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PREFACE 

 

    Immune system is essential to distinguish self from non-self, and is an organization 

of cells and molecules which have specialized roles in defending against invaders, such 

as pathogens. Generally, cell-mediated immunity plays a central role in the protection 

against cancers and infections. However, a number of pathogens, which cause chronic 

infections, evade the immune response of the host via multiple mechanisms [Alcami and 

Koszinowski, 2000; Finlay and McFadden, 2006]. T-cell exhaustion is a well-known 

mechanism of immune evasion in chronic infections and cancers [Wherry, 2011]. During 

chronic infections and cancers, CD8+ cytotoxic T cells (CTLs) gradually differentiate into 

an exhausted state which is characterized by the accumulation of immunoinhibitory 

receptors, such as programmed death (PD)-1, on the cell surface and by the decrease in 

effector functions, such as the production of T helper 1 (Th1) cytokines and cytotoxicity 

[Wherry and Kurachi, 2015; McLane et al., 2019]. PD-1 is identified as one of the 

markers of exhausted T cells in chronic disease states, and causes the dysfunction of 

antigen-specific T cells via the interaction with its ligands, PD-ligand 1 (PD-L1) and PD-

L2 (Figure 1A) [Okazaki and Honjo, 2007]. Numerous studies have reported the 

association of T-cell exhaustion with the progression of cancers, such as melanoma and 

chronic lymphocytic leukemia [Lee et al., 1999; Riches et al., 2013; Thommen and 

Schumacher, 2018] and chronic infections, such as hepatitis B virus infection and human 

immunodeficiency virus (HIV) infection [Ye et al., 2015; Fenwick et al., 2019]. Therefore, 

overcoming T-cell exhaustion has become a promising therapeutic strategy for the 

treatment of patients with cancers [Pauken and Wherry, 2015; Wang et al., 2018a]. The 

blockade of the PD-1/PD-L1 interaction using a specific antibody (Ab) reinvigorates T-

cell responses against tumor antigens in murine and human studies (Figure 1B) [Iwai et 

al., 2002; Blank et al., 2006]. In addition, previous studies have shown that an anti-PD-1 

monoclonal Ab (mAb), nivolumab, demonstrates antitumor efficacy in part of patients 

with melanoma and other cancers [Topalian et al., 2012; Larkin et al., 2015]. Furthermore, 

anti-PD-1/PD-L1 mAbs including nivolumab are now clinically approved in many 

countries. The prognosis of patients with several cancers, especially melanoma has 

strikingly improved by using these Abs for the treatment [Seidel et al., 2018]. However, 

a significant proportion of the patients remains less responsive, and the objective response 

rates are generally 10%–30% [Iwai et al., 2017; Gong et al., 2018]. Thus, understanding 

how to prevent T-cell exhaustion or to efficiently reactivate T-cell function is the most 

pressing question in the fields of immunology and oncology. 
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    In bovine research, several studies have described the suppression of T-cell 

responses during chronic diseases including Johne’s disease [Stabel, 2006; Sohal et al., 

2008] and bovine leukemia virus (BLV) infection [Orlik and Splitter, 1996; Kabeya et al., 

2001; Frie and Coussens, 2015]. Johne’s disease is a chronic granulomatous enteritis of 

ruminants caused by the bacteria Mycobacterium avium subsp. paratuberculosis (MAP), 

and is characterized by untreatable chronic diarrhea, severe weight loss, and eventual 

death [Rathnaiah et al., 2017]. This disease is prevalent in many countries including Japan, 

and is of particular concern to the global livestock industry because of economic and 

production losses, the cost of diagnosis, and the lack of effective therapeutic methods [Li 

et al., 2016]. Fecal–oral transmission is the primary mechanism for the transfer of MAP. 

Transmission via contaminated colostrum and milk from the infected animals also occurs 

frequently, because calves under 6 months of age are the most susceptible animals in a 

herd due to the incomplete development of their immune systems [Harris and Barletta, 

2001; Windsor and Whittington, 2010]. In cattle, the infected animals progress to the 

clinical stage after a latent period of generally 2–3 years following infection. Once clinical 

symptoms develop, no treatment method is available. Therefore, the development of a 

novel control strategy against this disease is strongly required. Several studies have 

demonstrated that Th1 response, especially interferon (IFN)-γ production, is important 

for the control of disease progression [Bassey and Collins, 1997; Burrells et al., 1998; 

Weiss et al., 2006]. However, the suppression of Th1 response is frequently observed in 

cattle with Johne’s disease [Stabel, 2006; Sohal et al., 2008]. A previous study has 

revealed the association of the suppression of MAP-specific Th1 response with 

immunoinhibitory molecules during Johne’s disease. The upregulation of 

immunoinhibitory molecules, such as PD-1, PD-L1, and lymphocyte activation gene 3 

(LAG-3) was observed in peripheral immune cells in MAP-infected cattle. Additionally, 

PD-L1 expression was also upregulated in the ileum of naturally infected cattle with 

clinical diarrhea. Furthermore, the blockade of these inhibitory molecules using specific 

mAbs reactivated MAP-specific Th1 responses in vitro [Okagawa et al., 2016a]. These 

results suggest that the suppression of MAP-specific Th1 response is caused by T-cell 

exhaustion mediated with immunoinhibitory molecules. 

BLV is a member of the genus Deltaretrovirus, the family Retroviridae, and is 

closely related to human T-cell leukemia virus type 1 [Sagata et al., 1985]. BLV 

commonly infects host B cells and causes enzootic bovine leukosis (EBL) after a long 

latent period of 3–5 years. During BLV infection, the majority of infected cattle is 

asymptomatic carriers which are called aleukemic (AL). Approximately 30% of infected 

cattle show persistent lymphocytosis (PL) characterized by the polyclonal expansion of 
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BLV-infected B cells in the peripheral blood. Further, less than 5% of infected cattle 

develop EBL characterized by B-cell lymphosarcoma [Schwartz and Levy, 1994]. BLV 

is transmitted both horizontally and vertically. Horizontal transmission occurs through 

blood containing BLV-positive cells and blood-sucking insects [Rodríguez et al., 2011; 

Ooshiro et al., 2013]. Vertical transmission occurs in utero, in the birth canal, and via 

colostrum and milk [Rodríguez et al., 2011; Mekata et al., 2015a; Sajiki et al., 2017]. 

BLV infection is highly prevalent in Japan and many other countries. A previous study 

has investigated that the seroprevalence of BLV infection among dairy cattle in Japan is 

more than 40% [Murakami et al., 2013]. Although only a quite small proportion of 

infected animals develops lethal lymphosarcoma, BLV infection causes economic losses 

in the livestock industry. Several studies have shown the association of BLV-infected 

cattle with the decrease in milk production [Norby et al., 2016; Yang et al., 2016]. 

Additionally, previous studies have reported that the suppression of immune responses is 

frequently observed in BLV-infected cattle and is associated with the disease progression 

and susceptibility to other infections [Kabeya et al., 2001; Ohira et al., 2016; Konnai et 

al., 2017]. A previous study has demonstrated that the number of regulatory T (Treg) cells, 

an immunosuppressive subpopulation of T cells, is increased in BLV-infected cattle, 

possibly leading to increased susceptibility to other infections including opportunistic 

infections [Ohira et al., 2016]. The same report has also suggested that transforming 

growth factor (TGF)-β1 secreted from Treg cells is one of the factors involving in the 

suppression of Th1 response [Ohira et al., 2016]. In addition, previous studies have shown 

the association of the PD-1/PD-L1 pathway with the suppression of Th1 response in BLV-

infected cattle [Konnai et al., 2017]. The expression of PD-1 and PD-L1 was upregulated 

in immune cells of BLV-infected cattle, and negative correlations were observed between 

PD-L1 expression and IFN-γ expression in BLV-infected animals [Ikebuchi et al., 2011, 

2013]. Furthermore, the blockade of the PD-1/PD-L1 pathway using specific mAbs 

reinvigorated Th1 responses in peripheral blood mononuclear cell (PBMC)-cultures in 

vitro, and the administration of anti-bovine PD-1/PD-L1 Abs into BLV-infected cattle 

reduced BLV proviral loads [Ikebuchi et al., 2011, 2013; Okagawa et al., 2017; Nishimori 

et al., 2017], suggesting that the therapeutic strategies targeting the PD-1/PD-L1 pathway 

have a potential for the prevention of disease progression in BLV infection. 

    The immunosuppression caused by the PD-1/PD-L1 pathway is observed in not only 

these diseases but also other bovine chronic diseases, such as bovine anaplasmosis and 

mycoplasmosis [Okagawa et al., 2016b; Goto et al., 2017]. Thus, it is considered as a 

common mechanism for the immune evasion of pathogens in chronic diseases of cattle. 
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However, the molecular mechanism for the upregulation of these immunoinhibitory 

molecules during bovine chronic infections has not been fully elucidated. 

    Prostaglandins are synthesized from arachidonic acid which is released from plasma 

membranes by phospholipases. The synthesis of prostaglandins is mediated by several 

enzymes, such as cyclooxygenase (COX)-1 and COX-2 [Phipps et al., 1991]. 

Prostaglandins are involved in the regulation of many physiological processes including 

inflammation and immune responses [Hirata and Narumiya, 2012; Ricciotti and 

FitzGerald, 2013]. Among prostaglandins, prostaglandin E2 (PGE2) is notably a well-

known inflammatory mediator, whereas it also has an immunosuppressive function 

[Hirata and Narumiya, 2012]. PGE2 exerts inhibitory effects on dendritic cells (DCs) and 

macrophages through the inhibition of tumor necrosis factor (TNF)-α and interleukin 

(IL)-12 secretion and the increase in IL-10 production. Among the four PGE2 receptors, 

E prostanoid (EP) 1–EP4, these inhibitory effects are mediated by EP2 and EP4 [Nataraj 

et al., 2001; Harizi et al., 2003; Vassiliou et al., 2003; Kalinski, 2012]. Additionally, PGE2 

indirectly affects T-cell priming and proliferation through DC modulation, and it also 

regulates T-cell proliferation and differentiation directly by binding to the receptors on T 

cells (Figure 1A) [Yao et al., 2009]. In contrast, COX-2 inhibitors activate immune 

responses including T-cell responses in humans and mice by reducing PGE2 synthesis 

(Figure 1B) [Stolina et al., 2000; Pettersen et al., 2011]. Interestingly, several recent 

studies in human and murine research have revealed that PGE2 exerts immunosuppressive 

functions via immunoinhibitory molecules including PD-1 and PD-L1. PGE2 increases 

the expression of PD-L1 in myeloid-derived suppressor cells (MDSCs) and tumor-

associated macrophages in a murine tumor model [Prima et al., 2016]. PGE2 upregulates 

the expression of PD-1 in tumor infiltrating T cells obtained from patients with lung 

cancer via EP2 and EP4 receptors [Wang et al., 2018b]. Furthermore, PGE2 induces the 

expression of T cell immunoglobulin and mucin domain-3 (Tim-3), which is another 

immunoinhibitory receptor on T cells, via EP4 in a human T cell line [Yun et al., 2019]. 

Thus, these results suggest that PGE2 is an inducer of immunoinhibitory molecules. 

However, in the field of veterinary medicine, the immunosuppressive function of PGE2 

and its association with the upregulation of immunoinhibitory molecules are still 

unknown.  

    In this study, to examine whether PGE2 has suppressive effects on bovine immune 

cells, the functional analysis of PGE2 using bovine PBMCs was performed in Chapter I. 

Next, to determine the association of PGE2 with the progression of bovine chronic 

infections, the kinetic analysis of PGE2 was conducted in Johne’s disease and BLV 

infection in Chapters I and II. Then, to demonstrate the effects of PGE2 inhibition on Th1 
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responses, the functional analysis of a COX-2 inhibitor, meloxicam, was performed using 

PBMCs from MAP- or BLV-infected cattle in vitro in Chapters I and II. Additionally, the 

antiviral effect of the COX-2 inhibitor and/or anti-PD-L1 Ab in vivo was examined using 

BLV-infected cattle in Chapter II. Finally, to elucidate the underlying mechanism of the 

effect of the combined treatment tested in Chapter II, the role of PGE2 under the treatment 

with anti-PD-L1 Ab was examined in Chapter III. The effects of the combined treatment 

of anti-PD-L1 Ab with EP4 blockade were also analyzed using bovine immune cells and 

a murine tumor model in Chapter III. 
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Figure 1. The suppression of T-cell activity by the PD-1/PD-L1 pathway and PGE2 

in humans and mice. (A) The mechanism of immune evasion during chronic infections. 

PD-1 is an immunoinhibitory receptor expressed on T cells and interacts with PD-L1 

expressed on the infected cells. PGE2 is a lipid mediator synthesized in part by COX-2. 

Both the PD-1/PD-L1 pathway and PGE2 suppress effector function of T cells. (B) 

Reactivation of T cells by PD-L1 blockade and COX-2 inhibition. Treatment with anti-

PD-L1 Ab and/or COX-2 inhibitor restores the effector function, leading to the 

elimination of pathogens. 

 

  



13 

 

 

CHAPTER I 

 

The suppression of Th1 immune responses by prostaglandin E2 in 

cattle infected with Mycobacterium avium subsp. paratuberculosis 
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INTRODUCTION 

 

   Johne’s disease, which is caused by MAP, is a chronic enteritis of ruminants 

[Rathnaiah et al., 2017], and is prevalent in many countries, including Japan [Li et al., 

2016]. The clinical signs of Johne’s disease include chronic diarrhea, severe weight loss, 

reduced milk production, and mortality [Rathnaiah et al., 2017]. In the early stage of 

infection, Th1 responses are strongly induced by MAP-infected macrophages which 

produce several cytokines, such as IFN-γ and IL-12, and enhance bactericidal activity of 

macrophages [Stabel, 2006; Khalifeh et al., 2009]. The Th1 responses gradually decline 

during the late subclinical stage, contributing to the progression to clinical disease 

[Bassey and Collins, 1997; Burrells et al., 1998; Weiss et al., 2006]. Thus, Th1 immune 

response plays an essential role in the prevention from the disease progression. 

   Immunoinhibitory receptors, PD-1 and LAG-3, are important for the inhibition of 

excessive immune responses as a negative-feedback system via interactions with their 

ligands, PD-L1 and major histocompatibility complex class II, respectively [Okazaki and 

Honjo, 2007; Sierro et al., 2011]. These immunoinhibitory molecules are associated with 

the functional exhaustion of antigen-specific T cells during chronic infections [Keir et al., 

2008; Wherry, 2011]. A previous study reported that the upregulation of PD-1 and LAG-

3 was observed on T cells during the subclinical stage of MAP-infected cattle [Okagawa 

et al., 2016a]. Additionally, the blockade of PD-1 and LAG-3 using specific Abs enhanced 

MAP-specific Th1 immune responses in PBMC cultures [Okagawa et al., 2016a]. 

Therefore, MAP-specific Th1 response is considered to be suppressed, at least in part, via 

the induction of immunoinhibitory molecules on T cells in MAP-infected cattle. However, 

the mechanism for the upregulation of these molecules during this infection remains 

unclear. 

   PGE2 is one of the inflammatory mediators and is synthesized from arachidonic acid 

by several enzymes, such as COX-1 and COX-2 [Phipps et al., 1991]. COX-1 is a 

constitutive enzyme that is expressed in many tissues, whereas COX-2 is an inducible 

enzyme [Morita, 2002]. The expression of COX-2 is induced by several factors, such as 

inflammatory cytokines and subsequent activation of nuclear factor-kappa B (NF-κB) 

[Subbaramaiah et al., 1996]. PGE2 has suppressive effects on immune cells, such as T 

cells, DCs, natural killer (NK) cells, and macrophages, via its receptors EP2 and EP4 

[Kalinski, 2012]. Previous studies in humans have shown that PGE2 suppresses Th1 

response and inhibits DC differentiation. In addition, PGE2 induces several suppressive 

subpopulations of immune cells, including Treg cells, MDSCs, and M2 macrophages 

[Betz and Fox, 1991; Wang and DuBois, 2013, 2016]. Interestingly, several recent studies 
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have demonstrated the association of PGE2 with the expression of immunoinhibitory 

molecules. PGE2 upregulated PD-L1 expression in MDSCs and tumor-associated 

macrophages in a tumor model of mice [Prima et al., 2016]. Additionally, COX-2 

expression was positively correlated with PD-L1 expression in human melanoma cells 

[Botti et al., 2017]. Furthermore, the receptors EP2 and EP4 were upregulated on CD8+ 

CTLs, leading to the impairment of CTL function and survival in a murine model of 

chronic infection [Chen et al., 2015]. Importantly, the dual blockade of the PD-1/PD-L1 

pathway and PGE2 enhanced antiviral immune responses [Chen et al., 2015]. However, 

in the veterinary field, little information is available on the immunosuppression caused 

by PGE2 and its association with PD-1/PD-L1 upregulation. 

