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Development of anti‑feline PD‑1 
antibody and its functional analysis
Shoma Nishibori 1, Mika K. Kaneko 2, Takayuki Nakagawa 3, Kazuo Nishigaki 4, Yukinari Kato 2, 
Masaya Igase 1 & Takuya Mizuno 1*

Antibodies against immune checkpoint molecules restore T-cell function by inhibiting the binding of 
PD-1 and PD-L1 and have been shown to exert therapeutic effects in various human cancers. However, 
to date, no monoclonal antibody that recognizes feline PD-1 or PD-L1 has been reported, and there 
are many unknowns regarding the expression of immune checkpoint molecules and their potential 
as therapeutic targets in cats. Here we developed anti-feline PD-1 monoclonal antibody (1A1-2), 
and found that the monoclonal antibody against anti-canine PD-L1 (G11-6), which was previously 
developed in our laboratory, cross-reacted with feline PD-L1. Both antibodies inhibited the interaction 
of feline PD-1 and feline PD-L1 in vitro. These inhibitory monoclonal antibodies augmented the 
interferon-gamma (IFN-γ) production in activated feline peripheral blood lymphocytes (PBLs). 
Furthermore, for clinical application in cats, we generated a mouse-feline chimeric mAb by fusing 
the variable region of clone 1A1-2 with the constant region of feline IgG1 (ch-1A1-2). Ch-1A1-2 also 
augmented the IFN-γ production in activated feline PBLs. From this study, 1A1-2 is first anti-feline 
PD-1 monoclonal antibody with the ability to inhibit the interaction of feline PD-1 and PD-L1, and the 
chimeric antibody, ch-1A1-2 will be a beneficial therapeutic antibody for feline tumors.

Cancer is the leading cause of death in older companion animals, such as cats and dogs1–3. The most common 
types of tumors in cats include lymphoma, squamous cell carcinoma, mammary gland tumor, and soft tissue 
sarcoma4,5. Cancer treatment for companion animals depend on the tumor type, histologic grade, degree of tumor 
progression, individual’s general condition, and the owner’s financial situation. Established treatment options 
include surgery, radiation therapy, and chemotherapy4,6. However, currently available therapies are limited in 
curing many feline cancers, especially at advanced stages. Therefore, the development of novel therapies which 
are different from existing therapies that may be used in combination with current therapies is crucial.

Immunotherapy is a breakthrough in human cancer therapy and is a field of oncology that has recently made 
remarkable progress7. Among those, immune checkpoint molecules, such as cytotoxic T lymphocyte-associated 
antigen 4 (CTLA-4) and programmed cell death 1 (PD-1), have been receiving a lot of attention in the last decade. 
PD-1 molecules are expressed on the cell surface of CD4 + and CD8 + T cells, NK cells, and antigen-presenting 
cells such as macrophage and dendritic cells8,9. The interaction of PD-1 with programmed death-ligand 1 (PD-L1) 
downregulates the expression of certain antiapoptotic molecules, proinflammatory cytokines, and suppresses 
T-cell proliferation by inhibiting T-cell receptor signaling10,11. However, tumor cells express PD-L1 on their 
cell surface and bind to PD-1 on tumor-infiltrating lymphocytes, resulting in impaired cytokine production 
and cytotoxic activity against tumor cells12,13. Therefore, the inhibition of the PD-1/PD-L1 pathway can restore 
the effector functions of exhausted T cells, and monoclonal antibodies (mAbs) against PD-1 or PD-L1 that can 
enhance or restore T-cell effector functions have attracted much attention14. Based on these findings, several 
immune checkpoint inhibitors have been approved by the US Food and Drug Administration (FDA) for treat-
ment and its therapeutic indications are expanding. Pembrolizumab and nivolumab, that were developed to target 
PD-1, were first approved by the FDA in 201415, and since then, various mAbs against PD-1 and PD-L1 have been 
developed and numerous clinical trials have been conducted16–21. More recently, veterinary medicine has been 
focusing in the expression and functional analysis of these immune checkpoint molecules and their usefulness 
as therapeutic targets in animals22. In dogs, mAbs against PD-1/PD-L1 have been developed23–25, some of which 
have shown therapeutic efficacy in clinical trials26–29.
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The feline PD-1 nucleotide sequence in cats was reported in 2010 and was found to have an amino acid 
sequence similar to that of humans and dogs30. It has also been reported that the protein expression of PD-1 
and PD-L1 is elevated in blood lymphocytes from cats chronically infected with the feline immunodeficiency 
virus (FIV) compared that of uninfected cats30. Another study reported the elevation of PD-1 and PD-L1 mRNA 
expressions in peripheral blood mononuclear cells (PBMCs) obtained from cats with clinical signs associated with 
feline infectious peritonitis compared to healthy cats31. Furthermore, it has been reported that serum PD-1 and 
PD-L1 levels were significantly higher in cats with HER2-positive and triple negative (TN) normal-like mammary 
carcinomas32. PD-L1 expression in cancer cells was significantly higher in HER2-positive samples than in TN 
normal-like tumors33. We demonstrated the cross-reactivity of anti-human PD-L1 monoclonal antibody (clone 
28-8) with feline PD-L1, and revealed that PD-L1 was expressed in macrophages in the spleen and lymph nodes 
of healthy cats and feline mast cell tumor tissues (in submission). However, to date, there are no mAbs against 
PD-1 and PD-L1 that can inhibit the interaction of these molecules. Thus, there are still many unknowns in 
terms of PD-1 and PD-L1 expression and the functional analysis of their interactions.

In this study, we have developed a novel mAb against feline PD-1. We also show that the anti-canine PD-L1 
mAb, which was previously developed in our laboratory, cross-reacted with feline PD-L1. We also showed that 
these mAbs can inhibit the binding of feline PD-1/PD-L1 and restore the lymphocyte exhaustion. Furthermore, 
we generated a mouse-feline chimeric mAb against feline PD-1 for clinical use and analyzed their functions.

