34 received prior therapies, including surgery, radiation 
(orthovoltage [kV] and megavoltage [MV]), and chemotherapeutic drugs such as toceranib 
and nonsteroidal anti-inflammatory agents (NSAIDs). The median time from the completion 
of prior therapy to the start of this trial was 35 days (range, 0–1019 days). Along with ca-
4F12-E6 treatment, 4 UC cases (Cases no. 1, 2, 3, and 5), 1 undifferentiated sarcoma (case 16), 
and 1 nasal adenocarcinoma (case 19) were treated with NSAIDs, and cases 22 and 26 were 
allowed concurrently treatment with orthovoltage radiation (kV) and toceranib phosphate, 
respectively, because we confirmed tumor progression at the start of ca-4F12-E6. The ca-
4F12-E6 treatment regimen was referred to in our previous study [11]. The median numbers 
of ca-4F12-E6 administrations were 6 (range, 1–43). Exceptionally, the ca-4F12-E6 dosage 
was increased up to 6 mg/kg from day 221 because of tumor progression (Fig. 2A) and the 
owner’s request for case 6. Case 27 was started on toceranib phosphate along with ca-4F12-E6 
administration from day 385 because of the new lesions of tumor metastasis (Fig. 2A).

AEs
Treatment-related, treatment-unlikely, or unrelated AEs were summarized in Table 2. 
Treatment-related AEs with any grade occurred in 13 out of 37 cases (35.1%). The most 
frequent AEs were diarrhea and elevated liver enzymes (alanine transaminase, aspartate 
transaminase, and alkaline phosphatase). AEs of grade 4 were only seen in elevated alanine 
transaminase (cases 4 and 25). Two cases (cases 7 and 14) of aspiration pneumonia (grade 3) 
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38 dogs were enrolled

37 dogs evaluated for safety profile and tumor response

1 dog that received one dose of antibody had withdrawn at the owner's request

● SD 1
● PD 5

● CR 1
● PR 1
● SD 6
● PD 14 (including four case which did not complete one cycle)
● NE 7 (including four case which did not complete one cycle)

Measurable diseases: 30 dogs

Calculate the overall tumor response rate
and median survival time

Case 26 was excluded due to
the use of concurrent therapy

Calculate the overall tumor response rate

Case 22 was excluded due to
the use of concurrent therapy

Non-measurable disease: 7 dogs

Fig. 1. The flow chart of the enrollment of eligible dogs in the clinical study. 
CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; NE, not evaluation.
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treatment cycle are indicated by a waterfall plot. 
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and a case (case 24) of a seizure (grade 2) were observed as treatment-unlikely or unrelated 
AEs. Additionally, the secondary tumor occurred in two cases (cases 6 and 27).

The suspected immune-related adverse events (irAEs)
Sterile nodular panniculitis, known as an immune-mediated disease, occurred in two 
cases (cases 27 and 28) in this study, however, was improved after 70 days and 128 days, 
respectively, without anti-inflammatory therapy. Moreover, in case 27, megaesophagus, 
myasthenia gravis, and hypothyroidism simultaneously occurred on day 455, after starting 
concurrent use of toceranib phosphate on day 385 in addition to ca-4F12-E6 treatment 
(Table 2). The concentrations of thyroid-stimulating hormone (TSH), total T4, and free T4 
were 3.21 ng/mL (reference range, 0.9–2.6 ng/mL), < 0.5 μg/dL (reference range, 0.5–0.32 
μg/dL), and 0.731 ng/dL (reference range, 1.1–3.6 ng/dL), respectively. Furthermore, the 
serum concentration of the anti-acetylcholine receptor antibody was increased (12.71 
nM, reference range, 0–0.6 nM), although anti-thyroglobulin antibody was not detected. 
Hypoadrenocorticism had not been observed in case 27. Therefore, case 27 was diagnosed 
with hypothyroidism and acquired megaesophagus, which has been associated with 
myasthenia gravis, regardless of not having a proven detailed mechanism.