   In this chapter, the immunosuppressive function of PGE2 was examined using bovine 

PBMCs in vitro, and PGE2 kinetics in cattle with Johne’s disease were analyzed. 

Additionally, to evaluate whether a COX-2 inhibitor, which blocks PGE2 production, 

activates MAP-specific Th1 responses, in vitro cultures were performed using PBMCs 

derived from MAP-infected cattle. 
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MATERIALS AND METHODS 

 

Bovine samples 

   Blood samples from MAP-uninfected Holstein cattle were collected at dairy farms in 

Hokkaido, Japan. Informed consent was obtained from all owners of cattle sampled in 

Chapter I. All experimental procedures using bovine samples were carried out following 

approval from the local committee for animal studies at Hokkaido University (approval 

number: 17-0024). Seven Holstein calves (male, 3–4 weeks of age) were orally inoculated 

with intestinal tissue homogenate from a MAP-infected cow containing MAP (6.8 × 106 

CFU) once daily for 20 days. All calves experimentally infected with MAP were kept in 

a biosafety level 2 animal facility at the National Institute of Animal Health, Japan, and 

did not show any clinical symptoms. Blood samples from MAP-infected cattle were 

collected from these experimentally infected cattle. Serum samples were obtained from 

uninfected and MAP naturally-infected cattle, and were stored at −30°C until use in the 

experiments. All animal experiments using samples from MAP-infected cattle were 

approved by the National Institute of Animal Health Ethics Committee (approval number: 

17-077). 

 

Cell preparation 

PBMCs were prepared from blood samples by density gradient centrifugation on 

Percoll (GE Healthcare, Little Chalfont, UK), and were cultured in RPMI 1640 medium 

(Sigma-Aldrich, St. Louis, MO, USA) containing 10% heat-inactivated fetal calf serum 

(FCS; Thermo Fisher Scientific, Waltham, MA, USA), 100 U/mL penicillin (Thermo 

Fisher Scientific), 100 μg/mL streptomycin (Thermo Fisher Scientific), and 2 mM L-

glutamine (Thermo Fisher Scientific) using 96-well culture plates (Corning Inc., Corning, 

NY, USA) at 37°C in a 5% CO2 atmosphere. The in vitro cultures using PBMCs from 

animals experimentally infected with MAP were performed using samples taken at 

various time points from 82 to 120 weeks post-first inoculation. 

 

Enzyme-linked immunosorbent assay (ELISA) 

   To determine the concentrations of IFN-γ, TNF-α, and PGE2 in culture supernatants 

and sera, ELISA was performed by using Bovine IFN-γ ELISA Development Kit 

(Mabtech, Nacka Strand, Sweden), Bovine TNF-α Do-It-Yourself ELISA (Kingfisher 

Biotech, St. Paul, MN, USA), and Prostaglandin E2 Express ELISA Kit (Cayman 

Chemical, Ann Arbor, MI, USA), respectively, according to the manufacturers’ protocols. 
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Quantitative polymerase chain reaction (qPCR) 

   Total RNA was extracted from the cultured PBMCs using TRI Reagent (Molecular 

Research Center, Cincinnati, OH, USA) following the manufacturer’s instructions. cDNA 

synthesis from the total RNA obtained was conducted using PrimeScript reverse 

transcriptase (Takara Bio, Otsu, Japan) following the manufacturer’s instructions. To 

quantitate the mRNA expression of COX2, PD-L1, signal transducer and activation of 

transcription 3 (STAT3), forkhead box P3 (Foxp3), and several cytokines in PBMCs, 

qPCR was performed using a LightCycler 480 system II (Roche Diagnostics, Mannheim, 

Germany) and SYBR Premix DimerEraser (TaKaRa Bio) following the manufacturers’ 

instructions. The GAPDH and ACTB genes were used as reference genes. Primers used 

in Chapter I are shown in Table I-1. 

 

Flow cytometry 

   For all staining procedures, Fc blocking was firstly performed by incubating collected 

cells in phosphate buffered saline (PBS, pH 7.2) containing 10% heat-inactivated goat 

serum (Thermo Fisher Scientific) for 15 min at 25°C to prevent nonspecific reactions.  

For carboxyfluorescein diacetate succinimidyl ester (CFSE) staining, the cells were 

stained with Alexa Fluor 647-labeled anti-bovine CD4 mAb (CC30; Bio-Rad, Hercules, 

CA, USA), peridinin chlorphyII protein (PerCP)/cyanin (Cy) 5.5-conjugated anti-bovine 

CD8 mAb (CC63; Bio-Rad), and phycoerythrin (PE)/Cy7-conjugated anti-bovine IgM 

mAb (IL-A30; Bio-Rad) for 25 min at 25°C. CC30 was prelabeled with a Zenon Alexa 

Fluor 647 mouse IgG1 labeling kit (Thermo Fisher Scientific). CC63 and IL-A30 were 

conjugated using Lightning-Link antibody labeling kits (Innova Biosciences, Cambridge, 

UK). The stained cells were washed twice with PBS containing 1% bovine serum albumin 

(BSA, Sigma-Aldrich), and then were analyzed by FACS Verse (BD Biosciences, San 

Jose, CA, USA). 

   For PD-L1 expression, the cells were stained with anti-bovine PD-L1 mAb (4G12, rat 

IgG2a) [Ikebuchi et al., 2014] or rat IgG2a isotype control (R35-95; BD Biosciences) for 

25 min at 25°C. To analyze PD-L1 expression on T cells and B cells, the cells were then 

washed twice with PBS containing 1% BSA and stained with PE-labeled anti-bovine CD3 

mAb (MM1A; Washington State University Monoclonal Antibody Center, Pullman, WA, 

USA), fluorescein isothiocyanate (FITC)-conjugated anti-bovine CD4 mAb (CC8; Bio-

Rad), PerCP/Cy5.5-conjugated anti-bovine CD8 mAb (CC63), PE/Cy7-conjugated anti-

bovine IgM mAb (IL-A30), and allophycocyanin (APC)-conjugated anti-rat 

immunoglobulin antibody (Southern Biotech, Birmingham, AL, USA) for 25 min at 25°C. 

MM1A was prelabeled with the Zenon R-PE mouse IgG1 labeling kit (Thermo Fisher 
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Scientific). To detect PD-L1 expression on CD14+ cells, the cells were stained with 

PerCP/Cy5.5-conjugated anti-bovine CD14 mAb (CAM36A; Washington State 

University Monoclonal Antibody Center) and APC-conjugated anti-rat immunoglobulin 

antibody for 25 min at 25°C. CAM36A was conjugated using the Lightning-Link 

antibody labeling kit. After final staining, the cells were washed twice with PBS 

containing 1% BSA, and then were analyzed by FACS Verse. 

   For PD-1 and LAG-3 expression, collected cells were stained with anti-bovine PD-1 

mAb (5D2, rat IgG2a) [Ikebuchi et al., 2013] or anti-bovine LAG-3 mAb (71-2D8, rat 

IgG1) [Okagawa et al., 2016a] for 25 min at 25°C. Rat IgG2a (R35-95) or rat IgG1 isotype 

control (R3-34; BD Biosciences) was used as an isotype control, respectively. The cells 

were then washed twice with PBS containing 1% BSA and stained with following Abs; 

PerCP/Cy5.5-conjugated anti-bovine CD3 mAb (MM1A), FITC-conjugated anti-bovine 

CD4 mAb (CC8), PE-conjugated anti-bovine CD8 mAb (CC63), PE/Cy7-conjugated 

anti-bovine IgM mAb (IL-A30), and APC-conjugated anti-rat immunoglobulin antibody 

for 25 min at 25°C. The stained cells were washed with PBS containing with 1% BSA, 

and then were analyzed by FACS Verse. 

 

PBMC culture 

   To examine suppressive effects of PGE2 on bovine immune cells, PBMCs from 

uninfected cattle were cultured with 2,500 nM of PGE2 (Cayman Chemical) for 24 h. 

PBMCs from uninfected cattle were labeled with 2 µM of CFSE (Sigma-Aldrich) and 

cultured with 2.5 to 2,500 nM of PGE2 in the presence of 1 µg/mL of anti-bovine CD3 

mAb (MM1A) and 1 µg/mL of anti-bovine CD28 mAb (CC220; Bio-Rad) for 72 h.  

   To examine whether the stimulation of MAP antigen induces the expression of 

immunoinhibitory molecules and PGE2 production, PBMCs from MAP-infected and 

uninfected cattle were cultured for 24 or 120 h with or without 1 µM of meloxicam 

(Sigma-Aldrich), a COX-2 inhibitor. Dimethyl sulfoxide (DMSO, Nacalai Tesque, Kyoto, 

Japan) was used as a vehicle control. Cultures were stimulated by adding 1 µg/mL of 

Johnin purified protein derivative (J-PPD).  

To examine whether the inhibition of PGE2 production activates MAP-specific Th1 

responses, PBMCs from MAP-infected cattle were labeled with CFSE and cultured for 

120 h with 1 µM of meloxicam and/or 10 µg/mL of anti-bovine PD-L1 mAb (4G12) in 

the presence of 1 µg/mL of J-PPD. DMSO and rat IgG (Sigma-Aldrich) were used as 

negative controls. 1 µg/mL of purified protein derivative from M. bovis BCG strain (B-

PPD) was used as a control antigen.  
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Immunohistochemical staining 

   The sections of ileum tissues were collected from cattle naturally or experimentally 

infected with MAP (animals #I-1 and #I-2) and an uninfected cow (animal #I-3). The 

MAP naturally-infected animal (animal #I-1) showed clinical symptoms of Johne’s 

disease. The MAP experimentally-infected animal (animal #I-2) showed bacterial 

shedding in feces (Table I-2) and clinical symptoms. The collected tissues were fixed by 

formalin, embedded into paraffin wax, and cut into 4-mm-thick sections. The sections 

were deparaffinized in xylene on the slide glass. Antigen retrieval was performed for 10 

min in citrate buffer (0.37 g/mL citric acid and 2.4 g/mL trisodium citrate dihydrate) by 

microwave heating. The sections were incubated for 15 min in methanol containing 0.3% 

hydrogen peroxide to block endogenous peroxidase activity. The staining was then 

performed for 30 min using following Abs; anti-bovine PD-L1 mAb (6C11-3A11) 

[Ikebuchi et al., 2014], anti-prostaglandin E2 antibody (Abcam, Cambridge, UK), and 

anti-prostaglandin E receptor EP2 antibody (EPR8030 (B); Abcam). The reactivity of 

anti-bovine PD-L1 mAb (6C11-3A11) with bovine PD-L1 was confirmed by flow 

cytometric analysis using Chinese hamster ovary cells expressing bovine PD-L1 (data not 

shown). The sections were washed twice with PBS and incubated for 30 min with 

Histofine simple stain MAX PO (rat) (Nichirei, Tokyo, Japan). 3-diaminobenzidine 

tetrahydrochloride was used to visualize the positive staining. Additionally, Ziehl-

Neelsen staining was carried out to detect acid-fast bacilli in these tissues. 

 

Statistical analyses 

In Figure I-4A, statistical significance was analyzed using the Mann-Whitney U test. 

In the other figures, statistical significances were analyzed using the Wilcoxon signed-

rank test for comparing two-group and the Steel-Dwass test for comparing multiple 

groups. All statistical tests were performed using with the MEPHAS program 

(http://www.gen-info.osaka-u.ac.jp/MEPHAS/). For all tests, p < 0.05 was considered 

statistically significant. 
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Table I-1. Primers used in Chapter I. 

    F: forward, R: reverse. 
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Table I-2. The bacterial load in fecal and tissue samples at necropsy. 

Animal Status Fecal MAP DNA (pg) 
MAP DNA  

in ileum tissue (pg) 

#I-1 Natural infection N.A. N.A. 

#I-2 
Experimental 

infection 
0.589 26.8 

#I-3 Uninfected control N.D. N.D. 

N.D.: not detected, N.A.: not available. 

The results of #I-2 have been published in a previous paper [Okagawa et al., 2016a]. 
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RESULTS 

 

The suppression of bovine immune responses by PGE2 

   To examine whether PGE2 has suppressive effects on bovine immune responses, the 

expression of genes related to T-cell responses was assayed by qPCR. PGE2 treatment 

downregulated the gene expression of Th1 cytokines, IFN-γ, TNF-α, and IL-2, in vitro 

(Figures I-1A–C). In contrast, PGE2 treatment upregulated the gene expression of IL-10, 

STAT3, TGF-β1, and Foxp3, which are involved in the suppression of T-cell responses 

(Figures I-1D–G). Additionally, treatment with PGE2 inhibited the proliferation of CD4+ 

and CD8+ cells in a dose-dependent manner (Figures I-2A and B), and decreased the 

production of Th1 cytokines, such as IFN-γ and TNF-α (Figures I-2C and D). Furthermore, 

treatment with PGE2 significantly upregulated the expression of PD-L1 in PBMCs 

(Figures I-3A and B). Taken together, these results suggest that PGE2 suppresses bovine 

immune responses, especially Th1 responses, in vitro. 

 

Kinetic analysis of PGE2 in MAP-infected cattle 

Previous studies have shown the association of PGE2 with the progression of several 

chronic infections in humans [Dumais et al., 1998, 2002; Waris and Siddiqui, 2005]. To 

demonstrate the association of PGE2 with the progression of MAP infection, serum PGE2 

concentrations were firstly measured by ELISA. As shown in Figure I-4A, serum PGE2 

concentrations in MAP naturally-infected cattle were significantly higher than those in 

uninfected cattle (Figure I-4A). The stimulation by J-PPD induced COX2 expression in 

PBMCs from MAP-infected animals (Figure I-4B). In addition, J-PPD stimulation 

promoted PGE2 secretion from PBMCs of MAP-infected cattle but not from PBMCs of 

uninfected cattle, and J-PPD induced-PGE2 production was suppressed by the treatment 

with the COX-2 inhibitor, meloxicam, (Figure I-4C). Taken together, these results suggest 

that the COX-2–PGE2 pathway is activated by the stimulation with MAP antigens in 

PBMCs from MAP-infected animals. 

 

Upregulation of immunoinhibitory molecule expression by J-PPD stimulation 

   The expression of immunoinhibitory molecules was then analyzed in the presence of 

J-PPD. The stimulation by J-PPD significantly upregulated PD-L1 expression in PBMCs 

from MAP-infected cattle at both protein and mRNA levels compared to that in PBMCs 

from uninfected cattle (Figures I-5A and B). Further analysis by flow cytometry revealed 

that J-PPD stimulation also increased PD-L1 expression in CD4+ and CD8+ T cells, B 

cells, and CD14+ cells (Figures I-5C–F). The expression of PD-1 and LAG-3 was also 
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examined in the presence of J-PPD by flow cytometry. J-PPD stimulation induced both 

PD-1 and LAG-3 expression in CD4+ and CD8+ T cells (Figures I-6A–D). Collectively, 

these results suggest the stimulation of MAP antigens strongly upregulates the expression 

of these inhibitory molecules in PBMCs of MAP-infected cattle in vitro. 

 

Expression analysis of PGE2, EP2, PD-L1 in MAP-infected cells of the ileum 

   It has been previously reported that PD-L1 is expressed in MAP-infected 

macrophages in the ileum [Okagawa et al., 2016a]. In the present study, the expression 

of PGE2, EP2, and PD-L1 in the ileum from cattle with Johne’s disease was examined by 

immunohistochemical staining. The ileum tissues from MAP-infected cattle (animals #I-

1 and #I-2) but not from an uninfected cow (animals #I-3) expressed PGE2 (Figure I-7A), 

and both MAP-infected and uninfected animals (animals #I-1–#I-3) expressed EP2, a 

PGE2 receptor (Figure I-7B). Interestingly, both PD-L1+ cells and MAP-infected cells 

were observed in the same lesion (Figures I-7C and D). These results suggest that PGE2 

and PD-L1 are involved in the immunosuppression in infected lesions of cattle with 

Johne’s disease.  

