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ABSTRACT. Our previous studies demonstrate the therapeutic efficacy against bovine diseases 
of an anti-bovine programmed death-ligand 1 (PD-L1) chimeric antibody. In humans, PD-1 and 
PD-L1 antibodies are more effective when combined with an antibody targeting cytotoxic T 
lymphocyte antigen 4 (CTLA-4) and these combination therapies are therefore clinically used. 
Here we generated an anti-bovine CTLA-4 chimeric antibody (chAb) to enhance the therapeutic 
efficacy of the PD-L1 antibody. We further analyzed the effects of dual blockade of CTLA-4 and 
PD-1 pathways on T-cell responses. The established anti-bovine CTLA-4 chAb showed comparable 
blocking activity on the binding of bovine CTLA-4 to CD80 and CD86 as the anti-bovine CTLA-4 
mouse monoclonal antibody. Anti-bovine CTLA-4 chAb also significantly increased IL-2 production 
from bovine peripheral blood mononuclear cells (PBMCs). Further, the combination of anti-CTLA-4 
chAb with anti-PD-L1 chAb significantly upregulated IL-2 production by PBMCs. These results 
suggest that the combination of antibodies have higher potential to enhance immune responses 
against pathogens compared with single administration.
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The immune system protects the host from viruses, bacteria, and tumor cells. T cells, which mediate cellular immunity, are 
activated through antigen presentation by cells such as macrophages and dendritic cells. In contrast, prolonged activation of T cells 
may damage adjacent normal tissues. The immune checkpoint molecule designated cytotoxic T lymphocyte antigen 4 (CTLA-4), 
which is expressed by activated T cells and regulatory T cells, inhibits T-cell activation. CTLA-4, the homolog of the costimulatory 
molecule CD28, binds to CD80/CD86 [4]. The binding avidity of CTLA-4 for CD80/CD86 is >10-times higher compared with that 
of CD28, which competitively inhibits the binding of CD28 to CD80/CD86 [4].

The binding of CTLA-4 to CD80/86 transmits an inhibitory signal that suppresses T-cell functions [3, 31, 32]. Indoleamine 
2,3-dioxygenase, which is induced through the binding of CTLA-4 to CD80/86 in antigen presenting cells, inhibits the functions 
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of effector T cells as well [15]. Moreover, CTLA-4 physically removes CD80/CD86 through trans-endocytosis and reduces the 
number of CD80/CD86 molecules on antigen presenting cells [25]. Thus, CTLA-4 plays a critical role in the maintenance of host 
homeostasis mediated by these inhibitory activities.

Upregulation of CTLA-4 expression occurs during chronic infections and cancers of humans. The increased expression of 
CTLA-4 on T cells correlates with disease progression during human immunodeficiency virus infection [12] as well as with the 
viral load in hepatitis B virus-infected patients [33]. Further, the upregulated expression of CTLA-4 is associated with shorter 
survival rates of patients with nasopharyngeal carcinoma [8].

Other immune checkpoint molecules such as programmed cell death-1 (PD-1) and its ligand PD-ligand 1 (PD-L1) are associated 
with chronic infections and cancers of humans [5, 36]. Overexpression of immune checkpoint molecules serves as a mechanism 
through which infectious agents and tumor cells evade host immunity. Antibody therapy targeting immune checkpoint molecules 
is widely used to effectively treat human cancers [26, 27, 38]. Further, a clinical trial of an anti-human CTLA-4 antibody 
(tremelimumab) against chronic hepatitis C achieves a significant decrease in viral load [30].

We previously reported the upregulation of PD-1, PD-L1, and CTLA-4 in cattle chronically infected with bovine leukemia virus 
(BLV) [9, 10, 24, 34]. Moreover, we performed several clinical studies using an anti-bovine PD-L1 rat-bovine chimeric antibody 
(chAb) or anti-bovine PD-1 rat-bovine chAb administered to BLV-infected cattle [18, 23, 29]. The administration of these chAbs 
decreased the BLV provirus load in cattle [18, 23]. However, certain BLV-infected cattle did not respond to this treatment [29], 
indicating the importance of identifying a novel molecular target for immunotherapy to obtain a stronger therapeutic effect.