Efficacy
Initially, based on the tumor mass diameter for the cRECIST criteria, we divided 37 enrolled 
dogs into two groups: those with and without target lesions (i.e. measurable or non-
measurable diseases) (Fig. 1 and Table 1). Then, 30 cases with target lesions were eligible for 
tumor response evaluation (Table 1). The remaining 7 cases have not been included in the 
tumor response rate calculation; however, their treatment response was similarly evaluated in 
cases with target lesions (Table 1).
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Table 2. Adverse events in dogs received ca-4F12-E6 (n = 37)
Variables All grade Grade 1 Grade 2 Grade 3 Grade 4
Treatment-related

Appetite, altered 2 1 1 0 0
Fatigue 1 1 0 0 0
Diarrhea 5 4 1 0 0
Vomiting 1 1 0 0 0
Colitis 1 0 1 0 0
ALT 3 0 1 0 2
AST 2 0 0 2 0
ALP 3 0 1 2 0
Bil 1 1 0 0 0
Megaesophagusa 1 0 1 0 0
Myasthenia gravisa 1 0 1 0 0
Hypothyroidisma 1 0 0 1 0
Sterile nodular panniculitis 2 -

Treatment-unlikely or unrelated
Aspiration pneumonia 2 0 0 2 0
BUN 1 0 0 1 0
ALT 3 0 0 2 1
ALP 3 0 1 1 1
Seizure 1 0 1 0 0
Occurring the other tumor 2 -

ALT, alanine transaminase; AST, aspartate transaminase; ALP, alkaline phosphatase; Bil, bilirubin; BUN, blood 
urine nitrogen.
aCase 27 received ca-4F12-E6 combined with toceranib.



Fig. 2A depicted changes in the tumor burden of the target lesions over time for each case. 
The waterfall plot indicated the percent change in tumor burden from baseline when cases 
achieved the evaluation of tumor size at the end of the first treatment cycle (Fig. 2B). Of 
30 cases, case 26 was excluded from the calculation of the tumor response rate due to 
concomitant treatment. Of remaining 29 cases, one dog has CR, one dog has PR and 6 have 
SD while 14 have PD (Fig. 1), and the remaining 7 dogs could not be evaluated for tumor 
size at the end of the initial treatment cycle, as they either died or their owner’s consent for 
examinations could not be obtained. Notably, case 14 with undifferentiated sarcoma whose 
primary oral mass had been controlled after radiation therapy for 161 days prior to this trial 
showed complete tumor regression for lung metastasis by ca-4F12-E6 treatment at the first 
cycle (Fig. 3A). Hence, ORR and CBR were 6.9% and 27.6%, respectively. Median PFS and 
OS were 70 days (95% confidential interval, 46–72) and 215 days (95% confidential interval, 
63–506), respectively. The tumor burden of case 6 was completely reduced on day 144 with 
subsequent follow-up, and case 31 revealed a PR after four treatment cycles. The treatment 
for three cases (cases 17, 31, and 36) remained ongoing.

Tumor responses including mixed response and pseudoprogression/slow 
onset
Case 24 with treatment-naïve primary lung carcinoma with multiple lesions showed unique 
treatment responsiveness different from conventional therapies (Fig. 3B). The diameter of 
the target lesion and non-target lesion 2 was gradually decreased over time by ca-4F12-E6 
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A Case 14: Metastatic undifferentiated sarcoma

Pre-treatment Day 63

B Case 24: Primary lung carcinoma (adenocarcinoma suspected)
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Fig. 3. The clinical course of two dogs with metastatic undifferentiated sarcoma and primary lung epithelial 
tumor. (A) Case 14: Representative CT scan images of lung metastasis of an undifferentiated sarcoma dog treated 
with ca-4F12-E6 for the first cycle. The red arrow indicates the target lesion. (B) Case 24: Measurement of the 
longest diameter of each lung tumor, including one target lesion and two non-target lesions. Case 24 received 
three cycles of ca-4F12-E6.



treatment while non-target lesion 1 was apparently increased. A suspected metastatic brain 
lesion was detected using magnetic resonance imaging on day 216. Based on cRESIST 
criteria, this case categorized tumor response as PD, however, this clinical response indicated 
the mixed tumor response pattern, which means discordant reactivity of lesions evaluated, as 
sometimes seen in human patients treated with ICIs. Additionally, there was similarly mixed 
tumor responsiveness in cases 2, 13, and 36. Briefly, the tumor response of target lesions 
showed SD but new tumor lesions were observed in a lung and an iliac lymph node of case 2, 
and an axillary lymph node of case 36 (Table 1). In case 13, the metastatic lesions in the lung 
showed a mixture of shrinking and enlarging.