 

The activation of MAP-specific Th1 responses by the combined treatment of the 

COX-2 inhibitor and anti-PD-L1 Ab 

   To examine whether the inhibition of PGE2 production by the COX-2 inhibitor 

activates Th1 responses in MAP-infected cattle, PBMCs from MAP-infected cattle were 

cultured with the COX-2 inhibitor in the presence of J-PPD. Treatment with the COX-2 

inhibitor increased the proliferation of CD8+ cells and Th1 cytokine production from 

PBMCs in vitro (Figures I-8A–C). Next, the effects of PD-L1 blockade on Th1 responses 

in MAP-infected cattle were evaluated. The blockade of the PD-1/PD-L1 pathway using 

anti-bovine PD-L1 mAb also increased the proliferation of CD8+ cells and IFN-γ 

production from PBMCs of MAP-infected cattle (Figures I-8D and E). Finally, whether 

the combined treatment of the COX-2 inhibitor with anti-PD-L1 Ab enhances MAP-

specific Th1 responses was examined in vitro. The proliferation of CD8+ cells was 

significantly enhanced in the group treated with the COX-2 inhibitor and anti-bovine PD-

L1 mAb compared to the control group (Figure I-9A). The stimulation with a control 

antigen, B-PPD, had no effect in each group (Figure I-9A). In addition, the combined 

treatment tended to increase IFN-γ production responded to J-PPD (Figure I-9B), 

although the difference was not statistically significant. These data show that the 

combined treatment could be a novel strategy to prevent the progression of MAP infection. 
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Figure I-1. The effects of PGE2 on the expression of genes related to T-cell responses. 

(A–G) PBMCs from uninfected cattle (n = 6) were cultivated with 2,500 nM of PGE2 for 

24 h. The expression of IFN-γ (A), TNF-α (B), IL-2 (C), IL-10 (D), STAT3 (E), TGF-β1 

(F), and Foxp3 (G) was measured by qPCR. Statistical analysis was performed using the 

Wilcoxon signed-rank test. 
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Figure I-2. The suppression of bovine Th1 responses by PGE2. (A–D) PBMCs from 

uninfected cattle (A–C: n = 6) were cultured with each concentration of PGE2. In Figure 

D, PBMCs from uninfected cattle (n = 8) were cultured with 2,500 nM of PGE2. The 

cultures were stimulated by anti-bovine CD3 and anti-bovine CD28 mAbs for 72 h. The 

proliferation of CD4+ (A) and CD8+ (B) cells was analyzed by flow cytometry, and IFN-

γ (C) and TNF-α (D) concentrations in culture supernatants were measured by ELISA. 

Statistical analysis was performed using the Steel-Dwass test (A–C) and the Wilcoxon 

signed-rank test (D). n.s.: not significant. 
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Figure I-3. The upregulation of PD-L1 expression by PGE2. (A and B) PBMCs from 

uninfected cattle (n = 7) were cultured with 2,500 nM of PGE2 for 24 h. PD-L1 expression 

was measured at mRNA (A) and protein (B) levels by qPCR and flow cytometry, 

respectively. Statistical analysis was performed by the Wilcoxon signed-rank test. 
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Figure I-4. Kinetic analysis of PGE2 in MAP-infected cattle. (A) Serum concentrations 

of PGE2 in uninfected (n = 16) or MAP naturally-infected cattle (n = 8) were determined 

by ELISA. (B) PBMCs from MAP-infected cattle (n = 7) were cultured with J-PPD for 

120 h, and COX-2 expression was measured by qPCR. (C) PBMCs from uninfected (n = 

6) and MAP-infected cattle (n =7) were cultured with or without 1 µM of a COX-2 

inhibitor, meloxicam, in the presence of J-PPD for 120 h. PGE2 concentrations in culture 

supernatants were determined by ELISA. (A–C) Statistical analysis was performed by the 

Mann-Whitney U test (A), the Wilcoxon signed-rank test (B), and the Steel-Dwass test 

(C). Uninfected: MAP-uninfected cattle, Infected: MAP-infected cattle, N.S.: no 

stimulation. 
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Figure I-5. The increase in PD-L1 expression on immune cells by J-PPD. (A–F) 

PBMCs from uninfected and MAP-infected cattle were cultured in the presence of J-PPD 

for 24 h. (A) The expression of PD-L1 gene in PBMCs from the infected cattle was 

analyzed by qPCR. (B) The expression of PD-L1 in PBMCs from both uninfected and 

MAP-infected cattle was measured by flow cytometry. (C–F) PD-L1 expression in CD4+ 

T cells (C), CD8+ T cells (D), B cells (E), and CD14+ cells (F) of MAP-infected cattle 

was measured by flow cytometry. (A–F) Statistical analysis was performed by the 

Wilcoxon signed-rank test.  
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Figure I-6. The increase in PD-1 and LAG-3 expression on T cells by J-PPD. (A–D) 

PBMCs from MAP-infected cattle (n = 7) were cultured in the presence of J-PPD for 24 

h. Flow cytometric analyses were performed to measure PD-1 (A and B) and LAG-3 (C 

and D) expression in CD4+ and CD8+ T cells. (A–D) Statistical analysis was performed 

by the Wilcoxon signed-rank test.  
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Figure I-7. The expression of PGE2, EP2, and PD-L1 and the localization of MAP in 

the ileal tissues from cattle with Johne’s disease. (A–C) Immunohistochemical staining 

was performed using the ileal tissues obtained from cattle naturally or experimentally 

infected with MAP (animals #I-1 and #I-2) and an uninfected cow (animal #I-3) to detect 

PGE2 (A), EP2 (B), and PD-L1 (C). (D) Ziehl-Neelsen staining in the ileal tissues of 

MAP-infected and uninfected cattle (animals #I-1–#I-3) was performed to detect acid-

fast bacilli. Arrowheads indicate MAP-infected Langhans giant cells, and “M” indicates 

the accumulation of MAP-infected macrophages. 
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Figure I-8. The activation of Th1 responses by treatment with the COX-2 inhibitor 

or anti-PD-L1 Ab. (A–C) PBMCs from MAP-infected cattle (A and B: n = 7, C: n = 6) 

were cultured with 1 µM of the COX-2 inhibitor in the presence of J-PPD for 120 h. (A) 

CD8+ cell proliferation was assayed by flow cytometry. (B and C) IFN-γ (B) and TNF-α 

(C) concentrations in culture supernatants were measured by ELISA. (D and E) PBMCs 

from MAP-infected cattle (n = 7) were cultured with 10 µg/mL of anti-bovine PD-L1 

mAb (4G12) in the presence of J-PPD for 120 h. CD8+ cell proliferation (D) and IFN-γ 

production (E) were analyzed by flow cytometry and ELISA, respectively. (A–E) 

Statistical analysis was performed by the Wilcoxon signed-rank test. Cont Ig: rat control 

IgG. 
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Figure I-9. The enhancement of Th1 responses by the combined treatment of the 

COX-2 inhibitor with anti-PD-L1 Ab. (A and B) PBMCs from MAP-infected cattle 

were cultured with 1 µM of the COX-inhibitor and 10 µg/mL of anti-bovine PD-L1 mAb 

(4G12) in the presence of J-PPD or B-PPD for 120 h. CD8+ cell proliferation (A) and 

IFN-γ production (B) were analyzed by flow cytometry and ELISA, respectively. 

Statistical analysis was performed by the Steel-Dwass test. 
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DISCUSSION 

 

   During the late subclinical stage of MAP infection, a decline in MAP-specific Th1 

response contributes to bacterial growth and progression to the clinical stage because Th1 

response, especially IFN-γ production, plays an essential role in the control of MAP 

infection [Bassey and Collins, 1997; Burrells et al., 1998; Weiss et al., 2006]. In addition, 

MAP infection induces the production of IL-10, which is an immunosuppressive cytokine 

and activates STAT3, contributing to immunosuppression and bacterial persistence 

[Weiss et al., 2005; Hussain et al., 2016]. As shown in Chapter I, serum PGE2 

concentrations were increased in MAP-infected cattle, and treatment with PGE2 

suppressed Th1 responses, such as T-cell proliferation and Th1 cytokine production, in 

cattle. In addition, PGE2 treatment upregulated the expression of IL-10 and STAT-3 genes 

in PBMCs. Thus, these data suggest that PGE2 is associated with the progression of 

Johne’s disease by suppressing Th1 response and inducing IL-10 production. Furthermore, 

several studies have previously shown the involvement of PGE2 in other mycobacterial 

infections [Edwards et al., 1986; Chen et al., 2008], but the role of PGE2 in these 

infections was not demonstrated. The data shown in this chapter could be important for 

the understanding of the role of PGE2 during mycobacterial infections. 

J-PPD stimulation promoted PGE2 production from PBMCs of MAP-infected cattle 

by increasing COX2 expression. Previous reports have shown that J-PPD stimulation 

induces the secretion of IFN-γ and TNF-α from MAP-specific CD4+ T cells in PBMC 

cultures [Coussens, 2004; Stabel, 2006; Sohal et al., 2008]. Inflammatory cytokines 

including TNF-α are important factors to induce COX2 transcription via NF-κB activation 

in a human cell line [Jobin et al., 1998]. In mouse macrophages, NF-κB activation by 

IFN-γ-induced TNF is involved in the transcriptional control of COX2 expression [Vila-

del Sol and Fresno, 2005]. Taken together, TNF-α secretion may be involved in the 

induction of COX2 expression in macrophages via the TNF-α–NF-κB axis, leading to the 

increase in PGE2 production in PBMC cultures stimulated with J-PPD. 

A previous study has shown the association of immunoinhibitory molecules with the 

loss of functional Th1 responses during this infection [Okagawa et al., 2016a], although 

the mechanism for the upregulation of these inhibitory molecules is still unclear. Here, 

the results in this chapter revealed that the treatment with PGE2 in vitro induced PD-L1 

expression. The expression of IL-10 and STAT3 genes was also upregulated by PGE2 

treatment. A previous study has shown that PD-L1 expression is decreased by the 

inhibition of STAT3 activity in non-small-cell lung cancer [Abdelhamed et al., 2016]. 

Therefore, PGE2-mediated PD-L1 upregulation might be caused via the activation of IL-
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10–STAT3 signaling. This study also revealed that PGE2 was expressed in MAP-infected 

macrophages and Langhans giant cells in the ileum tissues obtained from cattle at the 

clinical stages of Johne’s disease. Interestingly, PD-L1 expression was also observed in 

MAP-infected macrophages in the same lesions. These findings suggest that PGE2 is an 

inducer of PD-L1 via IL-10–STAT3 signaling, leading to the immunosuppression and the 

formation of pathological lesions in the intestinal tissues of animals with Johne’s disease. 

However, the detailed roles of PGE2 in the formation of pathological lesions during 

Johne’s disease are still unclear. Thus, additional experiments are needed to elucidate the 

mechanism in detail. 

   In Chapter I, the treatment with the COX-2 inhibitor in vitro activated Th1 responses, 

such as CD8+ T-cell proliferation and IFN-γ production, in the presence of J-PPD 

stimulation. Additionally, the combination of the COX-2 inhibitor with anti-bovine PD-

L1 Ab enhanced MAP-specific Th1 responses in vitro, although the difference was not 

statistically significant in the case of IFN-γ production, possibly due to the limited number 

of tested samples. Previous studies have demonstrated that CD8+ CTLs and macrophages, 

which are activated by Th1 cytokines, play a key role in the killing of intracellular MAP 

[Coussens, 2004; Stabel, 2006; Sohal et al., 2008]. Therefore, the treatment of the COX-

2 inhibitor with or without anti-PD-L1 Ab could be a novel control method to prevent the 

progression of this disease. Additionally, previous studies have shown that the 

upregulation of immunoinhibitory molecules is observed in other bovine infections, such 

as BLV infection and bovine mycoplasmosis [Ikebuchi et al., 2011, 2013; Goto et al., 

2017, Konnai et al., 2017]. However, no study has demonstrated the association of PGE2 

with other chronic infections in cattle. Future studies will be required to examine the 

clinical efficacy of the treatment with the COX-2 inhibitor in MAP-infected cattle, and 

the involvement of PGE2 in the pathogenesis of other bovine infections. 
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SUMMARY 

 

  Johne’s disease, which is caused by MAP infection, is a bovine chronic enteritis and 

endemic in many countries including Japan. The upregulation of immunoinhibitory 

molecule, such as PD-1 and PD-L1, was observed during MAP infection. However, the 

detailed mechanism of immunosuppression has not been fully elucidated. PGE2 is known 

to have suppressive effects on immune cells in humans and mice, but little information is 

available on its suppressive effects in the field of veterinary medicine.  

In this chapter, the functional analysis of PGE2 using bovine PBMCs and kinetic 

analysis of PGE2 in MAP-infected cattle were performed to examine whether PGE2 is 

involved in the immunosuppression observed during Johne’s disease. Treatment of 

PBMCs with PGE2 suppressed bovine Th1 responses, such as T-cell proliferation and Th1 

cytokine production, and increased the expression of PD-L1. Serum PGE2 concentrations 

were increased in cattle with Johne’s disease, and PGE2 expression was upregulated in 

ileum tissues derived from cattle with Johne’s disease. Additionally, the stimulation of J-

PPD induced COX2 gene expression, PGE2 secretion, and the expression of 

immunoinhibitory molecules in PBMCs of MAP-infected cattle in vitro. Hence, these 

results suggest that the PGE2 pathway regulates MAP-specific Th1 responses. 

Furthermore, the inhibition of PGE2 production by the COX-2 inhibitor activated MAP-

specific Th1 responses in vitro. The combined treatment of the COX-2 inhibitor with anti-

bovine PD-L1 Ab enhanced MAP-specific Th1 responses, suggesting its therapeutic 

potential for Johne’s disease. Further studies to evaluate the therapeutic efficacy in MAP-

infected animals will open up new avenues for the development of a novel control strategy 

against Johne’s disease. 
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CHAPTER II 

 

Antiviral efficacy of COX-2 inhibitor combined with anti-PD-L1 

antibody in bovine leukemia virus infection  
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INTRODUCTION 

 

BLV belongs to the family of Retroviridae, persistently infects B cells of cattle, and 

causes EBL after a long latent period. The majority of the infected cattle is asymptomatic 

carriers of the virus called AL. Approximately 30% of the infected cattle show PL, and 

only 1%–5% of the infected cattle develop EBL characterized by fatal lymphosarcoma 

[Schwartz and Levy, 1994]. The prevalence of this infection is high in Japan and many 

other countries, and the seroprevalence of BLV in Japan is increasing due to the lack of 

an effective treatment [Murakami et al., 2013]. Therefore, the development of a novel 

therapy for BLV infection is strongly needed for the continuous supply of livestock 

production. 

During BLV infection, the suppression of CD4+ T-cell proliferation and cytotoxic 

immune responses to BLV antigens contributes to the disease progression [Orlik and 

Splitter, 1996; Kabeya et al., 2001]. These studies suggest that BLV-specific Th1 response 

plays a central role in the control of BLV infection. Previous studies have revealed the 

detailed mechanisms of BLV-specific Th1 suppression during BLV infection. The 

expression of immunoinhibitory molecules, including PD-1 and PD-L1, was upregulated, 

leading to the suppression of BLV-specific Th1 responses and the promotion of disease 

progression [Ikebuchi et al., 2010, 2011; Konnai et al., 2017]. Furthermore, the treatment 

with anti-PD-1/PD-L1 Abs in vivo decreased BLV proviral loads in the infected cattle 

[Nishimori et al., 2017; Okagawa et al., 2017]. These results suggest that treatment 

targeting PD-1 and PD-L1 has a potential as a new therapeutic method for BLV infection. 

However, it is still unclear how these immunoinhibitory molecules are upregulated in 

BLV-infected cattle. 

   In Chapter I, PGE2 was shown to suppress Th1 responses and induced PD-L1 

expression in bovine immune cells in vitro. Additionally, PGE2 was upregulated in cattle 

with Johne’s disease, and PGE2 inhibition enhanced T-cell proliferation and Th1 cytokine 

production in response to J-PPD stimulation. These results suggest that PGE2 is an 

inducer of PD-L1 expression, and causes the suppression of Th1 responses during Johne’s 

disease. 