Results
Development of mAb against feline PD‑1 and analysis of feline PD‑1 expression in cell 
lines.  To obtain an mAb against feline PD-1, we first generated NIH3T3/fPD1 cells, which are NIH3T3 cells 
overexpressing feline PD-1 tagged with a FLAG. NIH3T3/fPD1 cells expressed a protein with a molecular weight 
of approximately 60 kDa determined by western blotting using the anti-FLAG antibody (Fig. 1A left panel). 
We immunized the mice with NIH3T3/fPD1 cells, and obtained 288 hybridoma clones, which were screened 
by flow cytometry using NIH3T3/fPD1 cells. Among these clones, clone 1A1-2 was found to bind to the feline 
PD-1 expressed on NIH3T3 cells (Fig. 1B). Clone 1A1-2 was a kappa light chain of the IgG1 subclass. The protein 
extracted from NIH3T3/fPD1 was detected by western blotting using 1A1-2, and the band showed the same 
molecular weight as that detected with anti-FLAG antibody (Fig. 1A right panel).

Next, the expression of PD-1 in feline cell lines was analyzed by flow cytometry using clone 1A1-2. As shown 
in Fig. 1C, PD-1 expression was detected in T-cell lymphoma cell lines (FT-1 and FeLV-3281), the thymic lym-
phoma cell line (3201), and the FIV-infected lymphoblastoid cell line (FL-4). PD-1 expression was not detected 
in the B-cell lymphoma cell line (MS4), PBMC-derived cell line (Fet-J), astrocyte cell line (G355), macrophage 
cell line (fcwf-4), and fibroblast cell line (CRFK), and all of mammary adenocarcinoma cell lines (FYMp, FKNp, 
FONp, FONm, and FMCm) (Table 1 and Supplement Figure). In addition, to confirm the specificity of clone 
1A1-2 to feline PD-1, we generated a PD-1-knockout cell line, FT-1/ko-fPD1. Binding of clone 1A1-2 to FT-1 
was lost after knockout of fPD-1 by flow cytometry (Fig. 1D).

Cross‑reactivity of anti‑canine PD‑L1 mAb to feline PD‑L1 and analysis of feline PD‑L1 expres‑
sion in cell lines.  We generated NIH3T3/fPDL1 cells, NIH3T3 cells overexpressing feline PD-L1 tagged 
with a FLAG and confirmed the expression of feline PD-L1 by western blotting using an anti-FLAG antibody, 
showing a band at a molecular weight of approximately 60 kDa (Fig. 2A left panel). We developed several anti-
canine PD-L1 mAbs in our previous study24. Among these, anti-canine PD-L1 mAb, clone G11-6, was found to 
bind to feline PD-L1 by screening anti-canine PD-L1 mAbs by flow cytometry using NIH3T3/fPDL1 cells, and 
no other antibodies (Fig. 2B). However, the protein extracted from NIH3T3/fPDL1 could not be detected by 
western blotting using clone G11-6 (data not shown). Because clone G11-6 might recognize a conformational 
epitope of feline PD-L1, the protein extracted from NIH3T3/fPDL1 was subjected to immunoprecipitation with 
clone G11-6, followed by western blotting using the anti-FLAG antibody. As a result, a clear band at the same 
molecular weight as that detected with anti-FLAG antibody (Fig. 2A right panel).

To prove that clone G11-6 binds to endogenously expressed fPD-L1, the expression of PD-L1 in feline cell 
lines was analyzed by flow cytometry using clone G11-6. As shown in Fig. 2C, PD-L1 expression was detected in 
three out of five mammary adenocarcinoma cell lines (FYMp, FKNp, and FONp), the T-cell lymphoma cell line 
(FeLV-3281), and B-cell lymphoma cell line (MS4), but not in the macrophage (fcwf-4) and fibroblast (CRFK) 
cell lines. Expression of PD-L1 was induced in FYMp FKNp, FONp, and FMCm, and slightly in FeLV-3281, 
fcwf-4, and CRFK when cultured for 24 h with feline IFN-γ. As summarized in Table 2, neither PD-1 nor PD-L1 
was expressed in PBMC-derived cell line (Fet-J), astrocyte cell line (G355), and one mammary adenocarcinoma 
cell line (FONm) (Supplement Figure). In addition, to further validate the specificity of the mAb to endogenous 
feline PD-L1, we generated feline PD-L1-knockout cell line, FYMp/ko-fPDL1. We confirmed that the binding of 
G11-6 was completely lost in FYMp/ko-fPDL1 cell line by flow cytometry (Fig. 2D). These results demonstrate 
the specificity of G11-6 for feline PD-L1, which was further used as an anti-feline PD-L1 antibody.