The result of case 12 with lung metastatic undifferentiated sarcoma revealed another unique 
responsiveness, such as pseudoprogression or slow onset (Supplementary Fig. 1A). The non-
target lesions were enlarged at the end of the first treatment cycle. Unfortunately, the CT scan 
at the second time point could not be performed due to a problem with anesthesia, and the 
owner decided to withdraw from this trial. A CT scan revealed the first registered non-target 
lesions that disappeared completely but new lung metastatic lesions were observed on day 
294 (Supplementary Fig. 1B). We re-started the ca-4F12-E6 administration for those new 
lesions. Hence, further ca-4F12-E6 treatment induced complete tumor regression on day 
364. These data suggested that anti-PD-1 therapy using ca-4F12-E6 was effective in canine 
advanced solid tumors in addition to OMM, but variable response patterns, such as mixed 
responses, were identified in human studies.

IHC of TILs in a dog with SCC
We obtained tumor tissue samples during the pre- and post-treatment (day 18 and day 207) 
in case 6 who was a ca-4F12-E6 treatment responder. Case 6 had a PR at the first time point 
of evaluation (day 74), as shown in Fig. 4A. A CR was achieved on day 144 with a continuous 
ca-4F12-E6 treatment. However, a relapse was observed on day 207. TILs, including cytotoxic 
T cells and regulatory T cells, stained with anti-CD8 and anti-Foxp3 antibodies, respectively, 
and were evaluated. Tumor tissues on pre-treatment indicated few T cell infiltrations (Fig. 4B). 
Interestingly, the IHC result showed the number of CD8-positive T cells increased after ca-
4F12-E6 treatment in contrast to that of Foxp3-positive T cells slightly increased (Fig. 4B). We 
determined to continue ca-4F12-E6 treatment with increment dosage up to 6 mg/kg because 
cytotoxic T cells were accumulated in the relapsed tumor. Then, the tumor burden in case 6 
was mildly decreased (Fig. 2A). This suggested that cytotoxic T cell accumulation might be 
induced by ca-4F12-E6 treatment even if the anti-tumor effect of those T cells had not emerged 
upon recurrence.

DISCUSSION

The present study revealed that caninized anti-canine PD-1 monoclonal antibody (ca-
4F12-E6) demonstrated relatively safe and anti-tumor activity against some of the advanced 
canine solid tumors as observed in OMM. Some cases received > 20 ca-4F12-E6 doses, but 
the overall AEs rate was 35.1%. This result was relatively lower than previous canine studies 
(51.7%–63.3%) [4,11]. Moreover, no AEs with grade 5 were observed in the present study.

irAEs are frequently observed AEs in patients treated with ICI, and sometimes are one of the 
reasons for discontinuing ICI treatment in humans. Additionally, irAEs were distinct from 
conventional chemotherapy-related toxicities [18]. The occurrence of irAEs involved various 
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organs, including the skin, digestive system, endocrine system, respiratory system, and urinary 
system. Previous studies in dogs revealed suspected irAEs in liver injury and pneumonitis 
[4,11]. Elevation of grade 4 alanine transaminase was observed in two cases; however, as 
we did not perform liver biopsies, these cases could not be assessed whether irAEs or not. 
Both of these cases did not show any clinical symptoms, and their liver enzymes decreased 
immediately with the intervention of hepatoprotective therapies such as S-adenosylmethionine 
and ursodeoxycholic acid. However, the present study revealed two cases representing sterile 
nodular panniculitis, which is the first report of irAEs involved in dog skin. The anti-CTLA4 
antibody in humans is more frequently associated with dermatological irAEs than the anti-PD-1 
antibody, but the anti-PD-1 antibody seems to have a wider range of symptoms. Granulomatous 
reactions of the skin after ICI treatments are rare in human [19,20], but the incidence of sterile 
nodular panniculitis is needed to investigate further clinical studies in dogs.
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Fig. 4. Tumor response and immunohistochemistry for tumor-infiltrating lymphocytes in a case with nasal squamous cell carcinoma. (A) Case 6 received a total 
of four ca-4F12-E6 cycles. The pictures show the target lesion at the indicated time point. (B) Tumor-biopsy specimens with immunohistochemistry using anti-
CD8 antibody or anti-Foxp3 antibody for lymphocytic markers reveal that cytotoxic T cells (indicated as CD8-positive cells) were accumulated in post-treatment 
tumor tissues. The peroxidase and DAB staining method was used to visualize the immunolabelling. Scale bars: 20 μm.