   However, little is known on the roles of PGE2 in BLV infection. Thus, in Chapter II, 

PGE2 kinetics were analyzed in BLV-infected cattle to elucidate the role of PGE2 in the 

suppression of Th1 responses during this infection. In addition, the effects of the COX-2 

inhibitor on Th1 responses and BLV proviral loads were evaluated in vitro and in vivo, 

respectively. Finally, the combined treatment of the COX-2 inhibitor with anti-PD-L1 Ab 

was tested whether this treatment enhances antiviral effects in BLV-infected cattle.  
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MATERIALS AND METHODS 

 

Animals 

   Blood samples from uninfected and BLV-infected cattle were collected at dairy farms 

in Hokkaido, Japan. Informed consent was obtained from all owners of cattle sampled in 

Chapter II. BLV infection was diagnosed by a commercial ELISA (JNC, Tokyo, Japan) 

and nested polymerase chain reaction (PCR) targeting the BLV long terminal repeat 

(LTR) using genomic DNA extracted from whole blood samples by Wizard Genomic 

DNA Purification Kit (Promega, Madison, WI, USA). Primers were LTR1 5′-TGT ATG 

AAA GAT CAT GCC GAC-3′ and LTR533 5′-AAT TGT TTG CCG GTC TCT-3′ for the 

initial PCR, and LTR256 5′-GAG CTC TCT TGC TCC CGA GAC-3′ and LTR453 5′-

GAA ACA AAC GCG GGT GCA AGC CAG-3′ for the second PCR. The numbers of 

leukocytes in peripheral blood of BLV-infected cattle were counted using a Celltac α 

MEK-6450 automatic hematology analyzer (Nihon Kohden, Tokyo, Japan), and animals 

were diagnosed with PL when the lymphocyte counts were more than 7,500 cells/µL. The 

serum or plasma samples from uninfected and BLV-infected cattle were collected for the 

measurement of PGE2 concentrations by ELISA as described in Chapter I. All 

experimental procedures using bovine samples were carried out following approval from 

the local committee for animal studies at Hokkaido University (approval number: 17-

0024) and the Ethics Committee of the Animal Research Center, Agricultural Research 

Department, Hokkaido Research Organization (approval number: 1703).  

 

Cell preparation 

PBMCs of uninfected and BLV-infected cattle were separated as described in Chapter 

I of this study. The isolation of CD14+ and CD21+ cells was performed by using PBMCs 

by magnetic sorting. Briefly, PBMCs were incubated with anti-bovine CD14 mAb 

(CAM36A) or anti-bovine CD21 mAb (GB25A; Washington State University 

Monoclonal Antibody Center), and then, the isolation was carried out using BD IMagnet 

Cell Separation System (BD Bioscience) or autoMACS Pro (Miltenyi Biotec, Bergisch 

Gladbach, Germany). The purity of each population (> 90%) was examined using FACS 

Verse. CD14 and CD21 were used as markers of monocytes and B cells, respectively. 

PBMCs, CD14+ cells, and CD21+ cells were cultured in RPMI 1640 medium containing 

10% heat-inactivated FCS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-

glutamine using 96-well culture plates as described in Chapter I. 

 

qPCR 
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Total RNA extraction and cDNA synthesis were performed as described in Chapter I. 

To quantitate the mRNA expression of COX2, 15-hydroxyprostaglandin dehydrogenase 

(HPGD), EP2, EP4, IFN-γ, env, G4, and R3 in PBMCs and each subpopulation (CD14+ 

and CD21+), qPCR was performed as described in Chapter I. ACTB and GAPDH were 

used as reference genes. Primers used in Chapter II are shown in Table II-1. 

   To measure BLV proviral loads in the infected animals, qPCR was performed using 

genomic DNA extracted from PBMCs by Wizard Genomic DNA Purification Kit. The 

DNA concentrations were measured using NanoDrop 8000 Spectrophotomer (Thermo 

Fisher Scientific). Amplification was performed with a reaction mixture including 5 mL 

of 2× Cycleave PCR Reaction Mix SP (Takara Bio), 0.5 mL of Probe/Primer Mix for BLV 

(Takara Bio), 1 mL of template DNA, and 3.5 mL of RNase-free distilled water (Takara 

Bio) using LightCycler 480 System II. The condition was 95°C for 10 s, followed by 

amplification of the template for 55 cycles at 95°C for 5 s and 64°C for 30 s. Calibration 

curves were generated to calculate the BLV provirus copy numbers by using Serial 

dilutions of BLV Positive Control (Takara Bio). The indicated values are the numbers of 

copies per 50 ng of genomic DNA. 

 

Cell culture 

   To examine the effects of PGE2 signaling on the expression of viral genes, PBMCs 

from BLV-infected cattle were cultured with 1 µM of PGE2, 1 µg/mL of EP2 agonist 

(Butaprost (free acid); Cayman Chemical), or 1 µg/mL of EP4 agonist (Revinprost; 

Cayman Chemical) for 72 h.  

   To examine whether BLV antigens induce the production of PGE2, PBMCs from 

uninfected and BLV-infected cattle were cultured in the presence of a BLV antigen, fetal 

lamb kidney (FLK)-BLV (2% heat-inactivated culture supernatant of FLK-BLV cells), 

for 144 h. To evaluate the capacity of PGE2 production, PBMCs, CD14+ cells, and CD21+ 

cells were separately incubated without stimulation for 72 h.  

   To examine the effects of PGE2 inhibition and/or PD-L1 blockade, PBMCs from BLV-

infected cattle were labeled with CFSE and cultured with 1 µM of the COX-2 inhibitor, 

meloxicam, and/or 10 µg/mL of anti-bovine PD-L1 Ab in the presence of FLK-BLV for 

144 h. In this assay, two types of anti-bovine PD-L1 Abs, anti-bovine PD-L1 rat mAb 

(4G12) and anti-bovine PD-L1 rat-bovine chimeric Ab (chAb, Boch4G12) [Nishimori et 

al., 2017], were used to evaluate the combination effect. DMSO was used as a vehicle 

control of the COX-2 inhibitor. Rat IgG and bovine IgG were used as control Abs of anti-

bovine PD-L1 Abs. FLK (2% heat-inactivated culture supernatants of FLK cells) was 

used as a control antigen.  
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Immunohistochemical staining 

The sections of superficial cervical lymph nodes from an uninfected Holstein cow 

(female, 75 months of age) and periocular mass lesions from an EBL Holstein cow 

(female, 24 months of age) were collected, and the expression of PGE2 and PD-L1 was 

analyzed by immunohistochemical staining as described in Chapter I. The cow exhibiting 

tumors was diagnosed with EBL as described in a previous report [Ikebuchi et al., 2013]. 

The tumor mass lesion was confirmed as B-cell lymphoma by immunohistochemical 

staining with an anti-CD20 polyclonal Ab (Thermo Fisher Scientific) (data not shown). 

 

COX-2 inhibitor administration 

To analyze the antiviral efficacy of COX-2 inhibition, three BLV-infected cattle 

(animals #II-1–#II-3, Table II-2) were subcutaneously administered with 0.5 mg/kg of 

meloxicam (Metacam; Boehringer Ingelheim, Ingelheim, Germany) once a week for a 

total of nine times (animals #II-1 and #II-2) or a total of five times (animal #II-3). These 

animals were kept at the three different locations: in a private dairy farm (Shibecha, 

Hokkaido, Japan), a biosafety level I animal facility at the Animal Research Center, 

Agricultural Research Department, Hokkaido Research Organization (Shintoku, 

Hokkaido, Japan), and an animal facility at the Faculty of Veterinary Medicine, Hokkaido 

University. Blood collections from animals #II-1–#II-3 were conducted at least once per 

week during the observation period of 12 weeks (84 days). 

 

Anti-bovine PD-L1 Ab administration 

To analyze the antiviral efficacy of PD-L1 blockade, a BLV naturally-infected cow 

(animal #II-5, Table II-2) was intravenously administered with 1 mg/kg of anti-bovine 

PD-L1 chAb (Boch4G12). As a control, another BLV naturally-infected cow (animal #II-

4, Table II-2) was intravenously administered with saline. Both animals (animals #II-4 

and #II-5) were kept in a private dairy farm in Hokkaido, Japan. Blood collections from 

these animals were conducted at least once per week during the observation period of 9 

weeks (63 days). 

 

The evaluation of the combined COX-2 inhibition and PD-L1 blockade in vivo 

   To examine the antiviral efficacy of the combination treatment, two BLV-infected 

cattle (animals #II-3 and #II-6, Table II-2) were intravenously administered with 1 mg/kg 

of anti-bovine PD-L1 chAb (Boch4G12), and then, animal #II-3 was subcutaneously co-

administered with 0.5 mg/kg of Metacam three times at weekly intervals. Both animals 
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were kept in the animal facility at the Faculty of Veterinary Medicine, Hokkaido 

University. Animal #II-3 was also used for COX-2 inhibitor administration as described 

above, and was administered with Boch4G12 after a long interval (118 days) from the 

final administration of the COX-2 inhibitor. Blood collections from these animals were 

conducted at least once per week during the observation period of 7 weeks (49 days).  

 

Statistical analyses 

In Figures II-9 and 10, statistical significances were analyzed using the Dunnett test. 

In other figures, statistical significances were analyzed using the Wilcoxon signed-rank 

test for comparing two-group and the Steel-Dwass test for comparing multiple groups, 

and correlations were analyzed using the Spearman correlation. All statistical tests were 

performed using with the MEPHAS program (http://www.gen-info.osaka-

u.ac.jp/MEPHAS/). For all tests, p < 0.05 was considered statistically significant. 
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Table II-1. Primers used in Chapter II. 

F: forward, R: reverse. 
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RESULTS 

 

Kinetic analysis of PGE2 in BLV-infected cattle 

To determine whether PGE2-induced immunosuppression is a common feature of 

bovine chronic infections, the PGE2 kinetics were analyzed in BLV-infected animals. 

Compared to uninfected cattle, the plasma concentrations of PGE2 were increased in AL 

and PL cattle (Figure II-1A). Additionally, the PGE2 concentrations were positively 

correlated with the lymphocyte numbers, BLV proviral loads, and PD-L1 expression in 

IgM+ B cells in BLV-infected cattle (Figures II-1B–E). Furthermore, the results of 

immunohistochemical staining showed that B-cell lymphoma tissues from EBL cattle 

strongly expressed both PGE2 and PD-L1 (Figures II-2A and B). These results suggest 

that PGE2 production appears to be increased with the disease progression of BLV 

infection. To examine the major source of PGE2 production in the peripheral blood of 

BLV-infected cattle, COX2 expression was quantitated in PBMCs and each cell 

population (CD14+ and CD21+). Consistent with the results of PGE2 concentrations in the 

plasma, COX2 expression in PL cattle was higher than that in uninfected and AL cattle 

(Figures II-3A–C). Compared to CD21+ cell cultures, the culture supernatants of CD14+ 

cell cultures contained the high concentration of PGE2 (Figure II-3D). Thus, CD14+ cells 

might be the predominant source of PGE2 in BLV-infected cattle. Finally, the expression 

of EP4, EP2, and HPGD genes was analyzed in PBMCs of uninfected and BLV-infected 

cattle, and it was revealed that the expression of PGE2 receptors EP4 and EP2 was 

upregulated in PL cattle (Figure II-4A and B). In contrast, the gene expression of HPGD, 

which is an enzyme involving in PGE2 catabolism, was downregulated in PL cattle and 

was negatively correlated with BLV proviral loads and PGE2 concentrations in BLV-

infected cattle (Figures II-4C–E). Collectively, these results suggest the association of 

PGE2 with disease progression in BLV-infected cattle. 

 

Upregulation of PGE2 by stimulation with BLV antigens 

   The production of PGE2 was analyzed in the presence of BLV antigens. FLK-BLV 

exposure induced PGE2 production from PBMCs of AL and PL cattle, but not from those 

of uninfected cattle (Figures II-5A–C). Additionally, this induction of PGE2 secretion was 

significantly inhibited by the treatment with the COX-2 inhibitor (Figures II-5B and C). 

Therefore, these observations suggest that the stimulation by BLV antigens activates the 

COX-2–PGE2 pathway in the infected cattle. 

 

Upregulation of env, G4, and R3 viral genes by PGE2 
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   It has been previously reported that PGE2 induces the expression of BLV viral genes, 

such as tax [Pyeon et al., 2000]. To elucidate the effects of PGE2 on viral gene expression, 

PBMCs of BLV-infected cattle were cultured with PGE2. The results by qPCR showed 

that mRNA expression of env, G4, and R3 was promoted by the treatment with PGE2 in 

vitro (Figures II-6A–C). Additionally, PBMCs from BLV-infected cattle were cultured 

with EP2 or EP4 agonist, both of which induced the expression of these viral genes 

(Figures II-6D–F), suggesting the regulation of viral gene expression via the PGE2/EP2 

and/or PGE2/EP4 signaling. 

 

The activation of BLV-specific Th1 responses by the combined treatment of the 

COX-2 inhibitor and anti-PD-L1 Ab 

   In Chapter I, the treatment with the COX-2 inhibitor activated MAP-specific Th1 

responses in vitro. Here, to examine whether the COX-2 inhibition activates Th1 

responses in BLV-infected cattle, PBMCs from BLV-infected cattle were cultured with 

the COX-2 inhibitor in the presence of FLK-BLV. The treatment with the COX-2 inhibitor 

increased the proliferation of CD4+ and CD8+ cells and Th1 cytokine production from 

PBMCs in vitro (Figures II-7A–D). In addition, the combined treatment of the COX-2 

inhibitor with anti-bovine PD-L1 mAb significantly increased the proliferation rate of 

CD4+ and CD8+ cells and IFN-γ production in the presence of FLK-BLV, whereas the 

stimulation by FLK had no effect in either group (Figures II-8A–C). Similarly, the 

combined treatment with anti-bovine PD-L1 chAb, Boch4G12, also significantly 

increased BLV-specific T-cell proliferation and IFN-γ production compared to the other 

treatment groups (Figures II-8D–F). Therefore, these data suggest that the combination 

treatment enhances BLV-specific Th1 responses in vitro. 

 

Antiviral efficacy of the COX-2 inhibitor in BLV-infected cattle 

   Next, the administration of the COX-2 inhibitor was conducted to demonstrate the 

antiviral efficacy in BLV-infected cattle. In this chapter, BLV-infected cattle (animals #II-

1–#II-3) were subcutaneously administered with 0.5 mg/kg of Metacam nine (animals 

#II-1 and #II-2) or five (animal #II-3) times at weekly intervals. Surprisingly, the proviral 

loads of COX-2 inhibitor-treated BLV-infected cattle (animals #II-1–#II-3) significantly 

fell during the observation periods, compared to the proviral loads at day 0 (Figures II-

9A–C). To examine whether the administration enhances Th1 responses in these animals, 

IFN-γ expression was quantitated at several time points, days 0, 1, 7, 21, and 56. 

Compared to day 0, IFN-γ expression levels were increased at days 7, 21, and 56 (Figure 

II-9D). Thus, these results suggest that treatment with the COX-2 inhibitor exerts Th1-
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mediated antiviral effects against BLV in vivo. 

 

Antiviral efficacy of anti-PD-L1 chAb in BLV-infected cattle 

   A previous study has shown the antiviral activity of anti-bovine PD-L1 chAb 

Boch4G12 in a calf experimentally infected with BLV [Nishimori et al., 2017]. In this 

chapter, a BLV naturally-infected cow (animal #II-5) was intravenously administered 

with 1 mg/kg of Boch4G12. As a control, another naturally infected cow (animal #II-4) 

was administered with saline. Although the proviral loads of animal #II-4 continued to 

rise, the proviral loads in animal #II-5 were significantly reduced after the administration 

(Figures II-10A and B). Thus, PD-L1 inhibition shows antiviral effects on cattle naturally 

infected with BLV. 

 

Antiviral efficacy of the combined treatment of the COX-2 inhibitor with anti-PD-

L1 Ab 

Finally, to examine the efficacy of the combined treatment, BLV-infected cattle 

(animals #II-3 and #II-6) were intravenously administered with 1 mg/kg of Boch4G12. 

