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ABBREVIATIONS  

 

7-aminoactinomycin D      7-AAD 

aleukemic      AL 

allophycocyanin      APC 

antibody-dependent cell-mediated cytotoxicity    ADCC 

B cell lymphoma      BL 

B cell receptor      BCR 

bovine leukemia virus     BLV 

bovine leukemia virus-env-immunoglobulin fusion protein  BLV-env-Ig 

bovine leukemia virus-infected     BLV+ 

bovine leukemia virus-infected cattle with B cell lymphoma  BCBL 

bovine leukemia virus-uninfected     BLV - 

bovine serum albumin     BSA 

carboxyfluorescein diacetate succinimidyl ester   CFSE 

Chinese hamster ovary      CHO 

chronic lymphocytic leukemia     CLL  

concanavalin A      ConA 

cytotoxic T lymphocyte antigen 4    CTLA-4 

dendritic cells      DCs 

enhanced green fluorescent protein     EGFP 

enzyme-linked immunosorbent assay    ELISA 

Epstein-Barr virus       EBV  

fluorescein isothiocyanate     FITC 

gene ontology      GO 

germinal center       GC  

Hanks' balanced salt solution     HBSS  

Hanks' balanced salt solution containing 1% bovine serum albumin  HBSS-BSA  

horse radish peroxidase      HRP 

human immunodeficiency virus     HIV 

human T cell leukemia virus-1    HTLV-1 

immunoglobulin      Ig 

interferon       IFN 
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interleukin       IL 

leukotriene B4 receptor     BLT1 

lipopolysaccharide      LPS 

long terminal repeat      LTR 

lymph node       LN  

mean fluorescence index     MFI 

methotrexate       MTX 

monoclonal antibody     mAb 

mouse sarcoma virus-transformed feline cell line   CC81 

peripheral blood mononuclear cells     PBMCs  

persistent lymphocytosis      PL 

phorbol 12-myristate acetate      PMA 

phosphate-buffered saline      PBS  

phosphate-buffered saline containing 0.05% Tween 20  PBS-T  

phosphatidylinositol 3-kinase     PI3-kinase 

phycoerythrin      PE 

pokeweed mitogen       PWM  

programmed death-1     PD-1 

programmed death-1-immunoglobulin fusion protein  PD-1-Ig 

programmed death-ligand 1     PD-L1 

programmed death-ligand 1-immunoglobulin fusion protein  PD-L1-Ig 

programmed death-ligand 2     PD-L2 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis  SDS-PAGE  

soluble form of programmed death-1    sPD-1  

surface IgM       sIgM 
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of anti-PD-1 or anti-PD-L1 antibody in chronic infection and tumors were investigated 

in many models, significantly enhanced T cell response, and improved clinical 

conditions [Hori et al., 2006; Nomi et al., 2007; Salama et al., 2003; Trautmann et al., 

2006].  For example, the PD-L1 blockade increases cytolytic reactions in 

HTLV-1-specific CD8+ T cells which express PD-1 at high level [Kozako et al., 2009]. 

On the basis of those reports, clinical trials were conducted in patients with cancer who 

were administered anti-PD-1 antibody [Berger et al., 2008; Brahmer et al., 2010]. 

Bovine leukemia virus (BLV) belongs to the members of Deltaretrovirus, 

Orthoretrovirinae, Retroviridae, and is genetically related to HTLV-1 [Sagata et al., 

1985].  While HTLV-1 infects CD4+ T cells, BLV infects B cells in cattle, and induces 

polyclonal expansion of B cells [Mirsky et al., 1996; Schwartz et al., 1994].  Epidemic 

of BLV infection is resulted in the extensive economic losses in the dairy beef industries 

[Gillet et al., 2007], because there is no immunization against this untreatable disease in 

cattle. 

The majority of BLV-infected (BLV+) cattle are clinically inapparent, and are 

referred to as asymptomatic or aleukemic (AL).  A small fraction of the latently 

infected individuals develop the disease characterized by persistent lymphocytosis (PL) 

and B cell lymphoma (BL) at 5-10 years after the infection.  BLV infection is 

established by the transmission of infected lymphocytes which contain provirus genome 

in host genome.  Although the population of BLV+ lymphocytes is expanded in line 

with the disease progression, no expression of viral antigens or particles are observed in 

lymphocytes in which proviruses are integrated into the host genome in the case of BLV 

and HTLV-1 infection [Asquith et al., 2005; Gillet et al., 2007].  Meanwhile, ex vivo 

cultivation induces viral antigen expression in a part of BLV+ B cells [Gillet et al., 

2007].  Due to these complicated observations, the mechanisms of viral transmission 

to uninfected lymphocytes and the disease progression in cattle still remain 

unexplained. 

Recent works have revealed that cytokine production plays a critical role in the 

progression of BLV-infection [Kabeya et al., 2001; Konnai et al., 2003; Usui et al., 

2007].  In cattle at the PL or BL stage, T cell dysfunction including impaired cell 

proliferation and cytokine production characterized by the down-regulation of Th1 

cytokines, accelerates the disease progression.  Although those host immunoregulatory 

factors are clearly involved in the pathogenesis of the infection, the exact mechanisms 

of the immunosuppression are not yet known. 
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The identification of the mechanisms of BLV-induced immunosuppression and 

BLV proliferation in infected lymphocytes are essential for the development of novel 

vaccines and therapies against BLV infection.  Since the PD-1/PD-L1 pathway is 

involved in the immunosuppression induced in many types of chronic infection [Keir et 

al., 2008], the role of the PD-1/PD-L1 pathway on immunosuppression in BLV+ cattle is 

worthy to be investigated.  Thus, in Chapter I, PD-L1 expression was analyzed in 

BLV+ cattle, and subsequently the PD-L1 function was investigated by using bovine 

PD-L1-expressing cells and bovine lymphocytes in Chapter II.  In Chapter III, PD-1 

expression was analyzed in BLV+ cattle using anti-PD-1 monoclonal antibody (mAb), 

and anti-PD-1 mAb treatment was tested in vitro for the candidate of the new therapy 

against BLV infection.  Moreover, to understand the detailed kinetics of BLV antigen 

expression, the cellular functions of BLV antigen-expressing and -silencing B cells were 

investigated in Chapter IV. 
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CHAPTER I  

 
Analysis of PD-L1 Expression in Bovine Leukemia 

Virus-Infected Cattle 
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production of lymphocytes in response to HIV peptides [Rosignoli et al., 2009], and 

inhibit apoptosis of CD8+ effecter T cells and tumor growth in mice model [Dong et al., 

2002].  Moreover, the technique of MHC-tetramer revealed that the immune 

reactivation by anti-PD-L1 treatment was mainly occurred in pathogen-specific T cells 

[Day et al., 2006; Kozako et al., 2009].  A clinical trial reported that PD-L1 expression 

on the membrane of tumor cells may affect the ability to respond to the blockade of the 

PD-1/PD-L1 pathway [Brahmer et al., 2010], suggesting that the affirmation of PD-L1 

expression is essential to obtain the best effect of the antibody treatment. 