We therefore focused on different immune checkpoint molecules, including CTLA-4, for use in combination with the anti-
PD-L1 antibody to treat BLV-infected cattle. We previously demonstrated the immune inhibitory function of bovine CTLA-4 and 
established an anti-bovine CTLA-4 monoclonal antibody (mAb) designated 4G2-A3 [37]. However, 4G2-A3 did not enhance 
cytokine production when combined with the anti-PD-L1 antibody [37]. The insufficient effect of 4G2-A3 on immune activation is 
presumably explained by its partial ability to block binding of CTLA-4 to CD80/CD86 [37].

Therefore, here we attempted to establish anti-bovine CTLA-4 mouse mAbs with stronger blocking and immune activating 
abilities by employing a modified method to screen hybridomas. The resultant mAb (4C2-D9) was tested for its abilities to bind 
bovine CTLA-4, block the binding of bovine CTLA-4 to CD80/CD86, and enhance the activation of antiviral immunity. Further, 
we developed an anti-bovine CTLA-4 mouse-bovine chimeric antibody (chAb) (Boch4C2), which comprises variable regions of 
4C2-D9 and constant regions of bovine IgG1 and Igλ.

MATERIALS AND METHODS

Development of blocking mAbs against bovine CTLA-4
Recombinant bovine CTLA-4, CD80, and CD86 immunoglobulin fusion proteins (CTLA-4-Ig, CD80-Ig, and CD86-Ig) 

were generated using a mammalian-cell expression system [37]. A hybridoma library of anti-bovine CTLA-4 mouse mAbs was 
previously established [37]. To isolate a blocking antibody targeting bovine CTLA-4, the hybridoma library was rescreened as 
follows. The reactivity of antibodies in culture supernatants of the hybridomas was screened using an enzyme-linked immuno-
sorbent assay (ELISA) to detect CTLA-4-Ig. Flow cytometry was used next to screen supernatants for their ability to block the 
binding of CTLA-4 to CD80/CD86. Briefly, bovine CHO-DG44 cells that express CTLA-4-EGFP (CTLA-4-EGFP-expressing 
cells [37]) were incubated in phosphate buffered saline (PBS) containing 10% goat serum (Sigma–Aldrich, St. Louis, MO, 
USA) at room temperature for 15 min to suppress nonspecific binding to Fc receptors. The cells were incubated with the culture 
supernatants or mouse IgG (Sigma–Aldrich) for 30 min at 37°C, washed twice, and incubated with 0.2 μg/ml of CD80-Ig or CD86-
Ig for 30 min at 37°C. After washing twice, the cells were incubated with Alexa Fluor 647-conjugated anti-rabbit IgG (H+L) goat 
IgG (Thermo Fisher Scientific, Waltham, MA, USA), and the binding of CD80-Ig or CD86-Ig was analyzed by FACSVerse (BD 
Biosciences, San Jose, CA, USA). The selected anti-bovine CTLA-4 mAb (designated 4C2-D9) was purified from supernatants of 
the hybridoma cultures.

Confirmation of the reactivity of purified anti-CTLA-4 mAbs
The reactivity of the purified anti-CTLA-4 mAbs was measured using flow cytometry of CTLA-4-EGFP-expressing cells, which 

were incubated in PBS containing 10% goat serum (Sigma–Aldrich) for 15 min at room temperature. The cells were incubated with 
anti-CTLA-4 mAbs (10 µg/ml) (4G2-A3 [37] and 4C2-D9) or a mouse IgG1 isotype control (Southern Biotech, Birmingham, AL, 
USA) for 30 min at 37°C. The cells were washed twice, incubated with Alexa Fluor 647-conjugated anti-mouse IgG (H+L) F (ab’)2 
(Thermo Fisher Scientific) for 30 min at 37°C, washed twice, and analyzed using a FACSVerse.