Animal #II-3 was subcutaneously co-administered with 0.5 mg/kg of Metacam once a 

week for a total of three times. The treatment with Boch4G12 alone did not show antiviral 

effects in BLV-infected cattle with high proviral loads (Figure II-10C). Remarkably, the 

proviral loads of animal #II-3 were significantly reduced (nearly 80% at day 14) following 

the combined treatment (Figure II-10D), suggesting its potential as a novel therapeutic 

strategy for BLV infection. 
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Figure II-1. Kinetic analysis of PGE2 in BLV-infected cattle. (A) Plasma PGE2 

concentrations in uninfected (n = 6) and BLV-infected cattle (AL: n = 7, PL: n = 6) were 

measured by ELISA. Statistical analysis was performed by the Steel-Dwass test. (B–E) 

Positive correlations between the lymphocyte numbers (B), BLV proviral loads (C: 

Japanese black cattle and first filial of Japanese black/Holstein cattle, D: Holstein cattle), 

or PD-L1 expression in IgM+ cells (E) and plasma PGE2 concentrations in BLV-infected 

cattle. Correlation statistics were analyzed by the Spearman correlation. BLV (−): BLV-

uninfected cattle. 
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Figure II-2. PGE2 and PD-L1 expression in tumor tissues of cattle with EBL. (A and 

B) The expression of PGE2 (A) and PD-L1 (B) in lymph nodes from uninfected cattle and 

tumor tissues from EBL cattle was examined by immunohistochemical staining. 
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Figure II-3. COX2 expression in cattle infected with BLV. (A–C) COX2 expression in 

PBMCs (n = 7 each), CD21+ cells [BLV (−): n = 4, AL: n = 7, PL: n = 6], and CD14+ cells 

[BLV (−): n = 4, AL: n = 5, PL: n = 6] was analyzed by qPCR. (D) PGE2 production from 

PBMCs, CD21+ cells, or CD14+ cells was assayed by ELISA (n = 8 each). (A–D) 

Statistical analysis was performed by the Steel-Dwass test. 
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Figure II-4. EP4, EP2, and HPGD expression in BLV-infected cattle. (A–C) The 

expression of EP4 (n = 7 each), EP2 [BLV (−): n = 6, AL: n = 6, PL: n = 7], and HPGD 

[BLV (−): n = 4, AL: n = 6, PL: n = 6] in PBMCs was analyzed by qPCR. Statistical 

analysis was performed by the Steel-Dwass test. (D and E) Negative correlations between 

BLV proviral loads (D) or serum PGE2 concentrations (E) and HPGD expression in 

PBMCs from BLV-infected cattle (n = 12). Correlation statistics were analyzed by the 

Spearman correlation. 
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Figure II-5. The upregulation of PGE2 secretion by FLK-BLV. (A–C) PBMCs from 

uninfected (A, n = 5), AL (B, n = 7), and PL (C, n = 7) cattle were cultured with or without 

1 µM of the COX-2 inhibitor, meloxicam, in the presence of FLK-BLV for 144 h. PGE2 

concentrations in culture supernatants were measured by ELISA. Statistical analysis was 

performed by the Wilcoxon signed-rank test (A) and the Steel-Dwass test (B and C). 
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Figure II-6. The upregulation of env, G4, and R3 genes by PGE2. (A–F) PBMCs from 

BLV-infected cattle (A–C: n = 6, D–F: n = 9) were cultured with 1 µM of PGE2, 1 µg/mL 

of EP2 agonist, or 1 µg/mL of EP4 agonist for 72 h. The gene expression of env, G4, and 

R3 was analyzed by qPCR. Statistical analysis was performed by the Wilcoxon signed-

rank test (A–C) and the Steel-Dwass test (D–F). 
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Figure II-7. The activation of Th1 responses by treatment with the COX-2 inhibitor. 

(A–D) PBMCs from BLV-infected cattle (A–C: n = 12, D: n = 8) were cultured with 1 

µM of the COX-2 inhibitor in the presence of FLK-BLV for 144 h. The proliferation of 

CD4+ (A) and CD8+ (B) cells and the production of IFN-γ (C) and TNF-α (D) were 

examined by flow cytometry and ELISA, respectively. Statistical analysis was performed 

by the Wilcoxon signed-rank test. 
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Figure II-8. The enhancement of BLV-specific Th1 responses by the combined 

treatment. (A–C) PBMCs from BLV-infected cattle were cultured with 1 µM of the 

COX-2 inhibitor and 10 µg/mL of anti-bovine PD-L1 mAb (4G12) in the presence of 

FLK-BLV for 144 h. FLK was used as a control antigen. The proliferation of CD4+ (A, 

FLK: n = 7, FLK-BLV: n = 15) and CD8+ (B, FLK: n = 8, FLK-BLV: n = 24) cells and 

the production of IFN-γ (C, FLK: n = 7, FLK-BLV: n = 20) were examined by flow 

cytometry and ELISA, respectively. (D–F) PBMCs from BLV-infected cattle were 

cultured with 1 µM of the COX-2 inhibitor and 10 µg/mL of anti-bovine PD-L1 chAb 

(Boch4G12) in the presence of FLK-BLV for 144 h. The proliferation of CD4+ (D: n = 

16) and CD8+ (E: n = 16) cells and the production of IFN-γ (F: n = 18) were examined by 

flow cytometry and ELISA, respectively. (A–F) Statistical analysis was performed by the 

Steel-Dwass test. αPD-L1 mAb: anti-bovine PD-L1 mAb (4G12), αPD-L1 chAb: anti-

bovine PD-L1 chAb (Boch4G12).  
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Figure II-9. Clinical tests of the COX-2 inhibitor using BLV-infected cattle. (A–D) 

Three BLV-infected cattle (animals #II-1–#II-3) were subcutaneously administered 0.5 

mg/kg of meloxicam. BLV proviral loads (A–C) and IFN-γ expression (D) in PBMCs of 

animals #II-1–#II-3 were analyzed by qPCR. Statistical significances were determined by 

the Dunnett test. *: p < 0.05 versus day 0. 
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Figure II-10. Clinical tests of the combined treatment using BLV-infected cattle. (A 

and B) Two BLV-infected cattle (animals #II-4 and #II-5) were intravenously 

administered 1 mg/kg of anti-bovine PD-L1 chAb (Boch4G12, animal #II-5) or saline 

(control, animal #II-4). BLV proviral loads in PBMCs of animals #II-4 and #II-5 were 

analyzed by qPCR. (C and D) Two BLV-infected cattle (animals #II-3 and #II-6) were 

intravenously administered 1 mg/kg of anti-bovine PD-L1 chAb (Boch4G12). 

Additionally, animal #II-3 was subcutaneously co-administered 0.5 mg/kg of meloxicam 

once a week. BLV proviral loads in PBMCs of animals #II-3 and #II-6 were analyzed by 

qPCR. (A–D) Statistical significances were determined by the Dunnett test. *: p < 0.05 

versus day 0. 
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DISCUSSION 

 

In line with disease progression, BLV-specific Th1 response is suppressed, resulting 

in further disease progression and possible EBL [Konnai et al., 2017]. Previous studies 

have shown that the suppression of BLV-specific Th1 response is caused by the 

upregulation of PD-1 and PD-L1 and the increase in the number of Treg cells [Ikebuchi 

et al., 2010, 2011; Ohira et al., 2016]. In Chapter I, it was demonstrated that PGE2 

suppressed bovine Th1 responses and induced PD-L1 expression in vitro. In addition, the 

treatment with PGE2 in vitro upregulated the expression of TGF-β1 and Foxp3 genes in 

cultured bovine PBMCs. In this chapter, the increase in PGE2 concentrations in the 

peripheral blood was observed in BLV-infected cattle. EP4 and EP2 expression was also 

increased in the late stage of BLV infection, whereas the expression of the catabolic 

enzyme HPGD was decreased in PL cattle. Therefore, PGE2 upregulation might be 

associated with the induction of PD-L1 expression and Treg cells during BLV infection, 

leading to the dramatical reduction of BLV-specific Th1 responses. 

   Monocytes are considered as a major source of PGE2 production [Passwell et al., 

1983]. The expression of COX2 gene was elevated in PBMCs, CD21+ cells, and CD14+ 

cells from PL cattle, and the production capacity of PGE2 in CD14+ cells was higher than 

that in CD21+ cells. These results suggest that CD14+ cells are the major cell type 

producing PGE2. However, in PL cattle, the number of circulating B cells is dramatically 

increased [Nieto Farias et al., 2018; Sajiki et al., 2021], and the immunohistochemical 

analysis in this chapter clearly showed PGE2 production by tumor B cells in EBL cattle. 

Therefore, B cells might also act as the main source of PGE2 secretion in the late stage of 

BLV infection. 

   In humans, the COX2 transcription is promoted by inflammatory cytokines, antigen 

stimulation, and toll-like receptor signaling via NF-κB activation [Schmedtje et al., 1997; 

Jobin et al., 1998]. By the stimulation with FLK-BLV, BLV-specific CD4+ T cells secrete 

TNF-α which is a key cytokine to induce COX2 expression via NF-κB [Jobin et al., 1998]. 

Based on these data, it is suggested that BLV antigens elevate COX2 expression via the 

TNF-α–NF-κB axis in cattle infected with BLV. In addition, the results in this chapter 

showed HPGD downregulation in PL cattle and its negative correlations with BLV 

proviral loads and serum PGE2 concentrations. Thus, the coordinate regulation of 

increased PGE2 secretion and decreased PGE2 degradation links to elevated levels of 

PGE2 which, in turn, impairs the activation of BLV-specific Th1 responses. 

   BLV env gene encodes an envelope glycoprotein, which is essential for cell-to-cell 

infection [Johnston et al., 1996; Gatot et al., 1998; Derse et al., 2001; Igakura et al., 2003]. 
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Tax, R3, and G4 are nonstructural proteins which are important for the activation of viral 

transcription and propagation [Derse, 1987; Van den Broeke et al., 1988; Willems et al., 

1993]. A previous paper has shown that PGE2 induces tax expression in PBMCs from 

BLV-infected cattle [Pyeon et al., 2000], and the results in this chapter revealed that the 

expression levels of other viral genes, env, G4, and R4, were also increased by PGE2 via 

EP2 and EP4 signaling in PBMCs from BLV-infected cattle. It has been reported that 

binding of PGE2 to EP2 and EP4 receptors increases intracellular cyclic adenosine 

monophosphate (cAMP) levels [Kalinski, 2012], that activates protein kinase A (PKA) 

and downstream transcription factors regulating genes with cAMP-response element 

(CRE) sites in the promoter. The BLV LTR has a CRE that promotes transcription of BLV 

genes [Willems et al., 1992; Adam et al., 1994], suggesting that the PGE2/EP2 and 

PGE2/EP4 pathways could induce viral gene transcription through cAMP/PKA/CRE 

signaling. 

   CD8+ CTLs, which are activated by Th1 cytokines, play a central role in the control 

of BLV infection. It has been reported that the treatment with COX-2 inhibitors in vitro 

and in vivo activates immune responses including T-cell responses as shown in human 

and murine research [Stolina et al., 2000; Pettersen et al., 2011]. As shown in Chapter I, 

the treatment with the COX-2 inhibitor promoted Th1-mediated immune reaction in in 

vitro cultures using PBMCs from MAP-infected cattle. In this chapter, the COX-2 

inhibitor also activated BLV-specific Th1 responses in PBMC cultures. Remarkably, the 

administration of the COX-2 inhibitor significantly reduced BLV proviral loads in the 

infected cattle. Indeed, a previous paper has shown possible benefits of a COX-2 inhibitor 

celecoxib on the immune function in HIV-infected patients [Pettersen et al., 2011]. 

However, this is the first to elucidate the therapeutic effects of COX-2 inhibitors on 

chronic diseases in the field of veterinary medicine. 

   In the results of this chapter, the treatment with the COX-2 inhibitor alone reduced 

BLV proviral loads, but not dramatically, presumably due to the upregulation of other 

immunoinhibitory molecules. The BLV proviral loads of animals #II-1–#II-3 treated with 

the COX-2 inhibitor alone were extremely high (> 2,000 copies/50 ng DNA). Previous 

studies have shown that the higher expression of immunoinhibitory molecules, such as 

PD-L1, LAG-3, cytotoxic T-lymphocyte antigen 4 and Tim-3, is observed in BLV-

infected cattle with high proviral loads [Ikebuchi et al., 2011; Okagawa et al., 2012; 

Konnai et al., 2013; Suzuki et al., 2015]. In addition, the percentage of PD-1+LAG-3+ 

cells is increased in CD4+ and CD8+ T cells at the late stage of BLV infection [Okagawa 

et al., 2018]. These data suggest that the dual blockade of PGE2 and other 

immunoinhibitory molecules is effective to enhance the therapeutic effects on BLV-
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infected cattle with high proviral loads. In Chapter II, the effects of monotherapy 

(Boch4G12 alone) and the combination therapy (Boch4G12 plus meloxicam) were 

examined using BLV-infected animals. Although the monotherapy had no impact on the 

infected cow with high proviral loads (animal #II-6), the combined therapy substantially 

reduced BLV proviral loads to below 2,000 copies/50 ng DNA from day 7 to day 49. 

Previous studies have shown that positive correlations are observed between BLV 

proviral loads and vertical/horizontal transmission risks, and the infected cattle with high 

proviral loads (> 2,000 copies/50 ng DNA) are considered as the major source of BLV 

transmission within a herd [Mekata et al., 2015a, 2015b; Sajiki et al., 2017]. Hence, the 

findings in this chapter suggest that the combined treatment on cattle with high proviral 

loads can be a new strategy for the control of BLV transmission in a herd.  

   Several recent studies on human cancer have reported a relationship between PGE2 

and the upregulation of other immunoinhibitory molecules, such as PD-1 [Miao et al., 

2017; Wang et al., 2018b]. Additionally, treatment co-targeting PGE2 and PD-1 improves 

tumor eradication in a murine model [Zelenay et al., 2015]. However, the associations of 

PGE2 with immunoinhibitory molecules other than PD-L1 in cattle are still unclear. 

Future studies are warranted to elucidate these associations using cattle infected with BLV. 

   Due to the lack of effective therapies, BLV infection is endemic in many countries 

[VanLeeuwen et al., 2005; Benavides et al., 2013; Murakami et al., 2013; Lee et al., 2016]. 

Thus, the development of a novel strategy is strongly required for the effective control of 

BLV infection. The work in Chapter II is a pilot study to examine the potential efficacy 

of the COX-2 inhibitor and the combined COX-2 and PD-1/PD-L1 inhibition. Although 

the number of tested animals was limited, the blockade of PGE2 with or without the PD-

1/PD-L1 pathway exhibited antiviral efficacy against BLV. Further experiments using a 

large number of BLV-infected cattle are required to confirm the efficacy of these novel 

treatments. 
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SUMMARY 

 

BLV infection is a chronic viral infection in cattle, and is highly prevalent in many 

countries, including Japan. The results in Chapter I demonstrated that PGE2 suppressed 

Th1 responses in cattle and contributed to the progression of Johne’s disease. However, 

little information was available on the association of PGE2 with chronic viral infection in 

cattle.  

In Chapter II, kinetic and functional analyses of PGE2 were performed and the 

therapeutic potential of COX-2 inhibition was examined in BLV-infected cattle. Both 

plasma PGE2 concentrations and the expression of COX2 mRNA were higher in BLV-

infected cattle compared to uninfected cattle. Plasma PGE2 concentrations were 

positively correlated with BLV proviral loads. BLV antigen exposure directly increased 

PGE2 production from PBMCs of BLV-infected cattle. The transcription of BLV genes, 

env, G4, and R3, was facilitated by PGE2/EP2 and PGE2/EP4 signaling, further suggesting 

that PGE2 contributes to the disease progression of BLV infection. In contrast, the COX-

2 inhibition activated BLV-specific Th1 responses, such as T-cell proliferation and Th1 

cytokine production, in vitro and decreased BLV proviral loads in vivo. Combined 

treatment of the COX-2 inhibitor with anti-bovine PD-L1 Ab significantly reduced the 

BLV proviral loads, suggesting its potential as a novel control strategy against BLV 

infection. Additional experiments using a larger number of BLV-infected animals are 

required to support the efficacy of the treatment for clinical application. 
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CHAPTER III 

 

The enhancement of immunotherapeutic efficacy of anti-PD-L1 

antibody in combination with an EP4 antagonist   
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INTRODUCTION 

 

The PD-1/PD-L1 pathway plays an important role in T-cell exhaustion and is 

associated with the progression of several cancers and chronic diseases [Okazaki and 

Honjo, 2007; Blank et al., 2005; Blank and Mackensen, 2007]. In contrast, previous 

reports have demonstrated that the inhibition of the PD-1/PD-L1 pathway restores the 

effector functions of exhausted T cells, leading to the enhancement of antitumor immune 

responses [Iwai et al., 2002; Keir et al., 2007; Dulos et al., 2012]. Therefore, the 

immunotherapy targeting the PD-1/PD-L1 pathway has become a promising therapy for 

patients with tumors [Iwai et al., 2017; Ribas and Wolchok, 2018]. Previous studies and 

the results in Chapter II have shown the therapeutic potential of anti-bovine PD-1/PD-L1 

Abs for the treatment of cattle infected with BLV, which is an oncogenic retrovirus of 

cattle. After the administration of anti-bovine PD-1/PD-L1 chAbs, BLV proviral loads 

were significantly reduced in the peripheral blood [Nishimori et al., 2017; Okagawa et 

al., 2017], suggesting that this treatment could contribute to reduce the risk of 

tumorigenesis associated with BLV infection. 