Although many reports showed T cell exhaustion by the PD-1/PD-L1 pathway in 

human and mouse models, no functional analysis of these immunoinhibitory receptors 

has been reported on cattle and bovine diseases.  To determine the contribution of the 

PD-1/PD-L1 pathway to immune dysfunction caused by several diseases of domestic 

animals, such as BLV infection, bovine PD-1 gene has been cloned and it was shown 

that the expression profiles of PD-1 mRNA in CD4+ and CD8+ T cells are closely 

associated with BLV-induced lymphoma [Ikebuchi et al., 2010].  However, the 

dynamics of PD-L1 in disease progression during BLV infection remain unknown.  In 

this chapter, in an attempt to determine whether PD-L1 expression is associated with 

BLV-induced immunosuppression, the expression levels of bovine PD-L1 were 

measured in BLV+ cattle at different disease stages.  
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RESULTS 

 

PD-L1 mRNA expression in various bovine PBMC-derived cell types 

In order to investigate the expression levels of bovine PD-L1 mRNA, real-time 

PCR was used to quantify the expression of bovine PD-L1 mRNAs in PBMCs.  Firstly, 

the expression levels of bovine PD-L1 mRNA were evaluated in several cell types 

among PBMCs from healthy cattle (Figure I-1a).  The expression of PD-L1 mRNA in 

CD14+ cells, which are representative of monocytes, was higher than that in CD5+ cells 

(the T and B-1 cell fractions), CD4+ T cells and CD8+ T cells.  The PD-L1 mRNA 

expression was also observed in the negative fraction, which was considered to contain 

natural killer cells and conventional B cells among others.  To determine the effect of 

T cell stimulation on the expression of bovine PD-L1 mRNA, PBMCs from healthy 

animals were cultured in the presence of anti-CD3 mAb or ConA, a lectin which 

induces T cell proliferation.  As shown in Figure I-1b, the treatment of the antibody or 

ConA enhanced the expression of bovine PD-L1 mRNA in PBMCs relative to PBMCs 

without any stimulation.  There were no notable differences in the expression levels of 

bovine PD-L1 mRNA before and after cell cultivation without stimulation. 

 

PD-L1+ cells were increased in lymphocytes isolated from PL cattle and BCBL 

To evaluate PD-L1 expression in BLV+ animals, the percentages of PD-L1+ cells 

were determined in PBMCs freshly isolated from BLV+ cattle at different disease stages 

by flow cytometric analysis.  Typical cases of PD-L1 in BLV+ cattle at different 

disease stages are shown in Figure I-2a.  The mean percentage of PD-L1+ cells in 

PBMCs isolated from cattle at PL was significantly higher than those of uninfected 

cattle and AL cattle (Figure I-2b).  Similarly, the mean percentage of PD-L1+ cells was 

significantly increased in BCBL compared to BLV- cattle.  No difference in the mean 

percentage of PD-L1+ cells was observed between BLV- and AL cattle, as well as 

between PL cattle and BCBL.  In the case of retrovirus infections such as HIV and 

HTLV-1, the upregulation of the PD-L1 expression has been observed in target cells for 

virus infection or infected cells [Kozako et al., 2009; Wang et al., 2008].  BLV is 

characterized as a B cell tropic virus and induces aberrant B cell proliferation 

(especially CD5+ or IgM+ B cell) during disease progression.  As an attempt to 

evaluate the expression of PD-L1 on B cells, the proportion of the cells expressing 
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Figure I-4. Correlation between markers of disease progression and PD-L1 expression in BLV+ 
cattle.  
Positive correlation between the leukocyte number (a: n = 36; AL: 8 PL: 20 BCBL: 8), provirus 
load (b: n = 41; AL: 12 PL: 20 BCBL: 9) or virus titer (c: n = 39; AL: 12 PL: 19 BCBL: 8) and 
the percentages of PD-L1+ cells in PBMCs corresponding to Figure I-2b.  The provirus load 
and virus titer were determined using quantitative real-time PCR and syncytium formation assay, 
respectively.  Correlation statistics were analyzed using the Spearman correlation.  
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DISCUSSION 

 

In domestic animals including cattle, there are still many intractable diseases with 

poor-prognosis due to the lack of effective treatment and vaccination.  This may be 

attributed to lack of a better understanding of immunological mechanisms leading to 

immune evasion.  Recent studies have indicated the involvement of a major inhibitory 

network of the PD-1/PD-L1 pathways in immune dysfunction in several human diseases.  

However, there are only a few reports available on the role of the PD-1/PD-L1 

pathways in domestic animals.  In this study, the correlation between BLV infection 

and PD-L1 expression was demonstrated. 

In this chapter, PD-L1 expression on PBMCs, especially B cells proliferating 

abnormally was found to be upregulated in cattle with advanced disease, consistent with 

previous reports showing the upregulation of PD-L1 expression in retrovirus infections.  

For example, in HTLV-1 infection, the upregulation of PD-L1 on CD4+ and CD25+ T 

cells, as well as the upregulation of PD-1 on CD8+ T cells, especially HTLV-1-specific 

T cells together with anti-virus T cell dysfunctions have been reported [Kozako et al., 

2009; Shimauchi et al., 2007].  BLV, which is related to HTLV-1, causes chronic 

infections of B cells that may lead to leukemia and lymphoma in cattle through yet to be 

elucidated mechanisms of disease progression.  Nevertheless, there has been evidence 

of dysfunction of cellular immunity that has been associated with the progression of the 

disease [Konnai et al., 2003].  Thus, the findings obtained in this study underscore 

earlier reports suggesting that the PD-1/PD-L1 pathway in retrovirus infection is 

associated with T cell dysfunction during disease progression.  

To determine whether PD-L1 expression was specifically upregulated on BLV+ B 

cells compared to BLV - B cells, PD-L1 expression on BLV-gp51+ B cells among 

PBMCs after ex vivo cultivation was measured.  The overnight cultivation was needed 

for the analysis because BLV-gp51 was found not to be expressed on freshly isolated 

PBMCs from infected cattle, even at the late stage of the disease.  Despite its clear 

correlation with the provirus load and virus titer, PD-L1 expression level in gp51+ B 

cells was not different from that in gp51- B cells.  The reason for this observation 

might be that only gp51 staining is not able to discriminate BLV+ B cells from BLV- B 

cells, although there is the possibility that the PD-L1 expression was augmented in 

whole B cells in cattle at the PL stage.  Previous reports supposed that BLV+ B cells 
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were composed of BLV-antigen-expressing and silencing B cells [Gillet et al., 2007], so 

it is difficult to investigate PD-L1 expression in accurate BLV+ B cells, not BLV 

antigen-expressing B cells, by current staining technique.  Further analyses on the 

expression of BLV antigen in B cells are described in Chapter IV. 

The mechanism of PD-L1 upregulation during BLV-induced disease progression 

remains unknown.  In HIV models, several hypotheses on what elevates PD-1 and 

PD-L1 expressions, such as cytokine microenvironment [Kinter et al., 2008], 

virus-derived proteins [Muthumani et al., 2008], influx of microbial products [Said et al., 

2010] and chronic antigen presentation [Streeck et al., 2008], have been proposed.  