Inhibition of PD‑1/PD‑L1 binding by mAbs against feline PD‑1 and PD‑L1.  To verify whether 
these mAbs for feline PD-1 or PD-L1 inhibit the binding of feline PD-1 and PD-L1, the extracellular domains of 
feline PD-1 and PD-L1 were fused to the human IgG2 region to produce a soluble Fc fusion protein. The fusion 
proteins, fPD1-hIg and fPDL1-hIg were purified and detected at the expected molecular weight by western blot-
ting using the anti-human IgG antibody (Fig. 3A). Furthermore, it was confirmed by flow cytometry that these 
fPD1-hIg and fPDL1-hIg proteins bound to NIH3T3/fPDL1 and NIH3T3/fPD1, respectively, not to the parental 
NIH3T3 (Fig. 3B). Preincubation of NIH3T3/fPD1 with anti-feline PD-1 mAb, clone 1A1-2, inhibited the bind-
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Figure 1.   Specificity of anti-PD-1 mAb against feline PD-1 and analysis of PD-1 expression in feline cell 
lines. (A) Cell lysates from NIH3T3 (mock) and NIH3T3/fPD1 were used for western blotting. Proteins were 
separated by SDS-PAGE in two identical membranes, followed by western blotting using anti-FLAG antibody 
(M2) or anti-fPD1 mAb (1A1-2) in different membranes. Right blotting was reprobed with anti-β-actin 
antibody as the loading protein control. A representative result of 2 independent experiments is shown. Full 
images of western blotting at several different exposure time are shown in Supplementary Figure for Fig. 1A. (B) 
NIH3T3 or mock and NIH3T3/fPD1 or NIH3T3/fPD1 were stained with serially titrated anti-fPD-1 (1A1-2) 
mAb, followed by staining with secondary anti-mouse IgG-alexa647. (C) Flow cytometric analysis of feline PD-1 
expression in feline cell lines. Cell lines were collected and stained with isotype control or anti-fPD-1 (1A1-2) 
mAb, followed by a secondary antibody. The red and blue histograms indicate the isotype control and 1A1-2 
staining, respectively. (D) Flow cytometric analysis of feline PD-1 expression in feline PD-1-knocked out cell 
line, FT-1/ko-fPD1 cells. FT-1 cells, and FT-1/ko-fPD1 cells were collected and stained with the isotype control 
or anti-PD-1 (1A1-2) mAb, followed by a secondary antibody.

Table 1.   Summary of PD-1 and PD-L1 expressions in feline cell lines.

Cell lines Origins PD-1 expression

PD-L1 expression

IFN-γ (−) IFN-γ ( +)

FT-1 T cell lymphoma (FeLV +)  +  − −

FeLV-3281 T cell lymphoma (FeLV +)  +   +   +  + 

MS4 B cell lymphoma −  +   + 

3201 Thymic lymphoma  +  − −

FL-4 Lymphoblastoid (FIV +)  +  − −

FeT-J Lymphoblastoid − − −

fcwf-4 Macrophage cells − −  + (weak)

CRFK Fibroblast − −  + (weak)

G355 Astrocyte − − −

FONp Mammary adenosarcinoma −  +   +  + 

FYMp Mammary adenosarcinoma −  +   +  + 

FKNp Mammary adenosarcinoma −  +   +  + 

FONm Mammary adenosarcinoma − − −

FMCm Mammary adenosarcinoma − −  + 
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ing of fPDL1-hIg in an antibody dose-dependent manner (Fig. 3C left panel). Similarly, anti-feline PD-L1 mAb, 
clone G11-6, inhibited the binding of fPD1-hIg to NIH3T3/fPDL1 (Fig. 3C right panel).

Feline PD‑1 and PD‑L1 expressions in stimulated lymphocytes.  To investigate the expression of 
PD-1 and PD-L1 in feline immune cells, flow cytometry using anti-fPD-1 and fPD-L1 mAbs was performed 
on unstimulated and concanavalin A (Con A)-stimulated feline peripheral blood lymphocytes (PBLs). PD-1 
and PD-L1 expression was not detected in unstimulated PBMC, but mitogenic stimulation with Con A for 48 h 
induced PD-1 and PD-L1 expression (Fig. 4).

Production of IFN‑γ stimulated by inhibition of PD‑1/PD‑L1 with mAbs.  To examine the effect 
of inhibiting fPD-1/PD-L1 binding in lymphocytes by mAbs, we measured the levels of IFN-γ released from the 
stimulated PBLs into the culture supernatant. As shown in Fig. 5A, PBLs collected from seven healthy cats were 

Figure 2.   Cross-reactivity of anti-canine PD-L1 mAb with feline PD-L1 and analysis of PD-L1 expression in 
feline cell lines. (A) Cell lysates from NIH3T3 or mock and NIH3T3/fPDL1 or NIH3T3/fPDL1 were extracted 
and used for western blotting and immunoprecipitation. Western blotting was performed using anti-FLAG 
antibody (M2). For immunoprecipitation, cell lysates were immunoprecipitated with anti-canine PDL1 mAb 
(G11-6), and western blotting was performed using an anti-FLAG antibody (M2). Full images of western 
blotting at several different exposure time are shown in Supplementary Figure for Fig. 2A. (B) NIH3T3 or mock 
and NIH3T3/fPDL1 or NIH3T3/fPDL1 were stained with serially titrated mAb for anti-PD-L1 (G11-6) followed 
by staining with a secondary anti-rat IgG-DyLight649 antibody. (C) Flow cytometric analysis of feline PD-L1 
expression in feline cell lines. Cell lines were treated with or without IFN-γ for 24 h. Cell lines were collected 
and stained with an isotype control or G11-6, followed by a secondary antibody. The red and blue histograms 
indicate the isotype control and G11-6 staining, respectively. (D) Flow cytometric analysis of feline PD-L1 
expression in feline PD-L1-knocked out cell line, FYMp/ko-fPDL1 cells. Cell lines were treated with or without 
IFN-γ for 24 h. FYMp and FYMp/ko-fPDL1 cells were collected and stained with an isotype control or G11-6, 
followed by a secondary antibody.
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stimulated with 10 µg/mL of Con A and incubated with the isotype control or anti-fPD-1 mAb for 48 h. The 
IFN-γ production significantly increased in the presence of anti-fPD-1 mAb, 1A1-2 (p = 0.018). Similarly, the 
addition of anti-fPD-L1 mAb, G11-6, also significantly increased IFN-γ production (p = 0.018) (Fig. 5B).