Although the treatment strategy targeting the PD-1/PD-L1 pathway has been 

approved for cancer treatment in humans, a significant proportion of the patients treated 

with anti-PD-1/PD-L1 Abs remains less responsive [Gong et al., 2018]. The combination 

of anti-PD-1/PD-L1 Abs with other therapies is considered as a potential strategy to 

overcome this issue. PGE2 is one of the candidate targets for the combined treatment with 

anti-PD-1/PD-L1 Abs. PGE2 is an inflammatory mediator, and there are four PGE2 

receptors, EP1, EP2, EP3, and EP4 [Phipps et al., 1991; Sugimoto and Narumiya, 2007]. 

Previous studies have shown the role of COX-2/PGE2 in tumor microenvironments 

[Kobayashi et al., 2018]. The elevated expression of COX-2 is a negative prognostic 

factor in breast and colorectal cancers [Tomozawa et al., 2000; Denkert et al., 2003]. In 

the tumor microenvironment, many cell types including tumor cells secret PGE2 via 

COX-2 activation, and PGE2 promotes the tumor progression via several pathways such 

as angiogenesis [Rigas et al., 1993; Wang et al., 2004; Wang and Dubois, 2010]. 

Additionally, PGE2 affects the immune cells in tumor microenvironments. Specifically, 

PGE2 inhibits the activity of Th1 cells, whereas it activates the activity of 

immunosuppressive cells, such as Treg cells [Kalinski, 2012; Li et al., 2013]. Moreover, 

previous papers and the results in Chapter I have shown the role of PGE2 as an inducer of 

PD-L1 expression. PGE2 increases PD-L1 expression in murine and bovine models 

[Prima et al., 2016; Goto et al., 2020], and the treatment with COX-2 inhibitors in vitro 

decreases PD-L1 expression in a murine model [Prima et al., 2016]. Combination 
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treatment with aspirin, a COX inhibitor, and anti-PD-1 Ab has been shown to exert 

antitumor activity in several tumor models of mice [Zelenay et al., 2015]. In Chapter II, 

the combined treatment with anti-bovine PD-L1 Ab and the COX-2 inhibitor significantly 

enhanced therapeutic efficacy in cattle infected with BLV, although the underlying 

mechanisms have been unclear. 

   In Chapter III, based on the observation that serum PGE2 concentrations were 

increased after the administration of anti-bovine PD-L1 Ab in BLV-infected cattle, it was 

hypothesized that the PGE2 axis may be a mechanism underlying resistance to PD-L1 

blockade. To support this hypothesis, the therapeutic potential of the combined treatment 

of anti-PD-L1 Ab with an EP4 antagonist was examined in bovine PBMC cultures and 

further investigated in a murine lymphoma model. 
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MATERIALS AND METHODS 

 

Cells 

   Peripheral blood samples from uninfected and BLV-infected cattle were collected in 

several farms in Hokkaido, Japan, and BLV infection was diagnosed as described in 

Chapter II. Informed consent was obtained from all owners of cattle sampled in Chapter 

III. All experimental procedures using bovine samples were carried out following 

approval from the local committee for animal studies at Hokkaido University (approval 

number: 17-0024). PBMCs were separated from the blood samples as described in 

Chapter I. For the isolation of CD3+ and CD4+ cells, PBMCs from BLV-uninfected cattle 

were incubated with anti-bovine CD3 mAb (MM1A) or anti-bovine CD4 mAb (CC8) at 

4°C for 30 min, followed by incubation with anti-mouse IgG1 MicroBeads (Miltenyi 

Biotec) at 4°C for 15 min. CD3+ and CD4+ cells were then sorted from the PBMCs using 

AutoMACS Pro in accordance with the manufacturer's protocol. The purity of cells, 

confirmed using FACS Verse, was routinely >90%. PBMCs and isolated CD3+ and CD4+ 

cells were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated FCS, 

100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine using 96-well 

plates as described in previous chapters. 

For splenocyte isolation from mice, BALB/c mice (female, eight-week-old) were 

purchased from Sankyo Labo Service Corporation (Tokyo, Japan) and sacrificed by 

isoflurane inhalation and cervical dislocation. The spleens were then collected, minced 

with scissors, digested in RPMI 1640 medium containing 0.2 mg/mL DNase I (Sigma-

Aldrich) and 0.67 U/mL research-grade Liberase DL (Sigma-Aldrich) for 30 min at 37°C, 

and passed through a 100-µm cell strainer (BD Biosciences). The cells were washed twice 

with PBS and passed through a 40-µm cell strainer (BD Biosciences). The cells were then 

cultured in RPMI 1640 medium as described above.  

EG7, a cell line of murine T-cell lymphoma [Moore et al., 1998], was obtained from 

the American Type Culture Collection (Manassas, VA, USA) and maintained in RPMI 

1640 medium containing 10% heat-inactivated FCS (Sigma-Aldrich), 1% penicillin-

streptomycin (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), and 0.4 

mg/mL G418 (FUJIFILM Wako Pure Chemical Corporation). 

 

Serum samples 

Four BLV-infected cattle (animals #II-5, #II-6, #III-1, and #III-2, Table III-1) were 

intravenously administered with 1 mg/kg anti-bovine PD-L1 chAb (Boch4G12). Serum 

samples of these animals were obtained on days 0, 1, 3, 7, 14, 28, and 56, and were stored 
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at −80°C until use.  

 

qPCR 

Total RNA extraction and cDNA synthesis were performed as described in Chapter I. 

To quantitate the expression of COX2 and IFN-γ genes, qPCR was performed as described 

in Chapter I. ACTB was used as a reference gene. Primers used in this chapter are 

indicated in Table II-1. 

 

ELISA 

PGE2 and IFN-γ concentrations in sera or culture supernatants were measured as 

described in Chapter I. Mouse IL-2 concentrations in culture supernatants were measured 

by Mouse IL-2 Matched Antibody Pair Kit (Abcam), according to the manufacturer’s 

protocols. 

 

Flow cytometry 

For CD69 expression, after Fc blocking, collected cells were stained for 20 min at 

25°C using the following Abs: FITC-conjugated anti-bovine CD4 mAb (CC8), PE-

conjugated anti-bovine CD8 mAb (CC63), and Alexa Fluor 647-labeled anti-bovine 

CD69 mAb (KTSN7A; Kingfisher Biotech). KTSN7A was prelabeled with a Zenon 

Alexa Fluor 647 Mouse IgG1 Labeling Kit. CD69 was used as an activation marker of 

lymphocytes. The stained cells were then washed twice with PBS containing 1% BSA 

and analyzed by FACS Verse. 

For IFN-γ and TNF-α expression, the collected cells were stained after Fc blocking 

with FITC-conjugated anti-bovine CD4 mAb (CC8), PerCP/Cy5.5-conjugated anti-

bovine CD8 mAb (CC63) and PE-labeled anti-bovine IgM mAb (IL-A30) for 20 min at 

25°C. IL-A30 was prelabeled with a Zenon R-PE Mouse IgG1 Labeling Kit. After surface 

staining, the cells were fixed and permeabilized by FOXP3 Fix/Perm Kit (BioLegend, 

San Diego, CA, USA). Next, the cells were stained with biotinylated anti-bovine IFN-γ 

mAb (MT307; Mabtech) or biotinylated anti-bovine TNF-α mAb (CC328; Bio-Rad) for 

20 min at 25°C. The cells were then washed twice with PBS containing 1% BSA and 

incubated with APC-conjugated streptavidin (BioLegend) for 20 min at 25°C. After the 

final staining, the cells were washed twice with PBS containing 1% BSA and analyzed 

by FACS Verse. 

 

PBMC culture 

   To analyze the individual effects of EP antagonists, PBMCs from uninfected cattle 



66 

 

were incubated for 1 h with 1 µg/mL of each of the following EP antagonists (Cayman 

Chemical): EP1 (SC-19220), EP2 (AH6809), EP3 (L-798,106), and EP4 (ONO-AE3-

208), and then 250 nM of PGE2 was added to each culture. The cultures were stimulated 

by adding 1 µg/mL of anti-bovine CD3 mAb (MM1A) and 1 µg/mL of anti-bovine CD28 

mAb (CC220) to each well for 24 h.  

To examine the effect of the EP4 agonist, PBMCs from uninfected cattle were 

incubated with 1 µg/mL of Rivenprost (Cayman Chemical). IFN-γ expression after 24 h 

of incubation without additional stimulation was determined by qPCR as described above, 

and IFN-γ concentrations in culture supernatants after 24 h of incubation with 1 µg/mL 

of anti-bovine CD3 mAb (MM1A) and 1 µg/mL of anti-bovine CD28 mAb (CC220) were 

measured by ELISA as described above. Similarly, IFN-γ expression in bovine 

lymphocyte subsets was measured by flow cytometry. PBMCs from uninfected cattle 

were stimulated by 2 µg/mL of anti-bovine CD3 mAb (MM1A), 2 µg/mL of anti-bovine 

CD28 mAb (CC220), and 10 ng/mL of recombinant bovine IL-2 (Kingfisher Biotech). 

Following 19 h of incubation, the cells were incubated with 10 µg/mL of brefeldin A 

(Sigma-Aldrich) for additional 5 h, and analyzed as describe above. To analyze the effect 

of anti-PD-L1 Ab and TNF-α on PGE2 production, PBMCs from uninfected cattle were 

incubated with 10 µg/mL of anti-bovine PD-L1 chAb (Boch4G12) or 10 ng/mL of bovine 

recombinant TNF-α (Kingfisher Biotech) for 72 or 24 hours, respectively. Bovine IgG 

was used as a negative control for Boch4G12, and PBS was used as a vehicle control for 

bovine recombinant TNF-α. Additionally, to demonstrate whether treatment with anti-

PD-L1 Ab promotes TNF-α production, PBMCs from uninfected cattle were incubated 

with 10 µg/mL of anti-bovine PD-L1 chAb (Boch4G12) in the presence of 2 µg/mL of 

anti-bovine CD3 mAb (MM1A), 2 µg/mL of anti-bovine CD28 mAb (CC220), and 10 

ng/mL of recombinant bovine IL-2. Following 19 h of incubation, the cultures were 

incubated with 10 µg/mL of brefeldin A for 5 h, after which the cultured cells were 

collected, and TNF-α expression was measured by flow cytometry as described above. 

To examine whether the blockade of TNF-α decreases PGE2 production in the presence 

of anti-PD-L1 Abs, PBMCs from uninfected cattle were incubated with 172 nM bovine 

TNF receptor type II (TNFRII)-Ig, a decoy receptor for bovine TNF-α [Fujisawa et al., 

2019], in the presence of 10 µg/mL of anti-bovine PD-L1 Ab (Boch4G12). Control Ig, 

which comprised the signal peptide of bovine TNFRII and the Fc domain of bovine IgG1 

[Fujisawa et al., 2019], was used as a negative control for TNFRII-Ig. PBMC cultures 

were stimulated by adding 1 µg/mL of anti-bovine CD3 mAb (MM1A) and 1 µg/mL of 

anti-bovine CD28 mAb (CC220) to each well for 72 h. 

To examine the effect of the dual blockade of PD-L1 and EPs in cattle, PBMCs from 
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uninfected or BLV-infected cattle were cultured with 10 µg/mL of anti-bovine PD-L1 

chAb (Boch4G12) and 1 µg/mL of each EP antagonist. PBMCs from uninfected cattle 

were cultured in the presence of 1 μg/mL of anti-bovine CD3 mAb (MM1A) and 1 μg/mL 

of anti-bovine CD28 mAb (CC220) for 72 h, whereas PBMCs from BLV-infected cattle 

were cultured in the presence of FLK-BLV for 144 h. 

 

CD3+ cell culture 

Isolated CD3+ cells were cultured with 1 µg/mL of Rivenprost in the presence of 1 

μg/mL of anti-bovine CD3 mAb (MM1A) and 1 μg/mL of anti-bovine CD28 mAb 

(CC220) for 72 h. After incubation, CD69 expression and IFN-γ production were 

measured by flow cytometry and ELISA, respectively. 

 

Microarray 

Isolated CD4+ cells were cultured in the presence of 0.5 μg/mL of anti-bovine CD3 

mAb (MM1A) and 0.5 μg/mL of anti-bovine CD28 mAb (CC220). Following 18 h of 

incubation, the cultures were incubated with 1 µg/mL of Rivenprost or DMSO for 4 h. 

Microarray analysis was performed using Agilent Bos taurus (Bovine) Oligo Microarray 

v2 (Design ID: 023647, Agilent Technologies, Santa Clara, CA, USA). After incubation, 

total RNA was extracted using RNeasy Mini Kit (Qiagen, Hilden, Germany) according 

to the manufacturer’s instructions. Synthesis and labelling of cRNA were performed using 

Low Input Quick Amp Labeling Kit (Agilent Technologies) according to the 

manufacturer’s instructions. The Cy3-labeled cRNA was purified using RNeasy Mini Kit 

(Qiagen), and hybridization was performed using Gene Expression Hybridization Kit 

(Agilent Technologies), according to the manufacturers’ instructions. The scanning of the 

hybridized microarray and data analysis were performed using Agilent DNA Microarray 

Scanner (Agilent Technologies), Feature Extraction software (Agilent Technologies), and 

GeneSpring (Agilent Technologies), according to the manufacturers’ instructions. The 

microarray procedures from RNA extraction to data analysis were conducted at Hokkaido 

System Science (Sapporo, Japan). The data obtained from this analysis were deposited in 

ArrayExpress (E-MTAB-9576, https://www.ebi.ac.uk/arrayexpress/).  

 

Splenocyte culture 

To examine the effects of PD-L1 blockade on PGE2 production in mice, splenocytes 

were cultured with 10 µg/mL of anti-mouse PD-L1 mAb (10F.9G2, rat IgG2b; Bio X Cell, 

West Lebanon, NH, USA) or 10 µg/mL of rat IgG2b isotype control (LTF-2, Bio X Cell). 

The cultures were stimulated with or without 10 µg/mL of concanavalin A (Con A, Sigma-
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Aldrich) for 72 h. To examine the effect of the dual blockade of PD-L1 and EP4 in mice, 

splenocytes were cultured with 10 µg/mL of anti-mouse PD-L1 mAb (10F.9G2) and 1 

µg/mL of each EP antagonist. Cultures were stimulated by adding 1 µg/mL of anti-mouse 

CD3e mAb (145-2C11; Thermo Fisher Scientific) to each well for 72 h.  

 

Tumor grafting and tumor growth measurement 

Six-week-old male C57BL/6 mice (Japan SLC, Hamamatsu, Japan) were 

subcutaneously inoculated with EG7 (5 × 106 cells/mouse). The day of EG7 injection was 

defined as day 0. For the treatment with anti-PD-L1 Abs, mice were intraperitoneally 

injected with anti-mouse PD-L1 mAb (10F.9G2) (10 mg/kg, sid) on days 7, 10, and 14. 

For the treatment with EP4 antagonists, mice were orally administered with ONO-AE3-

208 (10 mg/kg/day) added to drinking water from day 7 to day 23. Tumor size was 

monitored at least every other day, starting on day 5, using a caliper until the length or 

width exceeded 20 mm. Tumor volume was calculated according to the following 

formula: Tumor volume (mm3) = (length × width2)/2. The animal experiments were 

performed with the approval of the Institutional Animal Care and Use Committee of the 

Graduate School of Veterinary Medicine at Hokkaido University (approval number: 16-

0131). These animals were handled following the Guide for the Care and Use of 

Laboratory Animals, Graduate School of Veterinary Medicine, Hokkaido University 

(approved by the Association for Assessment and Accreditation of Laboratory Animal 

Care International). 

 

Statistical analyses 

In Figure III-1, statistical significance was analyzed using the Mann-Whitney U test. 

In Figures III-2–5 and III-6A–C, statistical significances were analyzed using the 

Wilcoxon signed-rank test for two-group comparisons and the Steel-Dwass test for 

multiple-group comparisons. In Figures III-6E and III-6F, statistical significances were 

analyzed using the Tukey’s test and the Log-rank test, respectively. In microarray analysis 

(Table III-2), statistical significances were analyzed using the paired t test. All statistical 

tests were performed using with the MEPHAS program (http://www.gen-info.osaka-

u.ac.jp/MEPHAS/), or EZR (Saitama Medical Center, Jichi Medical University) that is a 

graphical user interface for R (The R Foundation for Statistical Computing) [Kanda, 

2013]. p < 0.05 was considered statistically significant. 
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Table III-1. Information of cattle administered anti-bovine PD-L1 chAb. 