These hypotheses might contribute to understanding the mechanism of PD-L1 

upregulation during BLV infection, considering that changes in cytokine 

microenvironment [Kabeya et al., 2001; Konnai et al., 2003; Pyeon et al., 1996, 1998] 

and aberrant modulation of host molecules by a BLV transcription factor, Tax [Twizere 

et al., 2003] have been previously reported in BLV+ animals.  Nevertheless, further 

elucidation of the mechanism for the elevation of PD-L1 expression is warranted to 

fully understand the cell signaling pathways involved in the modulation of host immune 

responses. 

In conclusion, PD-L1 aberrantly expressed on B cells in BLV+ cattle, with the 

elevated proportion of PD-L1+ cells correlating with immune evasion during the course 

of the disease.  Thus, PD-1-induced T cell dysfunction through its binding to the 

PD-L1 on B cells might contribute to disease progression. 
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CHAPTER II  

 
The Influence of PD-L1 Blockade by PD-1-Immunogloblin 
Fusion Protein and Anti -PD-L1 Monoclonal Antibody in 
PD-L1-Expressing Cell L ines and Bovine Lymphocytes 
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that PD-L1 is able to stimulate T cell function [Dong et al., 1999; Subudhi et al., 2004; 

Wan et al., 2006].  For example, T cells are activated by PD-L1 expressed on NK cells 

via the independent mechanisms from PD-1 [Saudemont et al., 2005]. 

In Chapter I, augmented PD-L1 expression was confirmed in BLV+ cattle with PL 

stage.  The PD-L1 blockade is accepted as appropriate strategy to improve immune 

responses against tumors and chronic infections [Keir et al., 2008], therefore, in this 

chapter, to investigate the effect of PD-L1 blockade on immune reaction and cell death, 

the PD-L1-expressing cell lines and lymphocytes isolated from BLV+ cattle were treated 

with PD-1-Ig or anti-PD-L1 mAb. 
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Figure II-1. Amino acid sequences of the extracellular region of bovine PD-1, bovine IgG1-Fc 
region and bovine PD-1-Ig.   
GenBank accession numbers are described in each title.  Double lines indicate mutation sites 
for the reduction of ADCC response. 
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in B cells among lymphocytes isolated from BLV+ cattle as described in Chapter I, it 

was hypothesized that PD-1-Ig bound PD-L1+ B cells and induced PD-L1-mediated cell 

death in B cells along with the observation in Figure II-4 and 5, resulting in the 

immunosuppression.  Expectedly, the percentages of dead PD-L1+ B cells were 

augmented by PD-1-Ig treatment (Figure II-7d) and those of the live cells were 

decreased (data not shown).  However, those of dead PD-L1- B cells were also 

upregulated (Figure II-7d). 
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Figure II-3. Establishment of PD-1-Ig and anti-bovine PD-L1 mAbs. 
(a) Western blot analysis of PD-1-Ig.  Anti-bovine IgG Fc antibody recognized PD-1-Ig at 
about 67 kDa from supernatant of PD-1-Ig-expressing CHO-DG44 cells.  (b, c) PD-1-Ig (b) 
and three types of anti-PD-L1 mAbs (c) recognized PD-L1-EGFP-expressing CHO-DG44 cells, 
not EGFP-expressing CHO-DG44 cells.  Bovine IgG (for PD-1-Ig; b), rat IgG1 (for 5A2; c), 
rat IgG2a (for 4G12, data not shown; c) and rat IgM (for 6G7, data not shown; c) were used as 
negative control. 
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Annexin-V and 7-AAD.  Values in the quadrant indicate the percentage of the cells.  Mean 
values ± SEM from three independent experiments are shown.  Statistical comparisons 
between bovine IgG and PD-1-Ig were made using the two-way ANOVA.  Differences were 
considered statistically significant at P < 0.05 (** P < 0.01).  
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CHAPTER III  

 
Analysis of PD-1 Expression and the Influence of PD-1 
Blockade on Immune Reaction and Viral Expression in 

Bovine Leukemia Virus-Infected Cattle 
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RESULTS 

 

Anti -PD-1 mAb reacts with PD-1-expressing cells  

Supernatants containing antibody from 576 hybridoma colonies were screened for 

their binding to bovine IgG and PD-1-Ig by ELISA.  Hybridomas that produced mAbs 

recognizing bovine IgG were excluded.  Four hybridomas (2C12, 2H7, 3G2, and 5D2) 

were cloned and confirmed as clones producing mAb that reacted with Cos-7 

expressing PD-1 but not with cells transfected with the control vector (Table III -1 and 

Figure III -1a).  Control antibody (Rat IgG) did not react with both of the cells.  The 

degree of fluorescent signals of 2H7 and 5D2 were apparently different from those of 

2C12 and 3G2.  Anti-PD-1 mAbs, except for 2C12, were able to recognize 

heat-denatured PD-1 at approximately 68kDa by Western blotting, showing that 2C12 

could recognize a conformational epitope of bovine PD-1 (Figure III -1b).   

 

Anti -PD-1 mAb reacts with bovine lymphocytes  

To confirm that anti-PD-1 mAb can recognize bovine PD-1 naturally expressed on 

bovine lymphocytes, surface PD-1 expression was examined on CD4+ and CD8+ T cells 

as well as IgM+ B cells freshly isolated or stimulated by mitogens, such as PWM and 

PMA/ionomycin in vitro.  An example of the gating strategy is shown in Figure III -2a.  

IgM+ B cells were first gated and IgM- cells further analyzed for CD4 and CD8 

expression.  Of four anti-PD-1 mAbs, the strongest fluorescence was observed in 

PBMCs stained with 5D2 (data not shown); therefore, cells were stained with 5D2 for 

subsequent expression analyses of bovine PD-1.  PD-1 was expressed mainly on CD4+ 

T cells from freshly isolated PBMCs, whereas CD8+ T cells and B cells barely 

expressed PD-1 (Figure III -2b). 

When PBMCs were cultivated in the presence of mitogen, PD-1 expression in 

lymphocytes was elevated, whereas in vitro incubation without any stimulant did not 

affect PD-1 expression in any population of lymphocytes (Figure III -2b, c).  

PMA/ionomycin stimulation more quickly induced PD-1 expression than no stimulant, 

which strongly enhanced in more than 90% of CD4+ and CD8+ T cells and half of B 

cells at 72 h (Figure III -2b).  Although PWM stimulates both T and B cells [Janossy et 

al., 1976] like PMA/ionomycin, on one level or another, subsets of CD4+ and CD8+ T 

cells stimulated by PWM expressed less PD-1 antigen than PBMCs treated with 
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anti-PD-1 mAb resulted in the reduction of the frequencies of gp51+ cells in IgM+ B 

cells (Figure III -6a).  Because previous reports showed that B cell activation augments 

viral expression ex vivo [Gillet et al., 2007], it was hypothesized that one of the 

mechanisms responsible for the inhibition of gp51 expression resulting from PD-1 

blockade was the downregulation of B cell activation.  To test this hypothesis, the 

expression of activation markers, CD19-like (WC4) and CD80, of B cells were 

measured.  PD-1 blockade resulted in the attenuation of WC4 and CD80 expression in 

B cells (Figure III -6b, c), and moreover, the reduction in the expression of BAFF 

mRNA (Figure III -6d), which was important cytokine for B cell survival [Lied et al., 

2011].  Moreover, the frequencies of apoptotic B cells were also increased in PBMCs 

treated with anti-PD-1 mAb, as compared with control antibody (Figure III -6e).  