Assessment of blocking ability of purified anti-CTLA-4 mAbs
CTLA-4-EGFP-expressing cells were incubated in PBS containing 10% goat serum (Sigma–Aldrich) at room temperature for 

15 min. CTLA-4-EGFP-expressing cells were then incubated with the purified anti-CTLA-4 mAbs (4G2-A3 and 4C2-D9) (0, 1.25, 
2.5, 5, 10, and 20 μg/ml) or a mouse IgG1 isotype control (Southern Biotech) for 30 min at 37°C. The cells were then washed 
twice and incubated with 0.2 μg/ml CD80-Ig or 0.2 μg/ml CD86-Ig for 30 min at 37°C. CD80-Ig or CD86-Ig was labeled with 
Alexa Fluor 647-conjugated anti-rabbit IgG (H+L) goat IgG (Thermo Fisher Scientific) and analyzed using a FACSVerse. Three 
independent experiments were performed. The relative binding of CD80-Ig or CD86-Ig to CTLA-4-expressing cells was calculated 
using the value of the mean fluorescence intensity (MFI) of a sample preincubated with each antibody vs that of cells preincubated 
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without antibody (MFI=1).

Preparation of blood cells and cell cultures
Blood samples were collected from healthy cattle housed at dairy farms in Hokkaido, Japan. The Animal Experiment Committee 

of Hokkaido University approved the experimental procedures (approval #17-0024). Informed consent was obtained from the 
farmers. Peripheral blood mononuclear cells (PBMCs) from blood samples were purified using density-gradient centrifugation 
through Percoll (GE Healthcare, Little Chalfont, UK). PBMCs (1 × 106 cells/0.2 ml) in 96-well plates (Corning Inc., Corning, 
NY, USA) were cultured in RPMI 1640 medium (Sigma-Aldrich) containing 10% heat-inactivated fetal bovine serum (Thermo 
Fisher Scientific), 100 U/ml penicillin, 100 μg/ml streptomycin, and 2 mM L-glutamine (Thermo Fisher Scientific) at 37°C in an 
atmosphere containing 5% CO2.

Immune activation assay
To evaluate the immune activation efficacy of the anti-CTLA-4 mAb, bovine PBMCs were cultured with 10 μg/ml of anti-

CTLA-4 mAb (4C2-D9) or mouse IgG (Sigma-Aldrich) in the presence of 0.1 μg/ml of Staphylococcus aureus enterotoxin B 
(SEB) (Sigma-Aldrich). The culture medium was harvested after 3 days, and interferon-γ (IFN-γ) concentrations in duplicate wells 
were measured using an ELISA (Mabtech, Nacka Strand, Sweden) according to the manufacturer’s protocol.

Immune activation assay employing purified anti-CTLA-4 mAb combined with anti-bovine PD-L1 mAb
Bovine PBMCs were cultured in the presence of 10 μg/ml anti-CTLA-4 mAb (4C2-D9), 10 µg/ml anti-PD-L1–rat mAb (4G12 

[11]), and 0.1 µg/ml SEB. Isotype-specific mouse and rat IgGs (Sigma–Aldrich) were used as negative controls. After 3 days, 
the culture medium was harvested, and the concentrations of IFN-γ and IL-2 in duplicate wells were measured using an ELISA 
(Mabtech) according to the manufacturer’s protocol.