Generation of chimeric anti‑feline PD‑1 mAb and evaluation of in vitro activity.  To reduce the 
immunogenicity of anti-fPD-1 mAb for clinical application, we generated a mouse-feline chimeric mAb (ch-
1A1-2) by fusing the variable region of clone 1A1-2 with the constant region of feline IgG1 (Fig. 6A). We con-
firmed that ch-1A1-2 specifically bound to NIH3T3/fPD1 by flow cytometry (Fig. 6B). We also confirmed that 
preincubation of ch-1A1-2 with NIH3T3/fPD1 inhibited fPDL1-hIg binding (Fig. 6C). Furthermore, PBLs from 
seven healthy cats were stimulated with 10 µg/mL of Con A in the presence of the isotype control or ch-1A1-2, 
and IFN-γ production significantly increased in the presence of ch-1A1-2 (p = 0.018) (Fig. 6D).

Discussion
In this study, we developed a novel mAb against feline PD-1 (clone 1A1-2) and showed that the anti-canine 
PD-L1 mAb (clone G11-6) developed in our previous study24, cross-reacted with feline PD-L1. It is noteworthy 
that this is the first report about mAbs against feline PD-1 and PD-L1, which demonstrated specificity to both 
molecules and inhibited the interaction between these molecules. The specificities of these mAbs are highly 
reliable, as they have been shown to bind to cell lines overexpressing feline PD-1 or PD-L1, and react with 
endogenous feline PD molecules using feline cell lines, mitogen stimulated lymphocytes, and cell lines in which 
PD molecules have been knocked out. However, although the predicted molecular weights of feline PD-1 and 
PD-L1 are 30 kDa and 33.4 kDa, respectively, western blotting using 1A1-2 and immunoprecipitation using 
G11-6 results showed that the molecular weights of feline PD-1 and PD-L1 are approximately 60 kDa. According 
to previous reports, mouse PD-1 and PD-L134,35 and human PD-1 and PD-L1 were glycosylated36,37. In addition, 
western blotting of canine PD-1 and PD-L1 also showed that the bands had a molecular weight that was larger 
than expected24, indicating that feline PD-1 and PD-L1 are similarly glycosylated. Especially, several bands with 
different molecular weight sizes shown in western blotting of feline PD-1 (Fig. 1A) suggested that feline PD-1 
was modified with various glycosylation, as it has multiple glycosylation sites as human PD-138.

In this study, the expressions of PD-1 and PD-L1 were not observed in unstimulated PBLs, and the induced 
levels of PD-1 expression was weak even when stimulated with Con A. One possible reason why PD-1 expres-
sion in feline lymphocytes was not well induced by even stimulation with a mitogen is that 1A1-2 may not be 
sufficiently sensitive to detect PD-1 in flow cytometry. However, the cause of this is not clear, as flow cytometric 
analysis with 1A1-2 in feline cell lines was able to detect sufficient PD-1 expression. Previous experiments 
have reported that PD-1 and PD-L1 expressed in feline PBMCs were increased by mitogen stimulation and 
irradiation30. PD-1 expression was greatly increased following mitogen stimulation in canine PBMCs19,32. In 
addition, the expression of PD-1 in stimulated PBMCs is a phenomenon commonly seen in mice, humans, and 
bovine34,39,40, and the result of our experiment are inconsistent with these reports. Generally, Con A is a strong 
T-cells stimulant, however, T-cell stimulation with Con A may not be a proper stimulant to induce the expres-
sion of PD-1 in cats.

Notably, the present study is the first report to evaluate the restoration of lymphocyte function in cats when 
inhibited with PD-1 and PD-L1 binding by measuring the levels of IFN-γ. Both anti-PD-1 and anti-PD-L1 
inhibitory mAbs significantly increased in IFN-γ production, but these increments in IFN-γ production were 

Table 2.   The primers used for cloning and construction of plasmid vectors. F forward, R reverse.

Primer name For Direction Nucleotide sequences (5’ to 3’)

YTM1927
Cloning of full length feline PD-1

F GTGGA​TCC​CGT​GGA​GGA​AGA​GAT​TAC​GG (an underline 
indicates BamHI site)

YTM1928 R TCGAA​TTC​CGA​GAG​GAG​AGC​CAA​GCT​G (an underline indi-
cates EcoRI site)

YTM1929
Cloning of full length feline PD-L1

F TCGAA​TTC​CAG​CTC​ATT​AGC​GCG​AGA​AC (an underline 
indicates EcoRI site)

YTM1930 R CCCTC​GAG​TTA​CGT​CTC​CTC​AAA​TTG​TAG​ATC​ (an underline 
indicates XhoI site)

YTM1934 Addition of FLAG tag to feline PD-1 R GTC​GAT​GTC​ATG​ATC​TTT​ATA​ATC​- GAG​GGG​CCA​AGG​GCA​

YTM1935 Addition of FLAG tag to feline PD-L1 R GTC​GAT​GTC​ATG​ATC​TTT​ATA​ATC​- CGT​CTC​CTC​AAA​TTG​

YTM838 Amplification of FLAG tag R GTC​GAT​GTC​ATG​ATC​TTT​ATA​ATC​GTC​GAT​GTC​ATG​

YTM2387
Knockout oligos of feline PD-1

F CAC​CGT​GGG​GAC​CCC​AAC​GGG​CGC​CC

YTM2388 R AAA​CGG​GCG​CCC​GTG​GGG​TCC​CCA​C

YTM2106
Knockout oligos of feline PD-L1

F CAC​CGA​CCT​GCT​GCT​GCA​GCA​GCT​C

YTM2107 R AAA​CCG​AGC​TGC​TGC​AGC​AGC​AGG​TC

YTM1946
Expression vector for fPD1-hIg

F CTT​AGA​CTC​CCC​CTA​CAG​G

YTM1947 R CGG​GAT​CCC​TGG​CCT​TGG​CCGGT​

YTM1948
Expression vector for fPDL1-hIg

F GTT​TAC​GAT​CAC​AGT​GTC​C

YTM1949 R CGA​GAT​CTA​GTC​CTC​TCA​TTT​GCT​GG
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variable between individuals. In a previous study in dogs, differences in the effects of anti-PD-1 and anti-PD-L1 
inhibitory mAbs between individuals were also observed24,25, suggesting that the differences of PD-1 and PD-L1 
expression in stimulated lymphocytes may have influenced the results. This study showed a significant increase 
of IFN-γ production stimulated by anti-PD-1 or anti-PD-L1 mAbs, but the trend was observed more strongly 
when anti-PD-1 antibody was added. We cannot directly compare the ability of these clones to inhibit PD-1 and 
PD-L1 binding only from this study, but it may be caused by the difference of inhibitory effects of those antibod-
ies. It may also be due to the several binding partners for both PD-1 and PD-L1. In addition to binding to PD-L1, 