Finally, to assess whether PD-1 blockade have a direct effect on B cells, isolated B cells 

were cultivated with gp51 peptide mixture in the presence of anti-PD-1 mAb.  As 

expected, the significant changes in gp51 expression in B cells by PD-1 blockade were 

not observed (Figure III -6f), suggesting that anti-PD-1 mAb did not affect directly on 

gp51 expression in B cells. 

  



61 
 

 

 

 

 

 

 

 

 

 

 

 

Table III -1. The number of positive hybridomas in each screening test 

  

  

ELISA for 

PD-1-Ig 

ELISA for 

bovine IgG 

ELISA for PD-1-Ig 

(do not recognize 

bovine IgG) 

Flow cytometry for 

PD-1 expressing 

Cos-7 

47 78 14 4 
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Figure III -1. Recognition of PD-1-expressing cells by anti-PD-1 mAbs. 
(a) Flow cytometric analysis of surface expression of bovine PD-1.  Cos-7 expressing PD-1 
(black line) and Cos-7 transfected with the control vector (dashed line) were stained with four 
types of anti-PD-1 mAbs (2C12, 2H7, 3G2, and 5D2) and isotype control (Rat IgG).  (b) 
Western blot analysis of bovine PD-1 expression in CHO-DG44 cells stably expressing bovine 
PD-1 with myc-tag.  Three types of anti-PD-1 mAbs recognized PD-1 (triangle) at about 68 
kDa.  Anti-actin antibody and anti-myc antibody were used as a loading control and a positive 
control.   
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Figure III -2. Recognition of PD-1-expressing lymphocytes by anti-PD-1 mAb. 
(a) Gating strategies for CD4+ T cells, CD8+ T cells and IgM+ B cells in bovine lymphocytes. 
(b) Representative histograms obtained by flow cytometry of PD-1 expression in CD4+ T cells, 
CD8+ T cells and IgM+ B cells isolated from three BLV - cattle.  Freshly isolated PBMCs were 
stained with anti-PD-1 (5D2), CD4, CD8, and IgM mAb.  PBMCs were cultivated with PBS 
(No stimulation), PMA/ionomycin, and PWM for 24, 48, and 72 h, and stained in a similar way.  
(c) Proportions of PD-1 positive cells in CD4+ T cells, CD8+ T cells and IgM+ B cells.  
Statistical comparisons between percentages of PD-1 positive cells stimulated with PBS and 
PMA/ionomycin or PWM were made using the two-way ANOVA.  Differences were 
considered statistically significant at P < 0.05 (** P < 0.01).  (d) Representative dot plots of 
PD-1 and CD25 expression in CD4+ T cells, CD8+ T cells and IgM+ B cells 48h after cultivation.  
Values in the quadrant indicate the percentage of the cells in lymphocytes. 
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cells in lymphocytes.  (d) Expression of BAFF mRNA was evaluated by real-time PCR (n = 
12).  The results were indicated as relative change to control (no antibody treatment) when the 
amount of BAFF mRNA expression was divided by GAPDH mRNA expression.  (e) 
Percentages of apoptotic cells in IgM+ B cells were measured by flow cytometry. Apoptotic B 
cells were identified as annexin-V+ 7-AAD - cells (n = 11). (f) Percentages of gp51-expressing 
cells were evaluated by flow cytometry in isolated B cells cultivated with rat IgG control or 
anti-PD-1 mAb (n = 11).  Each of line indicates the mean percentages in each group.  
Statistical comparisons between rat IgG control and anti-PD-1 mAb were made using the 
Wilcoxon matched-pairs test. Differences were considered statistically significant at P < 0.05 (* 
P < 0.05; ** P < 0.01). 
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CHAPTER IV  
 

Viral Expression and Functional Analysis of IgM high and 
IgM low B Cells Isolated from Bovine Leukemia Virus-Infected 

Cattle 
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RESULTS 

 

Surface IgM (sIgM) expression was augmented in B cells isolated from BLV+ cattle 

Firstly, the expressions of B cell-associated surface markers in B cells isolated from 

BLV+ cattle at different disease stages were analyzed.  The rate of IgM+ B cells in 

PBMCs were increased in BLV+ cattle in line with increasing numbers of lymphocytes 

in blood (Fig IV-1a, b).  The percentage of IgM+ B cells in BLV- cattle was up to 

around 50% of PBMCs.  MFI of sIgM expression was also augmented in IgM+ B cells 

from BLV+ cattle compared to BLV- cattle (Figure IV-1c).  Inversely, dual staining 

with anti-IgM and either anti-WC4 or anti-B-B7 revealed that both proportions of 

CD19-like+ cells and CD21-like+ cells and MFI of CD19-like and CD21-like 

expressions in IgM+ B cells from BLV+ cattle were reduced as compared with those 

from BLV- cattle (Figure IV-1d, e).  Increase in IgM expression and decrease in 

CD19-like and CD21-like expressions in B cells were correlated with the proportions of 

IgM+ B cells in PBMCs (Figure IV-1f).  When IgM+ B cells were divided into two 

subsets, IgMhigh and IgMlow B cells, the percentages of IgMhigh B cells in BLV+ cattle 

were significantly higher than those of IgMlow B cells in BLV+ cattle and IgMhigh and 

IgM low B cells in BLV- cattle (Figure IV-1g).  The amplitude of IgMhigh B cells was 

higher than that of IgMlow B cells in BLV+ and BLV- cattle (Figure IV-1h).  These data 

indicated that the number of IgMhigh CD19-likemid CD21-likemid B cells is increased in 

blood lymphocytes during the disease progression of BLV infection. 

 

IgM high B cells were prone to express BLV antigen and IgM low B cells were not 

To investigate the relationship between surface marker and the expression of BLV 

antigens in B cells after ex vivo cultivation, PBMCs were cultivated for BLV expression 

and stained with anti-IgM, anti-WC4 and either anti-gp51 or anti-p24.  The ex vivo 

cultivation facilitated to distinguish IgMhigh from IgM low B cells as compared to fresh 

lymphocytes (Figure IV-1a and 2a).  In freshly-isolated lymphocytes, CD19-like 

expression in IgMlow B cells was higher than that in IgMhigh B cells (Figure IV-1a and 

2b), but the overnight cultivation led to a decrease of CD19-like expression in IgMlow B 

cells (Figure IV-2b).  The CD19-like expression in IgMhigh B cells was not altered in 

both freshly isolated and cultivated lymphocytes.  Then, BLV-gp51 was mostly 

expressed in IgMhigh B cells (Figure IV-2c).  By contrast, IgM low B cells rarely 
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expressed gp51.  Similarly, higher levels of BLV-p24 expression were observed in 

IgMhigh and IgMlow B cells (Figure IV-2d), and the percentages of B cells expressing 

both gp51 and p24 were also higher in IgMhigh B cells than IgMlow B cells (Figure 

IV-2e).  Few gp51+ p24- B cells were present in both IgMhigh and IgMlow B cells.  