Cloning of a cDNA encoding the variable region of the anti-bovine CTLA-4 mAb
TRIzol reagent (Thermo Fisher Scientific) was used to extract RNA from the hybridoma expressing anti-bovine CTLA-4 

mAb (4C2-D9). A cDNA encoding the variable regions of the anti-bovine CTLA-4 mAb was synthesized using the 5′-Rapid 
Amplification of cDNA Ends System Version 2.0 (Thermo Fisher Scientific). Gene-specific primers RACEMOG1 (5′-TAT GCA 
AGG CTT ACA ACC ACA -3′) (heavy chain) and MOCKFOR (5′-CTC ATT CCT GTT GAA GCT CTT GAC AAT -3′) (light 
chain) were used to synthesize the cDNAs representing the variable regions of heavy and light chains, respectively [2]. The 
original mRNA template was removed using RNase, and cDNA purification was performed using a S.N.A.P column (Thermo 
Fisher Scientific). The 3′-end of the purified cDNA was tailed with dCTP and amplified using a forward primer AAP (5′-GGC CAC 
GCG TCG ACT AGT ACG GGI IGG GII GGG IIG -3′) and a reverse primer MOCG12FOR (5′- CTC AAT TTT CTT GTC CAC 
CTT GGT GC -3′) (heavy chain) or CKMOsp (5′-CTC ATT CCT GTT GAA GCT CTT GAC AAT GGG -3′) (light chain) [2]. The 
PCR product, which was purified using a FastGene Gel/PCR extraction Kit (Nippon Genetics, Tokyo, Japan), was inserted into the 
T-Vector pMD20 (Takara Bio, Kusatsu, Japan). The plasmid clones were sequenced using a GenomeLab GeXP Genetic Analysis 
System (SCIEX, Framingham, MA, USA).

Expression of anti-bovine CTLA-4 mouse-bovine chAb
The nucleotide sequences of the variable regions of the heavy and light chains of 4C2-D9 were combined with the constant 

regions of bovine IgG1 (GenBank accession number X62916) and bovine Igλ (GenBank accession number X62917), respectively. 
The sequences were optimized according to the codon usage of the Chinese hamster genome and were synthesized by Eurofins 
Genomics, Tokyo, Japan). The amplicons were inserted into the pDC62c5-U533 expression vector [35]. The plasmid encoding 
anti-bovine CTLA-4–mouse-bovine chAb (Boch4C2) was extracted and purified using a NucleoBond Xtra Midi Kit (Macherey-
Nagel, Düren, Germany). Boch4C2 was transiently expressed using the ExpiCHO Expression System (Thermo Fisher Scientific). 
Boch4C2 was affinity-purified from the culture supernatant of transfected cells using an Ab-Capcher ExTra (ProteNova, Higashi-
Kagawa, Japan) according to the manufacturer’s protocol. The buffer was then exchanged with PBS through size-exclusion 
chromatography using a PD-10 Desalting Column (GE Healthcare). The purity of Boch4C2 was determined using sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing and non-reducing conditions using a SuperSep Ace 5–20% 
gradient polyacrylamide gel (Fujifilm Wako Pure Chemical, Osaka, Japan) and 2 × Laemmli Sample Buffer (Bio-Rad, Hercules, 
CA, USA). The Precision Plus Protein Dual Color Standard (Bio-Rad) was used as a molecular-mass marker, and the proteins were 
visualized using Quick-CBB (Fujifilm Wako Pure Chemical). The concentration of Boch4C2 was measured using a BCA Protein 
Assay Kit (Thermo Fisher Scientific).

Analysis of the reactivity of Boch4C2 with bovine CTLA-4
The reactivity of Boch4C2 with bovine CTLA-4 was confirmed using flow cytometric analysis of CTLA-4-EGFP-expressing 

cells, which were incubated in PBS containing 10% goat serum (Sigma-Aldrich) for 15 min at room temperature. The cells were 
incubated with 10 µg/ml Boch4C2 or bovine IgG (Sigma-Aldrich) for 30 min at 37°C, washed twice, incubated with Alexa Flour 
647-conjugated anti-bovine IgG (H+L) goat IgG (Jackson ImmunoResearch, West Grove, PA, USA) for 30 min at 37°C, washed 
twice, and analyzed using a FACSVerse.
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Analysis of the blocking ability of Boch4C2
The ability of Boch4C2 to block the binding of bovine CTLA-4 to CD80/CD86 was assessed using an ELISA. MaxiSorp 