* The information of animals #II-5 and #II-6 are also shown in Table II-2 in Chapter II. 
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RESULTS 

 

The increase in serum PGE2 concentrations with anti-PD-L1 immunotherapy 

In Chapter II, the combined treatment of anti-PD-L1 Ab with the COX-2 inhibitor 

significantly reduced BLV proviral loads in BLV-infected cattle. To elucidate the reason 

why the combination treatment enhances the efficacy of PD-L1 blockade, the serum 

samples from BLV-infected cattle administered with anti-bovine PD-L1 chAb 

(Boch4G12) were firstly analyzed. Serum PGE2 concentrations were increased after the 

treatment with anti-bovine PD-L1 chAb (Figures III-1A and B). Therefore, the role of 

PGE2 in the blockade of PD-1/PD-L1 interaction was specifically examined in this 

chapter. 

 

The suppression of T-cell activation via the PGE2/EP4 pathway 

The results in Chapter I revealed that the treatment with PGE2 suppressed Th1 

responses in vitro, such as Th1 cytokine production and T-cell proliferation, in cattle. In 

Chapter III, specific PGE2 receptors involved in PGE2-mediated suppression of Th1 

responses were further identified using EP antagonists and agonists. PBMCs from 

uninfected cattle were pre-incubated with each EP antagonist, followed by the incubation 

with PGE2 in the presence of anti-bovine CD3 and anti-bovine CD28 mAbs. Pretreatment 

with the EP4 antagonist inhibited the suppression of IFN-γ production by PGE2, whereas 

IFN-γ production was suppressed by PGE2 in PBMCs pre-treated with the other 

antagonists (Figure III-2A). Additionally, the treatment with the EP4 agonist significantly 

impaired IFN-γ expression in PBMCs at both mRNA and protein levels (Figures III-2B 

and C). The analysis by flow cytometry showed that the EP4 agonist reduced the 

percentage of IFN-γ+ cells in both the CD4+ and CD8+ T cells (Figures III-2D and E). 

Moreover, to examine whether PGE2 directly suppresses T-cell activity in cattle, isolated 

CD3+ T cells were cultured with the EP4 agonist, and CD69 expression in T cells and 

IFN-γ production in culture supernatants were measured by flow cytometry and ELISA, 

respectively. The treatment with the EP4 agonist significantly decreased CD69 expression 

in CD4+ and CD8+ T cells and IFN-γ production (Figures III-3A–C). Microarray analysis 

demonstrated that the treatment with the EP4 agonist downregulated the expression of 

Th1-related cytokine genes, such as IL-2, IFN-γ, TNF-α, and IL-12, in CD4+ cells (Figure 

III-3D, Table III-2). Collectively, these findings suggest that PGE2 induced by anti-bovine 

PD-L1 Ab treatment directly impairs T-cell activation via its receptor EP4. 

 

The induction of PGE2 production by TNF-α 
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   To reveal the mechanism of PGE2 induction by anti-PD-L1 Ab treatment, bovine 

PBMCs were cultured with anti-bovine PD-L1 chAb (Boch4G12), which significantly 

increased COX2 expression and PGE2 production in vitro (Figures III-4A and B). The 

PD-1/PD-L1 inhibition using specific Abs reinvigorates exhausted T cells, leading to the 

increase in Th1 cytokine production from T cells [Keir et al., 2007; Dulos et al., 2012]. 

Flow cytometric analysis showed that the treatment with anti-bovine PD-L1 chAb 

(Boch4G12) significantly increased the percentage of TNF-α+ cells in both CD4+ and 

CD8+ T cells (Figures III-4C and D). Previous studies have clearly demonstrated that 

TNF-α induces NF-κB activation, which is essential for COX-2 upregulation [Jobin et al., 

1998; Ghosh and Karin, 2002; Bouwmeester et al., 2004]. Therefore, it was examined 

whether anti-PD-L1 Ab-induced TNF-α is involved in the observed PGE2 upregulation. 

The treatment with bovine recombinant TNF-α significantly induced both COX2 

expression and PGE2 production in bovine PBMCs (Figures III-4E and F). Interestingly, 

TNF-α blockade using the decoy receptor TNFRII-Ig decreased PGE2 secretion in the 

presence of Boch4G12 (Figure III-4G). Taken together, these data suggest that TNF-α 

induced by the treatment with anti-PD-L1 Abs enhances PGE2 production, leading to the 

impaired efficacy of anti-PD-L1 Ab treatment via PGE2/EP4 signaling. 

 

The enhancement of Th1 cytokine production by the dual blockade of PD-L1 and 

EP4 

   To determine whether the blockade of EP4 enhances the efficacy of anti-PD-L1 Abs 

in vitro, PBMCs from uninfected cattle were cultured with individual EP antagonists in 

the presence of anti-bovine PD-L1 chAb (Boch4G12). The dual blockade of PD-L1 and 

EP4 increased IFN-γ production, compared to the other treatment groups (Figure III-5A). 

In addition, the dual blockade of PD-L1 and EP4 significantly activated BLV-specific 

IFN-γ production from PBMCs of cattle infected with BLV (Figure III-5B). These results 

suggest that the combination with EP4 antagonists could be a new strategy to improve the 

efficacy of anti-PD-L1 Ab treatment in cattle. 

 

The enhancement of antitumor effects by the dual blockade of PD-L1 and EP4 

   The results obtained from bovine immune cells revealed the new mechanism of anti-

PD-L1 Ab resistance and the potential of enhancing Th1 cytokine production by the 

combined blockade of PD-L1 and EP4. Then, murine splenocytes were used to analyze 

whether the combined blockade enhances Th1 immune responses in other animal models. 

Treatment with anti-mouse PD-L1 mAb (10F.9G2) induced PGE2 secretion from murine 

splenocytes stimulated with or without Con A (Figures III-6A and B). In addition, the 
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treatment with the EP4 antagonist increased IL-2 production from murine splenocytes in 

the presence of anti-mouse PD-L1 mAb (10F.9G2) (Figure III-6C), suggesting that the 

dual blockade enhanced Th1 responses in not only cattle but also mice. Finally, based on 

these findings, a mouse lymphoma model was used to evaluate the antitumor effects of 

the dual blockade as a potent immunotherapy in cancers resistant to the treatment with 

anti-PD-1/PD-L1 Ab alone. C57BL/6 mice were inoculated with EG7, and the EG7-

bearing mice were intraperitoneally injected with anti-mouse PD-L1 mAb (10F.9G2), and 

were orally administered with the EP4 antagonist (Figure III-6D). Compared to the 

animals treated with the EP4 antagonist or anti-PD-L1 Ab alone, the tumor volume was 

significantly reduced in co-administered mice (Figure III-6E). Furthermore, the survival 

of the combination treatment group was significantly prolonged compared to that of the 

untreated group (Figure III-6F). Therefore, these results suggest that the dual blockade of 

PD-L1 and EP4 can be a promising strategy as a novel immunotherapy (Figure III-7A 

and B). 
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Table III-2. The change of gene expression in microarray analysis. 

 

  

GeneSymbol GeneName Fold change p value 
IL2 interleukin 2 -2.1255753   0.008147 

CCL3 chemokine (C-C motif) ligand 3 -2.0820506   0.004651 
TNF tumor necrosis factor -2.0492654   0.001460 
CSF2 colony stimulating factor 2 -2.0447707   0.005276 
IL12A interleukin 12A -1.9293255   0.012709 

CXCL10 C-X-C motif chemokine ligand 10 -1.8574089   0.019228 
CCL20 C-C motif chemokine ligand 20 -1.8484110   0.010516 
LTA lymphotoxin alpha -1.8189231   0.019710 

CCL4 chemokine (C-C motif) ligand 4 -1.7715497   0.000768 
FGB fibrinogen beta chain -1.7014802   0.026826 

IFNB3 interferon, beta 3 -1.5604529   0.043236 
CXCL9 C-X-C motif chemokine ligand 9 -1.4785548   0.000302 
IFNG interferon gamma -1.4232383   0.054541 

CREM cAMP responsive element modulator 2.4109561   0.001597 
NR4A3 nuclear receptor subfamily 4 group A member 3 1.9490188   0.029402 
NR4A2 nuclear receptor subfamily 4 group A member 2 1.8775752   0.001489 
PTGS2 prostaglandin-endoperoxide synthase 2 1.7771128   0.042600 
NFKB1 nuclear factor kappa B subunit 1 1.5010872   0.001316 
CTLA4 cytotoxic T-lymphocyte associated protein 4 1.1734980   0.011518 
PDCD1 programmed cell death 1 1.0657109   0.355153 
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Figure III-1. The increase in serum PGE2 concentrations after anti-PD-L1 Ab 

administration. (A and B) BLV-infected cattle (animals #II-5, #II-6, #III-1, and #III-2) 

were administered 1 mg/kg of anti-bovine PD-L1 chAb (Boch4G12), and serum samples 

were collected on days 0, 1, 3, 7, 14, 28, and 56 for the measurement of PGE2 

concentrations by ELISA. (B) Statistical significance was determined by the Mann-

Whitney U test.  



75 

 

 

 

 

Figure III-2. Functional analysis of EP signaling in bovine PBMCs. (A) Following 1 

h of incubation with 1 µg/mL of each EP antagonist, PBMCs from uninfected cattle (n = 

6) were incubated with 250 nM of PGE2 in the presence of anti-bovine CD3 and anti-

bovine CD28 mAbs for 24 h. IFN-γ concentrations in culture supernatants were 

determined by ELISA. (B) PBMCs from uninfected cattle (n = 6) were cultured with 1 

µg/mL of the EP4 agonist for 24 h, and IFN-γ expression was measured by qPCR. (C) 

PBMCs from uninfected cattle (n = 7) were incubated with 1 µg/mL of the EP4 agonist 

in the presence of anti-bovine CD3 and anti-bovine CD28 mAbs for 24 h. IFN-γ 

concentrations in culture supernatants were determined by ELISA. (D and E) PBMCs 

from uninfected cattle (n = 12) were incubated with 1 µg/mL of the EP4 agonist in the 

presence of anti-bovine CD3 and anti-bovine CD28 mAbs and recombinant bovine IL-2 

for 24 h. IFN-γ expression in CD4+ (D) and CD8+ (E) T cells were measured by flow 

cytometry. (A–E) Statistical significances were determined by the Steel-Dwass test (A) 

or the Wilcoxon signed-rank test (B–E).  
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Figure III-3. Functional analysis of EP4 signaling in CD3+ cells. (A–C) CD3+ T cells 

isolated from PBMCs of uninfected cattle (n = 8) were cultured with 1 µg/mL of the EP4 

agonist in the presence of anti-bovine CD3 and anti-bovine CD28 mAbs. After 72 h, 

CD69 expression in CD4+ (A) and CD8+ (B) T cells and IFN-γ production (C) were 

measured by flow cytometry and ELISA, respectively. Statistical significances were 

determined by the Wilcoxon signed-rank test. (D) The heat-map for the changes in gene 

expression in CD4+ cells by treatment with 1 µg/mL of the EP4 agonist. MFI: Mean 

fluorescence intensity.  
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Figure III-4. The upregulation of PGE2 production by TNF-α. (A and B) PBMCs from 

BLV-infected cattle were cultured with 10 µg/mL of anti-bovine PD-L1 chAb 

(Boch4G12) for 72 h, and COX2 expression (A: n = 8) and PGE2 production (B: n = 6) 

were measured by qPCR and ELISA, respectively. Bovine IgG was used as a negative 

control of Boch4G12. (C and D) PBMCs from uninfected cattle (n = 11) were incubated 

with 10 µg/mL of Boch4G12 in the presence of anti-bovine CD3 and anti-bovine CD28 

mAbs and recombinant bovine IL-2 for 24 h. TNF-α expression in CD4+ (C) and CD8+ 

(D) T cells were measured by flow cytometry. (E and F) PBMCs from uninfected cattle 

were cultured with 10 ng/mL of recombinant bovine TNF-α for 24 h, and COX2 

expression (E: n = 10) and PGE2 production (F: n = 7) were measured by qPCR and 

ELISA, respectively. PBS was used as a vehicle control. (G) PBMCs from uninfected 

cattle (n = 6) were cultured with 172 nM of TNFRII-Ig in the presence of 10 µg/mL of 

Boch4G12. Cultures were stimulated by adding anti-bovine CD3 and anti-bovine CD28 

mAbs for 72 h. Control Ig was used as a negative control for TNFRII-Ig. PGE2 production 

was measured by ELISA. (A–G) Statistical significances were determined by the 

Wilcoxon signed-rank test.  
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Figure III-5. Functional analysis of the dual blockade of PD-L1 and EP4 in cattle. 

(A and B) PBMCs from uninfected (n = 8) and BLV-infected (n = 7) cattle were cultured 

with 10 µg/mL of anti-bovine PD-L1 chAb (Boch4G12) and 1 µg/mL of indicated EP 

antagonists. PBMCs from uninfected cattle were stimulated by anti-bovine CD3 and anti-

bovine CD28 mAbs for 72 h. PBMCs from BLV-infected cattle were stimulated by FLK-

BLV for 144 h. After incubation, IFN-γ concentrations in culture supernatants were 

measured by ELISA. Statistical significances were determined by the Steel-Dwass test. 
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Figure III-6. Functional analysis of the dual blockade of PD-L1 and EP4 in mice. (A 

and B) Murine splenocytes (A: n = 6, B: n = 8) were cultured with 10 µg/mL of anti-

mouse PD-L1 mAb (10F.9G2). Cultures were stimulated with or without Con A for 72 h, 

and PGE2 concentrations in culture supernatants were measured by ELISA. Statistical 

significances were determined by the Wilcoxon signed-rank test. (C) Murine splenocytes 

(n = 6) were cultured with 10 µg/mL of anti-mouse PD-L1 mAb (10F.9G2) and 1 µg/mL 

of indicated EP antagonists in the presence of anti-mouse CD3e mAb for 72 h. IL-2 

concentrations in culture supernatants were determined by ELISA. Statistical 

significances were determined by the Steel-Dwass test. (D–F) The evaluation of the anti-

tumor effects of the dual blockade in the EG7 mouse model. (D) Experimental design. 

(E) Tumor growth in each group. Data are presented as means, and the error bars indicate 

standard errors. Statistical significance was determined by the Tukey’s test. (F) The 

Kaplan-Meier Curve for survival in all groups. Statistical significance was determined by 

the log-rank test. (D–F) Data are representative of two independent experiments, each 

performed with 5–8 mice per group. 
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Figure III-7. Graphic abstract of Chapter III. (A) TNF-α induced by anti-PD-L1 Ab 

treatment promoted PGE2 production through COX-2 activation, leading to the decrease 

in Th1 cytokine production via EP4. (B) The combined treatment of anti-PD-L1 Ab with 

the EP4 antagonist enhanced Th1 cytokine production in a bovine model and antitumor 

effects in a murine tumor model. 

 

  



82 

 

DISCUSSION 

 

Previous studies have recently demonstrated the mechanisms of resistance to cancer 

immunotherapy [Koyama et al., 2016; Sharma et al., 2017; Nowicki et al., 2018]. For 

instance, one previous study has shown that therapeutic PD-1 blockade induces the 

expression of alternative immunoinhibitory molecules, such as Tim-3, which causes 

resistance to the PD-1/PD-L1 blockade [Koyama et al., 2016]. Therapeutic strategies 

including anti-PD-1/PD-L1 Abs in the combination with other medicines to overcome 

resistance are garnering increasing attention. The results shown in Chapter II showed that 

the combination treatment of PD-1/PD-L1 blockade with COX inhibition enhanced the 

therapeutic efficacy in a bovine model of chronic viral infection, consistent with results 

from a previous study in murine tumor models [Zelenay et al., 2015]. However, the 

underlying mechanism of the observed therapeutic effect by these combination strategies 

has not been fully elucidated. In Chapter III, a new mechanism of resistance mediated by 

PGE2 was proposed using a bovine model (Figure III-7A and B). The results in this 

chapter showed that the treatment with anti-PD-L1 Ab induced Th1 cytokine production, 

such as TNF-α, and that PGE2 induced by TNF-α impaired T-cell activation via EP4. This 

may partially clarify a reason why the combination treatment enhances the efficacy of 

PD-1/PD-L1 blockade. Additionally, the therapeutic potential of the combined treatment 

of anti-PD-L1 Abs with EP4 antagonists was demonstrated in both bovine and murine 

models. To the best of our knowledge, this is the first study to elucidate the therapeutic 

efficacy of a dual blockade strategy using anti-PD-L1 Abs and EP4 antagonists in vivo. 