These data suggested that IgMhigh CD19-likemid cells included a high proportion of 

BLV-expressing cells, while IgM low CD19-likelow B cells included a high proportion of 

BLV-silencing cells.  Thus, BLV-expressing and BLV-silencing B cells could be 

loosely discriminated by the difference in sIgM expression levels. 

 

IgM and WC4 stimulation upregulated gp51 expression 

To identify whether sIgM and CD19-like molecules play a role in the expression of 

BLV antigens, the change in BLV-gp51 expression was measured in B cells treated with 

either anti-IgM, anti-WC4 or PI3-kinase inhibitors which inhibit the signaling 

associated with CD19 [So et al., 2012].  Anti-IgM treatment demonstrated the 

upregulation of gp51 expression in B cells (Figure IV-3a), in good agreement with the 

previous report showing that IgM-crosslinking induced p24 expression in PBMCs and 

B cells [Kerkhofs et al., 1996].  There was no difference in gp51 expression between B 

cells treated with goat IgG and PBS in some samples (data not shown).  The 

percentages of gp51+ B cells were increased by anti-WC4 treatment as compared to 

mouse IgG1 treatment (Figure IV-3b), and decreased by the treatment of two types of 

PI3-kinase inhibitors (Figure IV-3c).  Moreover, LY294002 treatment abolished the 

effect of anti-WC4 treatment (Figure IV-3c), indicating that CD19 signaling, as well as 

B cell receptor (BCR) signaling, could play important roles in BLV antigen expression. 

 

Provirus  loads and expression levels of BLV-binding receptors in IgM high and 

IgM low B cells were almost the same 

The lower expression of BLV antigen in IgMlow B cells relative to IgMhigh B cells 

could be attributed to lower proportion of BLV+ B cells in the subset.  To investigate 

the percentages of BLV+ B cells in IgMhigh and IgMlow B cells, provirus loads in both of 

the subsets were measured by real-time PCR from genome DNA.  Both of the B cell 

subsets were isolated from PBMCs cultivated overnight to express BLV antigens.  

Unexpectedly, no differences were observed in provirus loads between IgMhigh and 

IgM low B cells (FigureIV-4a), although IgMhigh B cells were prone to express BLV 

antigen (Figure IV-2b, d).  Not all B cells would be infected with BLV in both of these 
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and their ability of calcium flux in response to BCR stimulation [Quach et al., 2011; 

Zikherman et al., 2012].  In this study, more responding cells stimulated by polyclonal 

anti-bovine IgM were present in IgMhigh B cells from BLV+ cattle than IgMhigh and 

IgM low B cells from BLV - cattle (Figure IV-6a, b).  The percentages of IgMlow B cells 

in BLV+ cattle which responded to the BCR stimulation were also higher than those of 

IgM low B cells isolated from BLV- cattle.  Unexpectedly, no significant difference in 

responsiveness to the BCR stimulation was observed between IgMhigh and IgMlow B 

cells (Figure IV-6b).  Meanwhile, responsiveness to WC4 stimulation was almost the 

same in all subsets of B cells. 

 

IgM low B cells from BLV + cattle were prone to undergo spontaneous cell death after 

ex vivo cultivation  

Previous studies showed that BLV infection in sheep protected their PBMCs from 

ex vivo apoptosis [Dequiedt et al., 1997], and CD21low B cells in human were sensitive 

to apoptosis [Charles et al., 2011; Isnardi et al., 2010].  To investigate the sensitivity to 

cell death of B cells from BLV+ cattle which were shown to express lower levels of 

CD21-like than BLV- cattle (Figure IV-1c, d), PBMCs after ex vivo cultivation were 

stained with anti-IgM, annexin-V and 7-AAD.  A higher frequency of dead cells 

(annexin-V+ 7-AAD+) and lower frequency of live cells (Annexin-V- 7-AAD -) were 

observed in IgM low B cells from BLV+ and BLV- cattle compared to IgMhigh B cells 

(Figure IV-6c, d).  Moreover, IgM low B cells from BLV+ cattle were more susceptible 

to cell death than those from BLV - cattle. 

 

IgM low B cells contained a higher frequency of PD-L1+ cells relative to IgMhigh B 

cells 

A previous study showed that the proportion of PD-L1+ B cells was higher in BLV+ 

cattle with advanced disease stage as compared to BLV- cattle (Chapter I) [ Ikebuchi et 

al., 2011].  In this study, the PD-L1 expression was compared between IgMhigh and 

IgM low B cells isolated from BLV+ cattle by using anti-bovine PD-L1 mAb established 

in Chapter II.  The percentages of PD-L1+ cells in IgMlow B cells were higher than 

those in IgMhigh B cells (Figure IV-6e).  The fluorescence intensity of PD-L1 

expression was not able to be compared between IgMhigh and IgMlow B cells, because 

auto-fluorescence was different between these subsets (data not shown).   
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Higher expressions of proto-oncogenes and genes associated with chemotaxis and 

inflammatory  in IgM low B cells relative to IgMhigh B cells 

To investigate gene expression profile in IgMlow B cells which were prone to be 

silent in BLV expression, microarray analysis was performed using RNA isolated from 

both IgMhigh and IgMlow B cells sorted from cultivated PBMCs of three BLV+ cattle.  

Expressions of 164 genes were upregulated and those of 28 genes were downregulated 

in IgM low B cells compared to IgMhigh B cells isolated from all three cattle (Table IV-1, 

2).  Expressions of several proto-oncogenes such as, MafB [Eychene et al., 2008], Jun 

[Jochum et al., 2001], Fos/FosB [Jochum et al., 2001; Milde-Langosch, 2005], Frat1 

[Jonkers et al., 1997], Bcl9L [Anastas et al., 2013] and Fyn [Saito et al., 2010] were 

augmented in IgMlow B cells.  Then, GO analysis of the differentially expressed genes 

revealed that gene expressions associated with several different functions such as, 

chemokine activity, chemotaxis and inflammatory response were significantly 

augmented in IgM low B cells (Table IV-3), indicating that IgMlow B cells could be at 

inflammatory state.  The expression levels of MafB, Jun, Fos, FosB, Frat1, Fyn, Ccl3, 

Ccl4, Il8 and Ccr1 genes were also confirmed by quantitative real-time PCR to be 

upregulated in IgM low B cells from nine other BLV+ cattle (Table IV-4). 

 

IgM high B cells were not observed in BL cells from LN  

Actual surface markers of BL cells in BLV+ cattle have not been determined.  

Thus, the expression level of sIgM was measured in BL cells isolated from enlarged 

LNs in BCBL which was diagnosed based on CD5, CD19-like and CD21-like 

expression as described in Chapter III (data not shown).  BL cells from 8 out of 14 

cattle expressed low degrees of sIgM (Figure IV-7, Table IV-5), whereas IgMhigh BL 

cells were not observed in LN of BCBL in this study.  IgM- B cells were also observed 

in BL cells isolated from 5 cattle.  Heterogeneous level of IgM expression was 

detected in BL cells from one cattle.  These data indicated that lymph node cells in 

BCBL mostly consist of IgM low or IgM- B cells, although IgMhigh B cells were present 

in blood. 
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Table IV-1. Genes upregulated 1.5 times or more in IgMlow B cells relative to IgMhigh B cells in 
all cases of three cattle. 
 