Immuno Plates (Thermo Fisher Scientific) were coated with 1 μg/ml CD80-Ig or CD86-Ig in PBS for 30 min at 37°C and then 
blocked with PBS containing 1% bovine serum albumin (Sigma-Aldrich) for 30 min at 37°C. Biotin-conjugated CTLA-4-Ig 
was preincubated with Boch4C2, bovine IgG (Sigma-Aldrich), 4C2-D9, or mouse IgG1 (Southern Biotech) at molar ratios 
(CTLA-4-Ig:antibody)=1:0, 1:0.1, 1:0.5, 1:1, 1:2, 1:5, and 1:10 for 30 min at 37°C. These reagents were added to the microplate 
and incubated for 30 min at 37°C. Binding of biotin-conjugated CTLA-4-Ig to CD80-Ig or CD86-Ig was detected using the 
NeutrAvidin Horseradish Peroxidase Conjugate (Thermo Fisher Scientific) for 30 min at 37°C. TMB One Component Substrate 
(Bethyl Laboratories, Montgomery, TX, USA) was then added to the microplate, and the reaction was stopped using 0.18 M 
H2SO4. Absorbance at 450 nm was measured using an MTP-900 microplate reader (Corona Electric, Hitachinaka, Japan). Three 
duplicate independent experiments were performed. The relative binding of CTLA-4-Ig to CD80-Ig or CD86-Ig was calculated 
from the absorbance of samples preincubated with each antibody, and the absorbance of the sample preincubated without antibody, 
which was defined as 100%.

Immune activation assay using Boch4C2
Bovine PBMCs were cultured with Boch4C2 or bovine IgG (10 μg/ml each) in the presence of 0.1 µg/ml of SEB. After 3 days, 

the culture supernatant was harvested, and the concentrations of IFN-γ and IL-2 in duplicate samples were measured using an 
ELISA according to the manufacturer’s protocol.

Immune activation assay of Boch4C2 combined with Boch4G12
Bovine PBMCs were cultured with Boch4C2 and anti-bovine PD-L1–rat bovine chAb (Boch4G12 [18]) (10 μg/ml each) in the 

presence of 0.1 µg/ml of SEB. Bovine IgG served as a negative control. After 3 days, the culture supernatants were harvested, and 
the concentrations of IFN-γ and IL-2 in duplicate samples were measured using an ELISA according to the manufacturer’s protocol.

Statistical analysis
The Wilcoxon matched-pairs test was used to compare paired groups; and Tukey’s test and the Steel-Dwass test were used to 

compare three or more groups. P values <0.05 were considered significant.

RESULTS

Confirmation of binding and blocking abilities of the anti-bovine CTLA-4 mAb
The newly established anti-bovine CTLA-4 mAb (4C2-D9) was tested for its binding and blocking abilities were compared 

with the previously established anti-bovine CTLA-4 mAb (4G2-A3, [37]). The ability of 4C2-D9 to bind bovine CTLA-4 was 
comparable with that of 4G2-A3 (Fig. 1A). The mAbs 4C2-D9 and 4G2-A3 blocked the binding of CTLA-4 to CD80/CD86 
compared with the mouse IgG1 control (Fig. 1B and 1C). Further, the blocking ability of 4C2-D9 was significantly stronger 
compared with that of 4G2-A3 (1.25, 2.5, 5, and 10 µg/ml) (Fig. 1B and 1C). Thus, we successfully established an anti-bovine 
CTLA-4 mAb with strong blocking activity.

Blockade of CTLA-4/PD-L1 pathway induces an enhanced T-helper (Th1) cell response
The immune activation efficacy of 4C2-D9 was assessed in vitro using PBMCs isolated from healthy cattle. The mAb 4C2-D9 

significantly upregulated IFN-γ production by PBMCs compared with the mouse IgG control (Fig. 2A). Further, the immune 
activation efficacy of 4C2-D9 combined with the anti-bovine PD-L1 rat mAb was similarly evaluated. Combination treatment 
increased production of IFN-γ compared with IgG controls or 4C2-D9 treatment alone (Fig. 2B). Moreover, IL-2 production 
induced by combination treatment was significantly higher compared with that using 4C2-D9 or anti-bovine PD-L1 mAb alone 
(Fig. 2C). Thus, dual blockade of CTLA-4 and PD-L1 may serve as a new strategy to enhance the ability of cattle to mount a Th1 
response.