Figure 3.   Inhibition of fPD-1 and fPD-L1 interaction by mAbs. (A) Western blotting of soluble fPD1-hIg and 
fPDL1-hIg fusion proteins. fPD1-hIg, fPDL1-hIg, and human IgG2-Fc (hIg) were purified from the supernatant 
of Expi-293F cells and submitted to western blotting with anti-human IgG-horseradish peroxidase (HRP). Full 
image of western blotting is shown in Supplementary Figure for Fig. 3A. (B) NIH3T3 or mock and NIH3T3/
fPD1 and NIH3T3/fPD1 were stained with dose-titrated fPDL1-hIg fusion protein (left panel), or NIH3T3 
or mock and NIH3T3/fPDL1 and NIH3T3/fPDL1 with fPD1-hIg (right panel) and followed by staining with 
a secondary anti-human IgG-PE antibody. (C) NIH3T3/fPD1 cells were preincubated with serially titrated 
anti-PD-1 (1A1-2) mAb, and, after washing, incubated with 1 μg/mL of fPDL1-hIg or human Ig (left panel). 
NIH3T3/fPDL1 cells were preincubated with anti-PD-L1 (G11-6) mAb, and, after washing, incubated with 
5 μg/mL of fPD1-hIg or human Ig (right panel). Cells were then stained with a secondary antibody anti-human 
IgG-PE.
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PD-1 has been shown to bind to PD-L2, resulting in the inhibition of T-cell receptor-mediated proliferation and 
cytokine production41. PD-L1 has been shown to bind to CD80 in addition to PD-1, and CD80 has been shown 
to limit the PD-1 co-inhibitory signal, while promoting CD28-mediated co-stimulation42. These mechanisms 
have not been analyzed in cats to date, and therefore, further research is required for a deeper understanding of 
PD-1/PD-L1 interactions in cats.

Few therapeutic feline chimeric or felinized antibodies have been reported to date, and the only commercially 
available one, called Frunevetmab, is a felinized anti-nerve growth factor (NGF) mAb, for alleviation of osteoar-
thritis pain in cats. These antibodies were intended to neutralize feline herpesvirus, calicivirus, and NGF, and the 
feline chimeric antibodies were produced through the fusion of the feline IgG1 constant region with the variable 
region of the respective antibodies43,44. The mouse-feline chimeric mAb against feline PD-1 made in this study, 
ch-1A1-2, was also produced by fusing the variable region with the constant region of feline IgG1. The ch-1A1-2 
was shown to have the same inhibitory ability as 1A1-2 by flow cytometry using human Ig fusion protein. Fur-
thermore, the results of IFN-γ assay using this chimeric mAb showed that the addition of ch-1A1-2 significantly 
increased the production of IFN-γ, suggesting that it can restore lymphocyte exhaustion. Previous reports have 
shown that IgG2 occurs infrequently in healthy cats (~ 2%) and the majority produce IgG1

45. However, IgG1 has 

Mock Con A

PD-L1

PD-1

Figure 4.   PD-1 and PD-L1 expression in stimulated feline lymphocytes. Peripheral blood lymphocytes were 
isolated from the peripheral blood and stimulated with 10 µg/mL of concanavalin A (Con A) for 48 h. After 
culture, the cells were collected and stained with anti-PD1 (1A1-2) mAb or anti-PD-L1 (G11-6) mAb, followed 
by anti-mouse IgG-alexa647 or anti-rat IgG-DyLight649 antibodies, respectively.

Figure 5.   Augmentation of IFN-γ production in concanavalin A (Con A)-stimulated peripheral blood 
lymphocytes (PBLs) treatment with anti-PD-1 mAb or anti-PD-L1 mAb. PBLs were isolated from seven healthy 
cats and stimulated with 10 µg/mL of Con A for 48 h in the presence of mouse IgG1 isotype control or anti-fPD1 
(1A1-2) mAb (A), rat IgG2a isotype control or anti-fPDL1 (G11-6) mAb (B). After 48 h, the culture supernatant 
was collected and the amount of feline IFN-γ in the supernatants was measured in duplicate. Different color bars 
indicate different individuals.
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a higher affinity for fFcγRI and fFcγRIII than IgG2
45, and thus antibody dependent cellular cytotoxicity (ADCC) 

may be induced when ch-1A1-2 is administered in vivo. In this experiment, we used PBLs, which included B 
and NK cells, and a small amounts of remaining monocytes. The reason for the confirmed inhibitory effect of 
ch-1A1-2 is due to the removal of monocytes in this experiment. However, there has been no report to date that 
has evaluated the ADCC activity of feline IgG1, and it is necessary to investigate whether ch-1A1-2 has ADCC 
activity in in vitro and in vivo experiments in the future.