Additional experiments using other murine tumor models are needed to further examine 

the efficacy of the combined treatment. 

Among the four EPs, EP2 and EP4 are involved in PGE2-mediated immune 

dysfunction [Sugimoto and Narumiya, 2007; Kalinski, 2012]. In Chapter III, the blockade 

of EP4, but not EP2, inhibited the regulation of IFN-γ secretion by PGE2. EP4 represents 

a high-affinity receptor for PGE2, whereas EP2 requires significantly higher PGE2 

concentrations for effective signaling [Kalinski, 2012]. Therefore, the differences 

observed in the results following EP2 and EP4 blockade are presumably due to the 

difference in the affinity of each receptor. The involvement of EP2 in immune dysfunction 

should carefully be analyzed in other preclinical models where higher PGE2 levels are 

expected during disease progression. 

PD-1/PD-L1 blockade using specific Abs restores exhausted T cells, leading to the 

promotion of Th1 cytokine production, including IFN-γ and TNF-α [Keir et al., 2007; 

Dulos et al., 2012]. TNF-α not only plays a pivotal role in cellular immunity against 
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cancer, but also has a cytotoxic effect on tumor cells directly by the induction of apoptosis 

[Goodsell, 2006; Tamada and Chen, 2006]. Despite the known roles as one of the 

antitumor cytokines, TNF-α is paradoxically involved in tumor progression in some 

circumstances [Moore et al., 1999; Balkwill, 2006; Szlosarek et al., 2006]. For instance, 

serum TNF-α levels are correlated with the progression of several cancers, such as renal 

cell carcinoma and prostate cancer [Yoshida et al., 2002; Michalaki et al., 2004]. In 

addition, TNF-α blockade using specific Abs inhibits tumor growth [Scott et al., 2003]. 

Moreover, several studies have recently demonstrated that the blockade of TNF-α 

improves the efficacy of PD-1 blockade [Bertrand et al., 2017; Perez-Ruiz et al., 2019]; 

however, the underlying detailed mechanism remains unclear. In Chapter III, it was 

revealed that TNF-α was involved in PGE2 induction under anti-PD-L1 Ab treatment, and 

that the combined blockade of PD-1/PD-L1 with EP4 improved the efficacy of 

immunotherapy. This strategy may be more effective than the combined blockade of PD-

1/PD-L1 with TNF-α, because the antitumor effects of TNF-α are not inhibited in this 

combined blockade. Future experiments are necessary to compare the efficacy between 

the two therapeutic strategies. 

PGE2 signaling via EP4 elevates intracellular cAMP production [Yokoyama et al., 

2013]. A previous study has demonstrated that the PGE2/EP4/cAMP increases Tim-3 

expression in a human T cell line [Yun et al., 2019]. Furthermore, previous studies have 

shown that TIM-3 expression is induced after the blockade of the PD-1/PD-L1 pathway, 

contributing to the resistance to PD-1/PD-L1 blockade [Koyama et al., 2016; Bertrand et 

al., 2017]. Thus, PGE2 upregulation after the PD-1/PD-L1 blockade might also lead to 

resistance by increasing the expression of other immunoinhibitory molecules.  

TNF-α–PGE2–EP4 axis is a newly identified mechanism of resistance to the 

immunotherapy targeting PD-1/PD-L1. The novel combined strategy may have a 

potential to overcome resistance to anti-PD-1/PD-L1 Ab treatment. Future studies using 

other tumor models in mice as well as other animal models will herald new avenues for 

cancer treatment.   
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SUMMARY 

 

Combination therapies are increasingly considered to overcome resistance to 

immunotherapy targeting immunoinhibitory molecules such as PD-1 and PD-L1. A 

previous study and the findings in Chapter II have demonstrated that the therapeutic 

efficacy of anti-PD-L1 Abs is improved by its combining with COX inhibitors, through 

the regulation of the immunosuppressive eicosanoid PGE2, although the underlying 

mechanism is still unclear.  

Here, it was revealed that serum PGE2 concentrations were elevated after anti-PD-L1 

Ab administration in BLV-infected cattle and that PGE2 directly inhibited T-cell activation 

via EP4. In addition, the treatment with anti-PD-L1 Ab increased TNF-α production, and 

TNF-α blockade reduced PGE2 production in the presence of anti-PD-L1 Ab. These 

results suggest that TNF-α induced by anti-PD-L1 Ab treatment impairs T-cell activation 

by the increase in PGE2 production. Additional experiments examining the therapeutic 

potential of the combined blockade of PD-L1 and EP4 in bovine and murine immune cells 

revealed that the combined blockade significantly enhanced Th1 cytokine production in 

vitro. Finally, the combined blockade decreased tumor volume and prolonged survival in 

mice inoculated with EG7, a murine lymphoma cell line. Collectively, these results 

suggest that TNF-α induced by anti-PD-L1 antibody treatment is involved in T-cell 

dysfunction via the PGE2/EP4 pathway, and the dual blockade of PD-L1 and EP4 is 

considered as a new immunotherapeutic strategy for cancer. 
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CONCLUSION 

 

   Bovine leukemia virus (BLV) infection and Johne’s disease are chronic infections of 

cattle caused by BLV and Mycobacterium avium subsp. paratuberculosis (MAP), 

respectively. Although these chronic infections are endemic in many countries including 

Japan and cause significant economic losses, there is no effective therapeutic method for 

them. Therefore, the development of a new treatment strategy is strongly required to 

guarantee the continued supply of livestock and livestock production. Previous studies 

have shown that T helper (Th) 1-mediated immune response plays a central role in the 

prevention from the progression of these infections. In addition, previous studies have 

demonstrated that immunoinhibitory molecules, such as programmed death (PD)-1 and 

PD-ligand 1 (PD-L1), are associated with the suppression of Th1 responses in line with 

the disease progression, and the antibody (Ab) treatment targeting these molecules has 

therapeutic potential against these infections. However, the detailed mechanism of PD-

1/PD-L1 upregulation during these infections remains unclear. In the present study, 

analyses were performed by focusing on prostaglandin E2 (PGE2), which has been 

recently considered as one of the PD-L1 inducers in murine models and human patients. 

Additionally, the therapeutic effects of cyclooxygenase (COX)-2 inhibition with or 

without anti-bovine PD-L1 Ab were investigated both in vitro and in vivo. Furthermore, 

the antitumor effects of the dual blockade of PD-L1 and a PGE2 receptor, E prostanoid 

(EP) 4, were examined using a murine lymphoma model. 

   Chapter I: The suppressive effects of PGE2 on immune responses were examined 

using bovine peripheral blood mononuclear cells (PBMCs). Treatment with PGE2 in vitro 

suppressed Th1 responses and induced PD-L1 expression. The analysis using samples 

from MAP-infected cattle revealed that PGE2 concentrations in sera were higher in 

infected cattle and PGE2 expression was found in the ileum tissues of the cases with 

clinical symptoms. In addition, both PGE2 secretion and PD-L1 expression in PBMCs 

from MAP-infected cattle were upregulated by the stimulation with MAP antigens. In 

contrast, the inhibition of PGE2 production by the COX-2 inhibitor activated MAP-

specific Th1 responses, and the activating effects were enhanced by its combination with 

anti-bovine PD-L1 Ab. These results suggest that PGE2 is associated with the progression 

of this infection by suppressing Th1 responses and by inducing PD-L1 expression. 

   Chapter II: The involvement of PGE2 in the progression of BLV infection was 

examined. Plasma PGE2 concentrations in BLV-infected cattle were increased and 

positively correlated with the lymphocyte numbers, BLV proviral loads, and PD-L1 

expression in B cells. Treatment with the COX-2 inhibitor with or without anti-bovine 
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PD-L1 Ab invigorated BLV-specific Th1 responses in vitro. Interestingly, the 

administration of the COX-2 inhibitor into BLV-infected cattle reduced BLV proviral 

loads. These results suggest that the COX-2 inhibitor exerts antiviral activity against BLV 

in vivo. Furthermore, the combined treatment of the COX-2 inhibitor with anti-bovine 

PD-L1 Ab significantly enhanced antiviral effects, suggesting a potential as a new control 

strategy for BLV infection. 

Chapter III: The underlying mechanism of the combined effect observed in Chapter 

II was examined. At first, the analysis using samples from BLV-infected cattle treated 

with anti-bovine PD-L1 Ab revealed that serum PGE2 concentrations were elevated after 

the administration with anti-bovine PD-L1 Ab. Therefore, in this chapter, the role of PGE2 

under anti-PD-L1 Ab treatment was elucidated using bovine and murine samples. 

Treatment with anti-PD-L1 Ab promoted tumor necrosis factor (TNF)-α production, 

which caused PGE2 induction via COX-2 activation. In addition, PGE2 directly 

suppressed T-cell activity via its receptor EP4. Thus, PGE2 induced by TNF-α might 

impair the efficacy of the anti-PD-L1 therapy via EP4. The dual blockade of PD-L1 and 

EP4 enhanced Th1 cytokine production in vitro in both bovine and murine models. 

Remarkably, the dual blockade exerted significant antitumor effects in mice bearing EG7, 

a murine lymphoma cell line. These findings suggest that the dual blockade of PD-L1 and 

EP4 could have a potential for a novel immunotherapy. 

   In conclusion, this study demonstrates that the suppression of Th1 responses mediated 

by PGE2 is a common feature of chronic infections of cattle, and the COX-2 inhibition 

reactivates antigen-specific Th1 responses in both MAP- and BLV-infected cattle. In 

addition, the treatment co-targeting the PD-1/PD-L1 pathway and PGE2 signaling exerts 

significant antiviral or antitumor activity in BLV-infected cattle or tumor-bearing mice. 

These results could provide the informative evidences concerning the development of a 

novel immunotherapy not only in veterinary research but also in human research. Further 

studies using a large number of animals and other animal models are required to confirm 

the efficacy of the combination treatment. 
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SUMMARY IN JAPANESE 

和文要旨 

 

牛伝染性リンパ腫 (旧名：牛白血病) およびヨーネ病は、日本で広く蔓延している

ウシの慢性感染症である。家畜伝染病予防法に定められたウシの監視伝染病のうち、

牛伝染性リンパ腫は最も発生頭数が多く、次いでヨーネ病が 2 番目に多い。そのため、

両疾病は日本の畜産業に甚大な被害をもたらす家畜衛生上の重大な課題とみなされ

ているが、現在有効なワクチンや治療法が存在せず、新規制御法の開発が強く望ま

れている。先行研究において、免疫抑制因子 programmed death (PD)-1 および PD-

ligand 1 (PD-L1) を介した T 細胞の疲弊化が、牛伝染性リンパ腫ウイルス (BLV) や

ヨーネ菌の免疫回避機構の一つであることが示された。一方で抗 PD-L1 抗体などの

抗体薬は、PD-1/PD-L1経路を阻害することで病原体特異的な免疫応答を活性化させ

ることから、BLV 感染症およびヨーネ病に対する新規制御法となる可能性が示された。

しかしながら、両疾病の病態進行に伴い、PD-1 や PD-L1 等の免疫抑制因子の発現

が誘導される機序はいまだ解明されていない。 

PD-1/PD-L1 の発現誘導機序を解明するため本研究では、プロスタグランジン E2 

(PGE2) に着目した。PGE2 は、アラキドン酸からシクロオキシゲナーゼ (COX)-2 を含

む様々な酵素を介して合成される生理活性物質であり、炎症の誘導に関与するととも

に免疫抑制作用を持つことが知られている。また近年、ヒトやマウスの研究において、

PGE2が PD-1 や PD-L1 を含む免疫抑制因子の発現を制御することが示された。しか

しながら獣医学領域において、PGE2の免疫抑制作用と感染症の病態形成との関連は

ほとんど報告がなかったことから、本稿では、まずウシにおける PGE2 の機能解析およ

びウシの慢性感染症における PGE2 の動態解析を行った。また、PGE2 産生を阻害す

る COX-2 阻害剤に着目し、単剤および抗 PD-L1 抗体との併用における治療効果を

in vitroおよび in vivoにて評価した。さらに、COX-2阻害剤と抗 PD-L1抗体の併用に

よって治療効果が増強された詳細な機序の解明を行った。 

第 1 章：ウシにおける PGE2の免疫抑制作用および PGE2 とヨーネ病の関連を解析

した。まず PGE2の機能解析として、ウシの末梢血単核球 (PBMC) を PGE2存在下で

培養したところ、PGE2は PBMCからの T helper (Th) 1サイトカイン産生および T細胞

の増殖能を強く抑制し、免疫抑制因子 PD-L1 の発現を誘導することが示された。この

ことより、PGE2がウシにおいて免疫抑制に関与することが明らかとなった。さらにヨーネ

病罹患牛では、血中 PGE2量が増加し、回腸病変部での PGE2発現が亢進していた。

一方で、COX-2 阻害剤を用いて PGE2の産生を阻害するとヨーネ菌特異的 Th1 応答

が活性化されたことから、PGE2 がヨーネ病の病態進行に伴う免疫抑制に関与すること

が示唆された。 
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 第 2章：BLV感染症と PGE2の関連を示すために、BLV感染牛における PGE2の動

態解析を行った。その結果、BLV 感染症の病態進行に伴い、血中 PGE2 量が増加す

ることおよび血中 PGE2量がリンパ球数、プロウイルス量および B細胞における PD-L1

発現率と正の相関関係にあることが明らかとなった。次に、COX-2 阻害剤の治療効果

を in vitroおよび in vivoで評価した。BLV感染牛由来 PBMCを COX-2阻害剤存在

下で培養したところ、COX-2阻害剤が BLV特異的な Th1サイトカイン産生ならびに T

細胞増殖を活性化することが示された。また、COX-2 阻害剤と抗 PD-L1 抗体を併用

すると、特異的な Th1 応答がさらに増強されることも明らかとなった。これら結果をもと

に、BLV感染牛に対して「COX-2阻害剤単剤」あるいは「COX-2阻害剤と抗 PD-L1抗

体の併用」の臨床試験を実施し、抗ウイルス効果を評価した。その結果、COX-2 阻害

剤は単剤でも有意に BLV 感染牛のプロウイルス量を減少させた。さらに併用法は、抗

PD-L1抗体単剤では効果が認められないような病態が重度に進行したBLV感染牛に

対しても、強い抗ウイルス効果 (最大 80%減少) を示した。以上より、COX-2 阻害剤

は単剤および抗 PD-L1 抗体との併用においてウシの慢性感染症に対する新規制御

法として有用である可能性が示された。 

第 3 章：第 2 章において抗 PD-L1 抗体および COX-2 阻害剤の併用によって治療

効果が増強された機序を解明するために、抗 PD-L1 抗体単剤で治療された BLV 感

染牛由来の検体を解析した。その結果、抗 PD-L1 抗体投与後、血中 PGE2濃度が有

意に増加することが示された。抗 PD-L1 抗体治療下に誘導された PGE2 の役割を解

明するために解析を行ったところ、PGE2が受容体 E prostanoid (EP) 4を介して T細胞

の活性を直接抑制することおよび抗 PD-L1 抗体処置により産生された Th1 サイトカイ

ンの一種である tumor necrosis factor (TNF)-αによって PGE2産生が誘導されることが

明らかになった。以上より、TNF-αによって誘導された PGE2が受容体 EP4を介して抗

PD-L1 抗体の治療効果を減弱させている可能性が示唆された。これらの結果をもとに、

抗 PD-L1 抗体と EP4 阻害剤の併用法の治療効果の評価を行った。抗 PD-L1 抗体と

EP4 阻害剤の併用は、ウシの PBMC およびマウスの脾細胞からの Th1 サイトカイン産

生を有意に増加させた。さらにマウスのリンパ腫モデルを用いた試験では、抗腫瘍効

果の増強が確認されたことから、本治療戦略が動物種によらず適応可能であることが

示唆された。 

本研究により、PGE2 はウシの慢性感染症に共通して認められる免疫回避機構の一

つであることが示唆された。PD-1/PD-L1 経路および COX-2/PGE2/EP4 経路を標的と

した併用療法が、生体内において抗ウイルス免疫を活性化することが明らかとなり、

BLV 感染症に対する新規制御法となりうることを示した。本併用療法は、マウスリンパ

腫モデルにおいても抗腫瘍効果を増強させたことから、ヒトを含む様々な医療分野へ

の応用が期待される。今後は、より大規模な、もしくはより多くの動物モデルを用いた

臨床試験を行い、本研究を基にした新規治療法の効果を詳細に検討する必要がある。 