Establishment of an anti-bovine CTLA-4 mouse-bovine chAb
The mAb 4C2-D9 achieved significantly higher blocking ability and induced an enhanced immune response alone or when 

combined with the anti-bovine PD-L1 mAb. However, 4C2-D9 comprises mouse IgG sequences, which are highly immunogenic 
in cattle. We reasoned therefore that anti-4C2-D9 neutralizing antibodies might cause adverse effects such as increased risk of an 
allergic reaction (e.g. anaphylactic shock) and shorter half-life of 4C2-D9 in blood, all of which may reduce clinical efficacy.

Therefore, we developed a mouse-bovine chAb by combining the variable regions of 4C2-D9 with the constant regions of 
bovine IgG1 and Igλ (Fig. 3A). The chAb, designated Boch4C2, was expressed and purified as documented in the Methods 
section (Fig. 3B). SDS-PAGE analysis revealed that the heavy and light chains of Boch4C2 migrated at positions corresponding 
to approximately 50 kDa and 25 kDa, respectively (Fig. 3B). Under nonreducing conditions, Boch4C2 was detected at a position 
corresponding to approximately 200 kDa (Fig. 3B). Thus, Boch4C2 has been successfully established with sufficient production 
efficiency and purity.

We next asked whether the conformation of the chimeric antibody compromised its binding and blocking abilities. We found that 
Boch4C2 bound bovine CTLA-4 (Fig. 3C) and significantly blocked the binding of CTLA-4 to CD80/CD86 in a concentration-
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dependent manner (Fig. 3D and 3E). Moreover, the chimeric structure of the antibody molecule did not reduce its blocking ability 
compared with that of 4C2-D9 (Fig. 3D and 3E).

Boch4C2 combined with anti-bovine PD-L1–rat-bovine chAb enhances IL-2 production by PBMCs
The chimeric structure of Boch4C2 did not impair its blocking ability. Further single treatment of PBMCs with Boch4C2 

significantly enhanced IL-2 production (Fig. 4B). Moreover, Boch4C2, combined with Boch4G12, significantly increased the 
production of IL-2 from PBMCs compared with each antibody alone (Fig. 4D). In contrast, IFN-γ production was not altered when 
PBMCs were treated with Boch4C2 alone or Boch4C2 combined with Boch4G12 (Fig. 4A and 4C). The finding indicate that these 
blocking antibodies represent to be novel candidates for regulation of the immune response in cattle.