Gene name Genbank accession 
number Gene symbol Mean fold 

difference 
chemokine (C-C motif) ligand 2 NM_174006 CCL2 35.90 
T-cell receptor delta chain D90419 TRD@ 22.21 
thrombospondin 1 NM_174196 THBS1 33.06 
chemokine (C-X-C motif) ligand 2 NM_174299 CXCL2 30.36 
chemokine (C-X-C motif) ligand 1 
(melanoma growth stimulating 
activity, alpha) 

NM_175700 GRO1 28.65 

interleukin 8 NM_173925 IL8 27.62 
chemokine (C-X-C motif) ligand 6 
(granulocyte chemotactic protein 2) NM_174300 CXCL6 28.50 

chemokine (C-X-C motif) ligand 3 NM_001046513 CXCL3 28.60 
chemokine (C-C motif) receptor 1 NM_001077839 CCR1 24.77 
serpin peptidase inhibitor, clade B 
(ovalbumin), member 2 NM_001192079 SERPINB2 19.36 

matrix metallopeptidase 1 
(interstitial collagenase) NM_174112 MMP1 16.02 

v-maf musculoaponeurotic 
fibrosarcoma oncogene homolog B 
(avian) 

XM_610891 MAFB 27.57 

activity-regulated 
cytoskeleton-associated protein NM_001206407 ARC 12.20 

interleukin 1, alpha NM_174092 IL1A 17.97 
S100 calcium binding protein A8 NM_001113725 S100A8 17.17 
serum amyloid A 3 NM_181016 SAA3 13.56 
interleukin 1 receptor antagonist NM_174357 IL1RN 13.71 
lymphocyte-specific protein 
tyrosine kinase NM_001034334 LCK 9.48 

matrix metallopeptidase 9 
(gelatinase B, 92kDa gelatinase, 
92kDa type IV collagenase) 

NM_174744 MMP9 12.18 

potassium channel tetramerisation 
domain containing 12 EV787249 KCTD12 8.64 

interleukin 1, beta NM_174093 IL1B 10.68 
heat shock 70kDa protein 1A NM_174550 HSPA1A 8.59 
annexin A1 NM_175784 ANXA1 9.27 
CD14 molecule BC148880 CD14 11.46 
S100 calcium binding protein A12 NM_174651 S100A12 8.67 
colony stimulating factor 1 receptor NM_001075403 CSF1R 8.56 
CD3e molecule, epsilon 
(CD3-TCR complex) NM_174011 CD3E 7.46 

inhibitor of DNA binding 1, 
dominant negative helix-loop-helix 
protein 

NM_001097568 ID1 7.83 

mammary serum amyloid A3.2 NM_001242573 M-SAA3.2 7.60 
coagulation factor XIII, A1 
polypeptide NM_001167894 F13A1 9.87 
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GTP cyclohydrolase 1 AF081949 GCH1 6.00 
gTPase, IMAP family member 
5-like FE016509 LOC530077 6.22 

transglutaminase 3 (E polypeptide, 
protein-glutamine-gamma-glutamyl
transferase) 

NM_001101848 TGM3 7.10 

regulator of G-protein signaling 10 NM_001046540 RGS10 9.76 
plasminogen activator, urokinase 
receptor NM_174423 PLAUR 6.78 

S100 calcium binding protein A10 NM_174650 S100A10 5.79 
leucine rich repeat containing 25 NM_174688 LRRC25 6.97 
thrombomodulin NM_001166522 THBD 5.92 
T cell receptor, alpha BC149630 TCRA 6.25 
annexin A5 NM_001040477 ANXA5 5.52 
immediate early response 2 NM_001075871 IER2 4.74 
dual specificity phosphatase 6 NM_001046195 DUSP6 5.75 
docking protein 2, 56kDa NM_001102002 DOK2 5.67 
CD8a molecule NM_174015 CD8A 4.65 
histone cluster 1, H2ai-like XM_602557 LOC524236 4.41 
histone cluster 1, H2ag NM_001098720 HIST1H2AG 4.52 
GATS protein-like 2 XM_602920 GATSL2 4.24 
neurofilament, heavy polypeptide XM_865632 NEFH 4.63 
phosphoribosyl pyrophosphate 
synthetase 2 XM_002700438 PRPS2 4.00 

histone H3.2 NM_001166569 LOC504599 4.05 
pleckstrin homology-like domain, 
family A, member 1 NM_001105631 PHLDA1 3.99 

histone cluster 1, H2ba XM_002697533 HIST1H2BA 3.92 
chromosome 3 open reading frame, 
human C1orf162 XM_002705653 C3H1orf162 4.11 

CCAAT/enhancer binding protein 
(C/EBP), beta NM_176788 CEBPB 3.47 

notch 1 XM_002691620 NOTCH1 3.65 
sulfotransferase family, cytosolic, 
1A, phenol-preferring, member 1 BC102274 SULT1A1 3.78 

histone H2A type 1-A-like XR_084054 LOC521825 3.36 
keratin 17 NM_001105322 KRT17 3.34 
histone cluster 1, H2bh-like XM_002695159 LOC526915 3.36 
serum amyloid A2 NM_001075260 SAA2 3.61 
jun proto-oncogene NM_001077827 JUN 3.30 
histone cluster 1, H2ah XM_868705 HIST1H2AH 3.30 
GATA binding protein 3 NM_001076804 GATA3 3.36 
histone cluster 2, H2be NM_001099384 HIST2H2BE 3.17 
hexamethylene bis-acetamide 
inducible 1 NM_001076181 HEXIM1 3.13 

CD99 molecule NM_001244214 CD99 3.34 
chemokine (C-C motif) ligand 4 NM_001075147 CCL4 3.06 
histone cluster 2, H2be-like XM_002687403 LOC617908 3.09 
adenylate cyclase 6 NM_001143877 ADCY6 2.99 
histone H2B-like NM_001114854 H2B 3.05 
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histone cluster 1, H2bl-like XM_602005 LOC523702 3.03 
Rho guanine nucleotide exchange 
factor (GEF) 10-like NM_001046297 ARHGEF10L 2.92 

G protein-coupled receptor 171 NM_001077002 GPR171 3.82 
transthyretin NM_173967 TTR 2.82 
argininosuccinate synthase 1 NM_173892 ASS1 3.11 
cyclin-dependent kinase inhibitor 
1C (p57, Kip2) NM_001077903 CDKN1C 2.99 

LEM domain containing 3 NM_001192699 LEMD3 2.82 
complement factor B NM_001040526 CFB 3.31 
S100 calcium binding protein A11 NM_001098856 S100A11 2.94 
plexin D1 XM_001789172 PLXND1 3.19 
phenylethanolamine 
N-methyltransferase NM_177505 PNMT 2.67 

histone cluster 2, H2be-like XM_002687190 LOC521525 2.73 
histone H2B type 1-like XM_002699033 LOC512612 2.72 
FBJ murine osteosarcoma viral 
oncogene homolog NM_182786 FOS 2.71 