In conclusion, we have succeeded in obtaining mAbs that specifically bind to feline PD-1 or PD-L1 and have 
demonstrated that these mAbs inhibited PD-1/ PD-L1 binding. We also showed that the inhibition of PD-1/
PD-L1 binding in lymphocytes by the mAbs restored lymphocyte exhaustion. Furthermore, we produced a 
functional mouse-feline chimeric mAb against feline PD-1 for clinical application. These results suggest that 
the inhibition of PD-1/PD-L1 binding in the tumor microenvironment may have anti-tumor effects in cats, and 
provide the fundamental tools for the establishment of immune checkpoint molecular inhibition therapy in cats 
as well as in humans and dogs. In the future, for making this antibody finally commercialized, safety and antibody 
pharmacokinetic studies using healthy cats are necessary, and it is expected that the final step of confirming 
safety and anti-tumor efficacy in cancer-bearing cats will be conducted.

Figure 6.   Generation of mouse-feline anti-PD-1 chimeric mAb and its functional analysis in vitro. (A) 
Schematic overview of mouse mAb, 1A1-2, and mouse-feline chimeric mAb, ch-1A1-2. The portions derived 
of mouse sequence are indicated by blue diagrams, and those of cat sequence are indicated by orange diagrams. 
(B) NIH3T3 or mock and NIH3T3/fPD1 or NIH3T3/fPD1 were stained with dose-titrated ch-1A1-2 followed 
by staining with a secondary anti-cat IgG-PE antibody. (C) NIH3T3/fPD1 cells were preincubated with dose-
titrated ch-1A1-2, and, after washing, incubated with 1 μg/mL of fPDL1-hIg or human Ig. Cells were then 
stained with a secondary antibody anti-human IgG-PE. (D) PBLs were isolated from seven healthy cats and 
stimulated with 10 µg/mL of concanavalin A (Con A) for 48 h in the presence of a cat IgG isotype control or 
anti-fPD1 (ch-1A1-2). After 48 h, the culture supernatant was collected and the amount of feline IFN-γ was 
measured in duplicate. Different color bars indicate different individuals.
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Methods
All animal procedures were approved by the Yamaguchi University Ethics Committee (ID#02-12) and the Zenoaq 
Ethics Committee (ID#22051). All experiments were conducted in accordance with relevant guidelines and 
regulations, including the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.

Cell lines.  The D10 complete medium (Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 
10% fetal bovine serum (FBS), 100 units/mL penicillin, 100 µg/mL streptomycin, and 55 µM 2-mercaptoetha-
nol) was used to maintain the human kidney cell line, HEK293T, packaging cell line, PLAT-E46, mouse fibroblast 
cell line, NIH3T347, feline fibroblast cell line, Crandell-Rees Feline Kidney Cell (CRFK)48, feline macrophage cell 
line, fcwf-449, feline T-cell lymphoma cell line, FeLV-3201, feline thymic lymphoma cell line, 320150, and feline 
astrocyte cell line, G35551. Only the FeLV-3281 cell line was used in D10 medium without 2-mercaptoethanol. 
Additionally, the feline T-cell lymphoma cell line, FT-152, feline B-cell lymphoma cell line, MS453, feline lympho-
blastoid cell line, FL-454, the cell line from peripheral blood mononuclear cells, Fet-J55, and feline mammary 
gland tumor cell lines, FONp, FYMp, FONm, FKNp, and FMCm56, were kept in R10 complete medium (RPMI-
1640 supplemented with 10% FBS, 100 units/mL penicillin, 100 µg/mL streptomycin, and 55 µM 2-mercaptoeth-
anol). These cell lines were cultured at 37 °C in a humid incubator with 5% CO2. The NIH3T3 cells were obtained 
from the Institute of Development, Aging, and Cancer at Tohoku University. The FeLV-3281, MS4, Fet-J, G355 
cell lines were kindly provided by Dr. Kazuo Nishigaki (Yamaguchi University). Furthermore, Dr. Hajime Tsu-
jimoto generously donated CRFK, fcwf-4, FT-1, and FL-4 (The University of Tokyo). All feline mammary gland 
tumor cell lines were kindly provided by Dr. Takayuki Nakagawa (The University of Tokyo).

Constructions of the mammalian expression vectors and the human immunoglobulin fusion 
protein vectors.  All primers used for the molecular recombination are detailed in Table 2. Feline PD-1 
and PD-L1 were cloned using the PCR primers, YTM1927 and YTM1928, YTM1929 and YTM1930, with the 
cDNAs of KO-1 cell line57 and FL-4 cell line as a template, respectively. Both amplified products were cut with 
BamHI and EcoRI, and EcoRI and XhoI and ligated into the BamHI and EcoRI sites of pMx-IP (pMx-IP-fPD1-
K#9) and EcoRI and XhoI sites of pMx-IP (pMx-IP-fPDL1-K#14). To add a FLAG-tag, PCR was performed with 
YTM1927 and YTM1934, and YTM1929 and YTM1935 with pMx-IP-fPD1-K#9 and pMx-IP-fPDL1-K#4 as a 
template, followed by another PCR using the amplified product with primers YTM1927 and YTM838 and prim-
ers YTM1929 and YTM838, and was then inserted into the pBluescript SK (-) vector and pANT vector (Nippon 
genetics) to prepare pBS-fPD1-FL#4 and pANT-fPDL1-FL#1, respectively. The fragments of pBS-fPD1-FL#4 
and pANT-fPDL1-FL#1 cut with BglII and SmaI were inserted into the BamHI-SnaBI site of pMx-IP, resulting 
in pMx-IP-fPD1-FL#1 and pMx-IP-fPDL1-FL#9. The nucleotide sequence analysis of each plasmid was per-
formed by the DNA Core Facility of the Center for Gene Research, Yamaguchi University, and compared with 
the nucleotide sequences of feline PD-1 and PD-L1 registered in the public database (NM_001145510.130 and 
LC73501958, respectively).

To prepare the knockout vector for feline PD-1 and PD-L1, YTM2387 and YTM2388, and YTM2106 
and YTM2107 were annealed and put into lentiCRISPRv2 to make lentiCRISPR-fPD1#2 and lentiCRISPR-
fPDL1-2#1, respectively. lentiCRISPRv2 was a gift from Dr. Feng Zhang (Addgene plasmid #52961; http//n2t.
net/addgene:52961; RRID: Addgene_52961).