DISCUSSION

Immune therapy targeting immune checkpoint molecules using blocking antibodies has become one of the main therapies for 
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Fig. 1. The binding and blocking abilities of anti-bovine cytotoxic T lymphocyte antigen 4 (CTLA-4) mAb (4C2-D9). Bovine CTLA-
4-EGFP-expressing cells was incubated with anti-bovine CTLA-4 mAbs (4C2-D9 and 4G2-A3) to assess binding and blocking ability. 
(A) The binding ability of anti-bovine CTLA-4 mAbs was measured using flow cytometry. (B and C) Concentration-dependent blocking 
effect of the binding of anti-bovine CTLA-4 mAbs (4C2-D9 and 4G2-A3) to CTLA-4/CD80 (B) and CTLA-4/CD86 (C). CTLA-4-EGFP-
expressing cells were preincubated with 4C2-D9, 4G2-A3, or a mouse IgG1 control (1.25, 2.5, 5, 10, and 20 μg/ml). Ig binding was detected 
using flow cytometry. Each point indicates the mean value of the relative MFI of three independent experiments (relative to the control 
without antibody; error bar, SEM). Tukey’s test was used for statistical analysis (*P<0.05) between groups treated with the same concentra-
tion of 4G2-A3 and mouse IgG1. ‡P<0.05, between the groups treated with the same concentration of 4C2-D9 and mouse IgG1. †P<0.05, 
between the groups with the same concentration of 4C2-D9 and 4G2-A3.
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human cancers. For example, administration of an anti-
PD-1 antibody, or an anti-CTLA-4 antibody, increases the 
rates of overall survival, progression-free survival, and 
overall response rates of patients with melanoma or those 
with advanced non-small cell lung cancer [6, 19]. However, 
most such patients do not respond to treatment with an anti-
PD-1/PD-L1 antibody or to an anti-CTLA-4 antibody. In 
contrast, treatment with an anti-CTLA-4 antibody combined 
with an anti-PD-1 antibody achieves significantly improved 
efficacy for treating melanoma and recurrent small cell 
lung cancer [1, 13]. Moreover, the 5-year overall survival 
rates of patients with melanoma treated with an anti-PD-1 
antibody combined with an anti-CTLA-4 antibody, an 
anti-PD-1 antibody, or an anti-CTLA-4 antibody are 52%, 
44%, and 26%, respectively [14]. Moreover, hepatitis C 
virus (HCV)-specific CD8+ T cells are activated by the 
blockade of PD-1 and CTLA-4 activities in the PBMCs in 
patients infected with HCV [17]. Thus, targeting immune 
checkpoint molecules represents a novel strategy to 
enhance the host’s immune response to cancer cells as well 
as to infectious agents.

Effective vaccines or other therapeutics are unavailable 
for treating cattle infected with BLV. BLV persistently 
infects B cells and causes enzootic bovine leukemia (EBL) 
after a long latent period. In Japan, the overall prevalence 
of BLV infection of cattle was 35.2% from 2009–2011 [16]. 
Along with the nationwide expansion of BLV infection, the 
number of reported cases of EBL increased approximately 
40-fold within the last 20 years in Japan, inflicting 
great economic losses on the cattle industry. Therefore, 
developing a novel therapeutic strategy is required to 
control BLV infection in Japanese farms.

We previously established an anti-bovine PD-L1 rat-
bovine chAb, designated Boch4G12, which we applied in 
clinical studies of BLV-infected cattle [18, 29]. Treatment 
with Boch4G12 achieved an antiviral effect in cattle with 
a low proviral load, although not when the proviral load 
was high [18, 29]. Therefore, other therapeutic targets must 
be engaged to achieve effective immunotherapy of BLV 
infection.

We previously found that the expression level of 
CTLA-4 is upregulated in CD4+ T cells and correlates 
with the expression level of transforming growth factor 
(TGF)-β during BLV infection [34]. TGF-β dramatically 
inhibits the Th1 immune response and is associated with 
the progression of BLV infection [20]. We therefore 
hypothesized that blocking the PD-1/PD-L1 and CTLA-4 
signaling pathways will serve as an effective method to 
enhance the Th1 response in cattle.

Here we employed a modified method to screen 
hybridomas, which led to the establishment of an anti-
bovine CTLA-4 mAb (4C2-D9) with stronger blocking and 
immune activating abilities. As we predicted, the CTLA-4 

blockade induced by 4C2-D9 administered in combination with an anti-bovine PD-L1 mAb, enhanced the production of IFN-γ and 
IL-2 by bovine PBMCs. Thus, dual blockade of PD-L1 and CTLA-4 represents a promising strategy to activate the Th1 response in 
cattle.