FBJ murine osteosarcoma viral 
oncogene homolog B NM_001102248 FOSB 2.73 

tracheal antimicrobial peptide NM_174776 TAP 2.73 
leukocyte immunoglobulin-like 
receptor, subfamily B (with TM 
and ITIM domains), member 3-like 

XR_138959 LOC617702 2.98 

histone H2B type 1-like XM_002691912 LOC617043 2.65 
histone cluster 3, H2bb XM_598354 HIST3H2BB 2.60 
adrenergic, beta-2-, receptor, 
surface NM_174231 ADRB2 2.58 

histone H2B type 1-like XM_002696342 LOC614206 2.63 
histone H2B type 1-like XM_002693492 LOC520044 2.64 
SRY (sex determining region 
Y)-box 4 NM_001078128 SOX4 2.57 

MARCKS-like 1 NM_001076172 MARCKSL1 2.54 
WDFY family member 4 NM_001205945 WDFY4 2.62 
immediate early response 5-like NM_001206835 IER5L 2.56 
CD68 molecule NM_001045902 CD68 2.82 
pyroglutamylated RFamide peptide NM_198222 QRFP 2.48 
frequently rearranged in advanced 
T-cell lymphomas XM_002698415 FRAT1 2.45 

elastin microfibril interfacer 2 NM_001143869 EMILIN2 2.82 
histone H2B type 1-like XM_001249778 LOC528342 2.47 
tumor necrosis factor receptor 
superfamily, member 1A NM_174674 TNFRSF1A 2.67 

RAS p21 protein activator 3 NM_174676 RASA3 2.55 
interleukin 13 receptor, alpha 1 NM_001206677 IL13RA1 2.57 
chromosome 21 open reading 
frame, human C14orf180 NM_001205388 C21H14orf180 2.57 

neurocan NM_001193082 NCAN 2.37 
SH2 domain containing 2A NM_001105401 SH2D2A 2.39 
CUE domain containing 1 NM_001099064 CUEDC1 2.36 
protein phosphatase 1, regulatory NM_001046178 PPP1R15A 2.36 
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subunit 15A 
uncharacterized LOC615263 NM_001103298 LOC615263 2.39 
chromosome 7 open reading frame, 
human C19orf29 XM_607390 C7H19orf29 2.41 

polymerase I and transcript release 
factor NM_001111103 PTRF 2.30 

ATG16 autophagy related 16-like 2 
(S. cerevisiae) NM_001192280 ATG16L2 2.29 

matrix metallopeptidase 15 
(membrane-inserted) NM_001191434 MMP15 2.28 

CD3g molecule, gamma 
(CD3-TCR complex) NM_001040472 CD3G 2.30 

lymphocyte cytosolic protein 2 
(SH2 domain containing leukocyte 
protein of 76kDa) 

NM_001076844 LCP2 2.40 

keratin 19 NM_001015600 KRT19 2.26 
tyrosine kinase with 
immunoglobulin-like and EGF-like 
domains 1 

NM_173965 TIE1 2.28 

stomatin NM_001105473 STOM 2.29 
N-myc downstream regulated 1 NM_001035009 NDRG1 2.35 
solute carrier organic anion 
transporter family, member 3A1 NM_001001134 SLCO3A1 2.25 

family with sequence similarity 57, 
member B NM_001105465 FAM57B 2.19 

diacylglycerol kinase, delta 
130kDa NM_001035282 DGKD 2.24 

regulator of G-protein signaling 2, 
24kDa NM_001075596 RGS2 2.19 

chromosome 15 open reading 
frame, human C11orf53 XM_870687 C15H11orf53 2.15 

transmembrane BAX inhibitor 
motif containing 1 NM_205798 TMBIM1 2.19 

UDP-Gal:betaGlcNAc beta 1,4- 
galactosyltransferase, polypeptide 
4 

NM_001038078 B4GALT4 2.10 

SRY (sex determining region 
Y)-box 17 NM_001206251 SOX17 2.25 

major vault protein NM_001035317 MVP 2.17 
H2A histone family, member X NM_001079780 H2AFX 2.09 
protein kinase C, eta NM_001076863 PRKCH 2.10 
B-cell CLL/lymphoma 9-like NM_001205656 BCL9L 2.05 
leukocyte receptor cluster (LRC) 
member 8 NM_001102100 LENG8 2.08 

tumor necrosis factor receptor 
superfamily, member 12A NM_001206328 TNFRSF12A 2.10 

nuclear protein, transcriptional 
regulator, 1 NM_001114515 NUPR1 2.09 

olfactory receptor, family 7, 
subfamily D, member 2 XM_585830 OR7D2 2.06 

chromosome 10 open reading 
frame, human C15orf59 NM_001105432 C10H15orf59 2.04 

olfactory receptor, family 4, 
subfamily D, member 11-like XM_001789446 LOC788587 2.01 
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glutaminyl-peptide 
cyclotransferase-like NM_001075940 QPCTL 1.96 

early growth response 1 NM_001045875 EGR1 1.95 
heat shock 70kDa protein 6 
(HSP70B') XM_002685850 HSPA6 1.95 

serum/glucocorticoid regulated 
kinase 1 NM_001102033 SGK1 1.95 

serine palmitoyltransferase, small 
subunit B NM_001110774 SPTSSB 1.93 

regulator of cell cycle NM_001102276 RGCC 1.92 
transmembrane and 
immunoglobulin domain 
containing 2 

CO883749 TMIGD2 1.97 

heat shock 70kDa protein 5 
(glucose-regulated protein, 78kDa) NM_001075148 HSPA5 1.92 

FYN oncogene related to SRC, 
FGR, YES NM_001077972 FYN 1.89 

chemokine (C-C motif) ligand 3 CK769448 CCL3 1.84 
histone H2A type 1-D-like XM_003583895 LOC100848734 1.82 
protein tyrosine phosphatase, 
non-receptor type 7 NM_001040576 PTPN7 1.81 

calcium channel, 
voltage-dependent, beta 3 subunit NM_174509 CACNB3 1.81 

aldo-keto reductase family 1, 
member C3 (3-alpha 
hydroxysteroid dehydrogenase, 
type II) 

DV787875 AKR1C3 1.77 

capping protein (actin filament), 
gelsolin-like NM_178574 CAPG 1.78 

chromosome 8 open reading frame, 
human C9orf3 NM_001206980 C8H9orf3 1.73 

potassium voltage-gated channel, 
Shaw-related subfamily, member 1 NM_001113281 KCNC1 1.73 

RAS-like, family 11, member A EV691903 RASL11A 1.72 
CD97 molecule AJ627191 CD97 1.70 
alanyl-tRNA synthetase 2, 
mitochondrial (putative) NM_001191211 AARS2 1.69 

Kruppel-like factor 6 NM_001035271 KLF6 1.66 
ras homolog gene family, member 
C NM_001046138 RHOC 1.61 

prostaglandin E receptor 2 (subtype 
EP2), 53kDa NM_174588 PTGER2 1.61 

PARP1 binding protein XM_867341 PARPBP 1.60 
RAS-like, family 11, member B NM_001015635 RASL11B 1.59 
regulator of calcineurin 1 NM_001034679 RCAN1 1.57 
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Table IV-2. Genes downregulated 1.5 times or more in IgMlow B cells relative to IgMhigh B cells 
in all cases of three cattle. 
 