Vectors expressing fPD-1 or fPD-L1 with the Ig fusion protein were constructed. To construct the expres-
sion vectors, PCR was performed with the primers YTM1946 and YTM1947 or YTM1948 and YTM1949, using 
pBS-fPD1-FL#4 or pANT-fPDL1#1 as the templates. The fPD-1 and fPD-L1 PCR products were cut with BamHI 
or BglII, and cloned into the EcoRV and BglII restriction sites of the pFUSE-hIgG2-Fc2 vector (InvivoGen, Cali-
fornia, US), resulting in pFUSE-fPD1-hIg#1 and pFUSE-cPDL1-hIg#1, respectively.

Establishment of stably transduced cells.  NIH3T3 cells that stably express fPD-1 and fPD-L1 were 
established using retroviral transduction. Briefly, PLAT-E cells (7.5 × 105 cells) were seeded in a 6-well dish, 
one day before transfection. Cell transfection was performed using the PEI Max method. A mixture of 1.25 μg 
of pMx-IP-fPD1-FL#1 or pMx-IP-fPDL1-FL#9 was incubated with 5 μL of 1 mg/mL polyethylenimine (PEI) 
“Max” (Polysciences Inc., Pennsylvania, USA) in 62.5 μL of OPTI-MEM for 15 min at room temperature, then 
added to the cell media. The medium was changed to new DMEM containing 10% FBS 24 h after transfection. 
After a further 24 h, the supernatant was collected from each transfected culture and used for viral transduction 
into NIH3T3 cells as previous described59. The transduced cells were then cultured in the presence of 10 μg/mL 
of puromycin (Sigma-Aldrich Japan K.K., Tokyo, Japan) to obtain stably transduced cells (NIH3T3/fPD1 and 
NIH3T3/fPDL1).

Feline PD-1 was knocked out in FT-1 cells (FT-1/ko-fPD1), and feline PD-L1 was knocked out in FYMp cells 
(FYMpko-fPDL1) using lentivirus transduction. Briefly, HEK293T cells (7.5 × 105 cells) were seeded in a 6 well 
plate, one day before transfection. A mixture of 0.375 µg of lentiCRISPR-fPD1#2 or lentiCRISPR-fPDL1-2#1 
was incubated with 0.5 µg of p8.9QV, 0.375 µg of pCVSVG, and 5 µL of 1 µg/mL PEI Max (Polysciences Inc.) in 
62.5 µL of OPTI-MEM for 15 min at room temperature, and was added to the cell media. Subsequent steps are 
the same as above, but 1.5 µg/mL or 2 µg/mL of puromycin (Sigma-Aldrich) was used for FT-1/ko-fPD1 and 
FYMp/ko-fPDL1 selection, respectively.

Production of a mouse mAb against feline PD‑1.  A panel of antibodies for fPD-1 was obtained by 
immunization with NIH3T3/fPD1 as described in a previous report60. In brief, 1 × 107 of each of the transduced 
cells were prepared in 500 μL phosphate buffered saline (PBS) and emulsified with an equal amount of Titer Max 
Gold (CytRx, California, USA). The emulsified cells were injected intracutaneously into the hind footpads of 
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5-week-old BALB/cCrSlc mice (Japan SLC, Hamamatsu, Japan). Immunization was performed once a week, for 
4 times in total. Ten days after the last immunization, popliteal lymph node cells were collected and fused with 
P3U1 cells, using the ClonaCell-HY kit (Veritas, Tokyo, Japan). Hybridomas producing antibodies against fPD-1 
were identified by cell ELISA and were subsequently cloned.

Supernatants from the hybridoma cultures producing anti-feline PD-1 antibody, 1A1-2, or anti-canine PD-L1 
antibody, G11-6, were collected, and purified using MabSelect SuRe (Cytiva) column with AKTA start (Cytiva).

Production and purification of immunoglobulin fusion proteins.  The pFUSE-fPD1-hIg#1 and 
pFUSE-fPDL1-hIg#1 were transduced into Expi293 F cells using the Expi293 expression system (Thermo Fisher 
Scientific, Waltham, MA, USA) according to manufactures’ instruction. fPD1-hIg and fPD-L1-hIg were col-
lected and purified using a HiTrap Protein A HP column (Cytiva) and desalted using a PD10 column (Cytiva)24.

Western blotting.  Cells were collected, washed once with cold PBS, and lysed at 4 °C for 15 min in lysis 
buffer [1% NP40, 10 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, protease inhibitor cocktails (Nacalai 
Tesque, Kyoto, Japan), 1 mM Na3VO4, and 50 mM NaF], they were then centrifuged at 15,000 rpm for 15 min at 
4 °C. The supernatant was collected, and the amount of protein in the cell lysate was measured using a TaKaRa 
BCA Protein Assay Kit (TaKaRa Bio, Shiga, Japan) according to the manufacturer’s recommendations. The sam-
ples were separated on a 10% acrylamide gel before proteins were blotted onto a PVDF membrane (Merck, 
Darmstadt, Germany). After blotting, the membrane was blocked with blocking buffer (Tris-buffered saline with 
0.05% Tween 20 and 5% skim milk) for 1 h at room temperature. The membrane was incubated with a primary 
antibody, mouse monoclonal anti-FLAG antibody (M2; Sigma-Aldrich; dilution 1:1000), an anti-fPD1 antibody 
in TBS-T with 0.5% skim milk at 4 °C overnight. The membrane was washed 3 times with TBS-T for 10 min at 
a time and then incubated with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG secondary anti-
body (Biolegend Japan, Tokyo, Japan; dilution 1:5000) for 1 h. The membrane was imaged with an Amersham 
ImageQuant 800 after being washed a further three times with TBS-T for 10 min (Cytiva).