Moreover, here we developed an anti-CTLA-4 chAb (Boch4C2) for clinical application. Thus, Boch4C2 formed a stable IgG 
molecule with biological activity equivalent to the original mAb 4C2-D9. Moreover, IL-2 production by bovine PBMCs treated 
with Boch4C2 and Boch4G12 was significantly enhanced. However, there was a larger variation in IFN-γ production among 
individuals, and the activating effect of treatment with the chAbs was not pronounced. Further experiments are therefore required 
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Fig. 2. The immune activation efficacy of 4C2-D9 alone or combined 
with the anti-programmed death-ligand 1 (PD-L1) antibody. Periph-
eral blood mononuclear cells (PBMCs) were isolated from healthy 
cattle and cultured with (A) 4C2-D9 alone or (B) 4C2-D9 and 
anti-PD-L1 mAb 4G12 in the presence of Staphylococcus aureus 
enterotoxin B (SEB). After 3 days, the supernatant was harvested. 
(A and B) The interferon-γ (IFN-γ) concentration in the superna-
tant was measured using an ELISA (a, n=14; b, n=17). (C) The 
interleukin-2 (IL-2) concentration in the supernatant was measured 
using an ELISA (n=18). The bar indicates the median value of each 
group. Comparisons between each group were performed using the 
Wilcoxon matched-pairs test (A) and the Steel-Dwass test (B and 
C). P<0.05 (*) indicates a significant difference.
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to demonstrate the immune activation efficacy of combination chAb therapy administered to cattle. For example, the levels of other 
Th1 cytokines such as TNF-α and cytotoxic proteins such as granzyme and perforin will be determined.

We previously detected upregulated expression of CTLA-4 during BLV infection [34]. Other immune checkpoint molecules such 
as PD-1 and PD-L1 are upregulated in immune cells, for example, in cattle with Johne’s disease, anaplasmosis, or mycoplasmosis 
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Fig. 3. Establishment of Boch4C2 and assessment of its binding and blocking abilities. (A) Structure of Boch4C2 showing the variable 
regions of 4C2-D9 (white) and constant regions of bovine IgG1 and Igλ (black). (B) ExpiCHO-S cells were transfected with a plasmid 
expressing Boch4C2, and Boch4C2 was purified from the culture supernatant. Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) analyses to determine the purity of Boch4C2 were performed under reducing and nonreducing conditions.  
(C) The binding ability of Boch4C2 was measured using flow cytometry of CTLA-4-EGFP-expressing cells. The binding of Boch4C2 
was detected using an anti-bovine IgG secondary antibody. (D and E) The concentration-dependent blocking effect of Boch4C2 and 
4C2-D9 on the binding of cytotoxic T lymphocyte antigen 4 (CTLA-4)/CD80 (D) and CTLA-4/CD86. (E) Biotin-conjugated CTLA-
4-Ig was preincubated with Boch4C2, 4C2-D9 or a control antibody at the molar ratios as follows: (antibody:CTLA-4-Ig) 0:1, 0.1:1, 
0.5:1, 1:1, 2:1, 5:1, and 10:1). Each point indicates the mean value of the relative OD value of three independent experiments (relative 
to the control without antibody; error bar, SEM). Tukey’s test was used for statistical analysis (*P<0.05, between the groups with 
Boch4C2 and bovine IgG at same molar ratio. ‡P<0.05, between the groups with different molar ratios of Boch4C2. †P<0.05, between 
groups with 4C2-D9 and mouse IgG1 at same molar ratio. §P<0.05, between the groups with different molar ratios of 4C2-D9.
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[7, 21, 22, 28]. However, we only determined the expression levels of CTLA-4 during BLV infection. We will therefore employ 
mAb 4C2-D9 to analyze CTLA-4 levels in chronic infections of cattle with the aim of identifying diseases amenable to CTLA-4-
targeted therapy. Further, we will conduct clinical studies of the therapeutic effects of Boch4C2 combined with Boch4G12 on cattle 
suffering from these target diseases.

This is the first study, to our knowledge, to establish an anti-bovine CTLA-4 mouse-bovine chAb and to demonstrate its immune 
activation efficacy in cattle through targeting CTLA-4 and PD-L1. These results suggest that combination of an anti-bovine CTLA-
4 antibody with an anti-bovine PD-L1 antibody will serve as a novel strategy to enhance the immune response in cattle. A clinical 
study of the chAb established here is required to delineate its therapeutic effects on chronic infections of cattle.
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