Moreover, case 27 showed megaesophagus, myasthenia gravis, and hypothyroidism 
simultaneously, maybe due to irAEs. Megaesophagus was considered to occur secondary 
to myasthenia gravis and/or hypothyroidism because clinical symptoms, including 
regurgitation, were improved using the thyroid replacement hormone and steroid therapy 
along with anti-PD-1 antibody discontinuation. However, those irAEs occurred after initiating 
the combination with toceranib phosphate, and whether the symptoms were caused either 
alone or in combination was unclear. Serum TSH levels are elevated although toceranib 
phosphate was not concluded to cause hypothyroidism [21]. There were no reports of 
myasthenia gravis induced by treatment with toceranib phosphate. We speculated that the 
combination of the anti-PD-1 antibody caused these irAEs because case 27 had received 
toceranib phosphate before inclusion in the present study without any AEs. The tyrosine 
kinase inhibitor axitinib combined with anti-PD-1 antibody pembrolizumab caused the acute 
onset of myasthenia gravis in addition to hypothyroidism and adrenal insufficiency in a 
patient with human renal cell carcinoma [22]. Therefore, further clinical studies are required, 
considering AEs, although the combination of toceranib phosphate and ICIs are promising 
for canine tumors.

ORR in non-OMM cases (6.9%) was relatively similar to that in previously reported OMM 
cases (7.7%–16.7%) [4,11,12]. The anti-PD-1 antibody may be considered as therapy for 
advanced solid tumors except for OMM despite a remarkable clinical efficacy exhibited 
in a significant minority of dogs. The number of infiltrating lymphocytes in tumor tissue 
post-treatment was increased from that of pre-treatment, as shown in Fig. 4B. This suggests 
that anti-PD-1 antibodies may affect not only pre-existing exhausted T cells but also newly 
recruited cytotoxic T cells from lymph nodes or peripheral blood [23]. Therefore, further 
investigation using TILs will be required to confirm the suitability of this phenomenon as a 
treatment-response biomarker. Recent veterinary studies established the evaluation methods 
of MSI-H/dMMR and IHC of PD-L1 expression [4,16]. Hence, clinical trials incorporating 
more dogs with each tumor type are needed using those methods to develop a predictive 
biomarker for treatment-response, such as human studies [24].

Atypical tumor responses, including mixed response and pseudoprogression/slow onset, 
were observed in five cases (cases 2, 12, 13, 24, and 36). Among these cases, some may 
have the potential for clinical efficacy with the anti-PD-1 antibody when observed over a 
more extended evaluation period. However, according to cREISCT criteria, they were all 
categorized as PD. Our data suggested anti-PD-1 antibodies may take time to develop efficacy, 
i.e., unlike conventional chemotherapies, tumor response differs from PD to CR depending 
on the timing of evaluation. In particular, early diagnosis of PD may lead to discontinuation 
of treatment. Novel immunotherapies, such as ICIs, have been observed in distinct immune-
related tumor response patterns in human patients, which trigger changes in the new criteria 
irRECIST or iRECIST from traditional RECIST [25,26]. We suggest that a similar evaluation 
method to replace cRECIST is needed in dogs, following humans.

In conclusion, the present study described the safety profile and clinical activity of the 
caninized anti-canine PD-1 antibody, ca-4F12-E6, in various types of canine tumors. The 
administration of ca-4F12-E6 was well-tolerated and had objective responses in dogs with 
SCC and undifferentiated sarcoma. However, study limitations included the small number 
of cases with each tumor type, the absence of optimal disease controls, unconfirmed PD-1 
and PD-L1 expression on tumor tissues due to lack of commercially available antibodies, 
and inconsistency with the prior and concurrent treatment. However, the present study 
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influences the development of a novel immunotherapeutic approach in veterinary medicine. 
It is necessary to plan further clinical trials based on this pilot study to validate the treatment 
efficacy more accurately. It is also crucial to investigate whether the treatment responsiveness 
of PD-1 antibodies changes due to prior therapy.
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Supplementary Table 1
Inclusion and exclusion criteria in the present study

Supplementary Fig. 1
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