Gene name 
Genbank accession 

number 
Gene symbol 

Mean fold 

difference 

glycoprotein 2 (zymogen granule 

membrane) 
NM_001075950 GP2 -2.63 

SH3 domain binding glutamic 

acid-rich protein like 2 
NM_001083791 SH3BGRL2 -1.97 

cat eye syndrome chromosome 

region, candidate 1 
DV882019 CECR1 -1.95 

thromboxane A2 receptor NM_001167919 TBXA2R -1.91 

acyloxyacyl hydrolase 

(neutrophil) 
NM_001078096 AOAH -1.86 

interleukin 32 BC134507 IL32 -1.82 

uncharacterized LOC618541 BC133492 LOC618541 -1.81 

tripartite motif containing 44 NM_001105014 TRIM44 -1.81 

uncharacterized protein 

MGC137030 
NM_001077081 MGC137030 -1.82 

dynamin 1 NM_001076820 DNM1 -1.78 

4-aminobutyrate aminotransferase NM_001081581 ABAT -1.78 

EF-hand calcium binding domain 

9 
BC102622 EFCAB9 -1.76 

phospholipase D family, member 

4 
XM_002696851 PLD4 -1.75 

protein kinase C and casein kinase 

substrate in neurons 1 
NM_001101101 PACSIN1 -1.73 

neurotrophin receptor associated 

death domain 
NM_001076398 NRADD -1.70 

complement component 

(3d/Epstein Barr virus) receptor 2 
NM_001198991 CR2 -1.70 

cysteinyl leukotriene receptor 1 NM_001099726 CYSLTR1 -1.69 

transmembrane protein 110 NM_001076117 TMEM110 -1.68 
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mannosidase, endo-alpha-like NM_001102105 MANEAL  -1.67 

euchromatic histone-lysine 

N-methyltransferase 2 
NM_001206263 EHMT2 -1.66 

CD1a molecule-like NM_001102024 LOC515418 -1.64 

H2.0-like homeobox NM_001101097 HLX -1.63 

napsin A aspartic peptidase XM_001790617 NAPSA -1.62 

growth arrest-specific 7 NM_001102280 GAS7 -1.61 

slit homolog 2 (Drosophila) NM_001191516 SLIT2 -1.59 

dihydropyrimidinase-like 2 NM_001076000 DPYSL2 -1.54 

nephronophthisis 4 XM_002694114 NPHP4 -1.54 

phytanoyl-CoA dioxygenase 

domain containing 1 
NM_001076243 PHYHD1 -1.54 
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Table IV-3. Functional grouping of differentially expressed genes in IgMlow B cells. 
 
Functional group / gene 

(GO accession number and corrected P-value) 
Gene symbol 

Mean fold 

difference 

chemokine activity (0008009; 1.077E-07) 
  

chemokine (C-C motif) ligand 2 CCL2 35.90 

chemokine (C-X-C motif) ligand 2 CXCL2 30.36 

chemokine (C-X-C motif) ligand 1 (melanoma growth 

stimulating activity, alpha) 
GRO1 28.65 

chemokine (C-X-C motif) ligand 6 (granulocyte 

chemotactic protein 2) 
CXCL6 28.50 

interleukin 8 IL8 27.62 

chemokine (C-C motif) ligand 4 CCL4 3.06 

chemokine (C-C motif) ligand 3 CCL3 1.84 

   
chemotaxis (0006935; 0.03309) 

  
chemokine (C-C motif) receptor 1 CCR1 24.77 

S100 calcium binding protein A8 S100A8 17.17 

GATA binding protein 3 GATA3 3.36 

   
inflammatory response (0006954; 4.750E-08) 

  
interleukin 1, alpha IL1A 17.97 

interleukin 1 receptor antagonist IL1RN 13.71 

CD14 molecule CD14 11.46 

interleukin 1, beta IL1B 10.68 

S100 calcium binding protein A12 S100A12 8.67 

serum amyloid A2 SAA2 3.61 

tumor necrosis factor receptor superfamily, member 

1A 
TNFRSF1A 2.67 

Among 37 GO terms enriched by GO analysis, selected three terms and represented genes in the 
three were indicated. 
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Table IV-4. Differentially expressed genes confirmed by quantitative real-time PCR in IgMlow B 
cells from nine BLV+ cattle. 
 
Gene name Gene symbol Mean fold difference 

v-maf musculoaponeurotic fibrosarcoma 

oncogene homolog B (avian) 
MAFB 196.62 

jun proto-oncogene JUN 66.95 

FBJ murine osteosarcoma viral oncogene 

homolog 
FOS 51.84 

FBJ murine osteosarcoma viral oncogene 

homolog B 
FOSB 23.00 

frequently rearranged in advanced T-cell 

lymphomas 
FRAT1 132.25 

FYN oncogene related to SRC, FGR, YES FYN 17.66 

chemokine (C-C motif) ligand 3 CCL3 2.62 

chemokine (C-C motif) ligand 4 CCL4 5.94 

interleukin 8 IL8 155.43 

chemokine (C-C motif) receptor 1 CCR1 39.38 

Expression levels of all indicating genes in IgMlow B cells were significantly higher than those 

in IgMhigh B cells (P < 0.01).  Statistical comparisons between IgMhigh and IgMlow B cells were 

made using the Wilcoxon matched-pairs test. 
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Table IV-5. IgM expression in BL cells isolated from fourteen BCBL. 
 

IgM expression 

in enlarged LN 
IgMhigh IgMhigh/low IgM low IgM- 

Number 0 1 8 5 

IgM expression 

in blood 
 N. D. high/low low - N. D. high/low low - 

Number  1 4 2 0 2 2 1 2 

N. D. indicates not determined because of sample limitation. 
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Figure IV-1. Phenotypic profile of B cells in BLV+ cattle. 
(a) Representative contour plots of IgM versus CD19-like, and IgM versus CD21-like 
molecules in BLV+ and BLV- cattle.  Values in the quadrant and histograms indicate the 
percentage of the cells.  (b) Correlation between the percentages of IgM+ cells in PBMCs and 
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Figure IV-5. Expression analyses of BLV-associated genes in IgMhigh and IgMlow B cells. 
(a, b, c) Relative ratio of Tax/Rex (a), R3 (b) and G4 (c) mRNA expression levels in IgMhigh B 
cells compared with IgMlow B cells (n = 9).  Each of line indicates the mean values in each 
group.  Statistical comparisons between IgMhigh and IgMlow B cells were made using the 
Wilcoxon matched-pairs test.  (d, e, f) Correlation between lymphocytes number as progenitor 
of disease progression and relative ratios of Tax/Rex (d), R3 (e) and G4 (f) mRNA expression (n 
= 9).  Correlation statistics were analyzed using the Spearman correlation.  Differences were 
considered statistically significant at P < 0.05 (* P < 0.05). 
 
 

  






























