Immunoprecipitation.  Cells were collected and washed once with cold PBS. The cells were lysed for 
30 min at 4 °C in 250 µL of lysis buffer [1% NP40, 10 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 
protease inhibitor cocktails (Nacalai Tesque), 1 mM Na3VO4, and 50 mM NaF], centrifuged at 12,000 × g for 
5 min at 4 °C, and the supernatant was collected. The cell lysates were precleared with 10 µL of protein A/G 
agarose (Santa Cruz Biotechnology, Dallas, Texas, USA) for 1 h at 4 °C with rotation. One microgram of anti-rat 
PD-L1 antibody (G11-6) was also incubated with 10 µL protein A/G agarose for 1 h at 4 °C with rotation. The 
precleared lysates and beads with antibodies were mixed at 4 °C overnight with rotation. The immunoprecipi-
tants were washed five times with PBS and dissolved with 1 × loading dye. Western blotting was then performed 
as described above using with a primary antibody, mouse monoclonal anti-FLAG antibody (M2; Sigma-Aldrich; 
dilution 1:1000).

Production of mouse‑feline chimeric mAb against fPD‑1.  To obtain the recombinant antibody, 
we cloned the cDNA heavy chain variable region of 1A1-2 and cDNA constant region of feline IgG1 into the 
pCAGGS-MCS vector, along with the cDNA light chain variable region of 1A1-2 and cDNA constant region of 
the feline kappa light chain into the pCAGGS-MCS vector. Both expression plasmids were transfected into Expi-
293F cells using Expi293 expression system and the produced proteins were purified as described in the section 
“Production and purification of immunoglobulin fusion proteins.” ChromPure Cat IgG, whole molecule, was 
purchased from Jackson ImmunoResearch Inc. (West Grove, PA, USA).

Flow cytometry.  Cell staining by flow cytometry was performed as described in a previous report59. Cells 
were collected and washed with flow cytometry buffer (PBS with 2% FBS and 0.1% NaN3). Cell surface expres-
sion of PD-1 was detected by incubation with 10 μg/mL of anti-fPD-1 or an isotype control (mouse IgG1 kappa 
isotype control; Thermo Fisher Scientific) followed by incubation with alexa-647 conjugated anti-mouse IgG 
antibody (Jackson ImmunoResearch Laboratories, Pennsylvania, USA; dilution 1:500), or incubation with anti-
PD-1 chimeric antibody (ch-1A1-2) or an isotype control (cat IgG isotype control; Jackson ImmunoResearch 
Laboratories) followed by incubation with HiLyte Fluor 647-conjugated anti-cat IgG antibody (dilution 1:2000), 
which was made by labelling of anti-cat IgG antibody (Jackson ImmunoResearch Laboratories) with Ab-10 
Rpid HiLyte Fluor 647 Labelling Kit (DOJINDO MOLECULAR TECHNOLOGIES, INC., Kumamoto, Japna) in 
our lab. Cell surface expression of PD-L1 was detected by incubation with 10 μg/mL anti-cPD-L1 or an isotype 
control (rat IgG2a kappa isotype control; Biolegend Japan) followed by incubation with DyLight649-conjugated 
anti-rat IgG antibody (Biolegend Japan; dilution 1:1000). For the PD-1 and PD-L1 binding assay, soluble fusion 
proteins of fPD1-hIg (5 μg/mL)or fPDL1-hIg (1 μg/mL) were used to detect the cell surface expression of fPD-L1 
or PD-1, respectively, followed by staining with PE-conjugated gamma chain specific anti-human IgG antibody 
(Jackson ImmunoResearch Laboratories; dilution 1:500) as a secondary antibody. Cells were incubated with pro-
pidium iodide immediately before flow cytometric analysis. Results derived from CytoFLEX (Beckman Coulter, 
California, USA) were analyzed using FlowJo software (Treestar, San Carlos, CA, USA). For IFN-γ-induced 
PD-L1 expression analysis, each cell line was incubated with 10 ng/mL of feline IFN-γ (R&D Systems, Minne-
apolis, MN, USA) for 24 h and collected for staining.

Primary cell culture.  PBMCs from specific pathogen-free cats (one 3 year olds, four 4 year old and two 
6 year old), which are kept in our veterinary teaching hospital or NIPPON ZENYAKU KOGYO Co., Ltd. as a 
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blood donor, were separated by density gradient centrifugation using Lymphoprep (Axis-shield, Oslo, Norway). 
For PD-1 and PD-L1 expression analysis, the isolated PBMCs were cultured in R10 for 1.5 h to attach monocytes 
onto the culture dish, and only the lymphocytes in the supernatant were collected. The collected PBLs were cul-
tured in R10 medium in the absence (unstimulated control) or presence of 10 µg/mL of Con A at 37 °C for 48 h. 
The cells were stained with antibodies for flow cytometric analysis.

For the IFN-γ production assay, PBLs are collected by incubating PBMCs and attaching monocytes as in the 
flow cytometry analysis, 2 × 105 PBLs of were cultured in R10 medium in the presence of 10 µg/mL of Con A with 
10 µg/mL of mouse IgG1 isotype control (Biolegend) or anti-PD-1 antibody (1A1-2), or rat IgG2a isotype control 
(Biolegend) or anti-PD-L1 antibody (G11-6), or cat IgG isotype control (Jackson ImmunoResearch Laborato-
ries) or anti-PD-1 chimeric antibody (ch-1A1-2) at 37 °C for 48 h. The cell supernatants were collected, and the 
amount of IFN-γ was measured with DuoSet ELISA Development System feline IFN-γ (R&D systems, Inc.).

Statistical analysis.  Data sets of the two treatment groups for IFN-γ quantitation were compared using 
Wilcoxon signed-rank sum test. The level of statistical significance was set at p < 0.05.

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