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Abstract 1 

Bovine leukemia virus (BLV) is the causative agent of enzootic bovine leucosis, which results in 2 

significant economic losses on many affected farms. BLV infects a wide range of animals as well as cell 3 

lines derived from various mammalian species and organs; however, studies show that only some cell lines 4 

support sustained production of viral progeny. The differences between cells that produce viral progeny and 5 

those that do not are unclear. The aim of this study was to identify the steps of BLV replication that are 6 

associated with the capacity of a cell to support a productive infection. Eleven cell lines derived from 7 

various species were categorized into two groups, those that produce BLV progeny and those that do not, 8 

and the efficiency of viral attachment was compared. In addition, viral entry and reverse transcription were 9 

compared for two BLV-producing cell lines and three non-producing cell lines. BLV attached to and entered 10 

all of the tested cells. However, synthesis of viral DNA was inhibited in all three non-virus-producing cell 11 

lines, suggesting that BLV production was blocked either prior to or at the stage of reverse transcription. 12 

These results increase our understanding of the BLV life cycle and should enable better control over the 13 

spread of BLV. 14 

15 
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Introduction 1 

Bovine leukemia virus (BLV) is a delta retrovirus that is closely related to human T cell leukemia 2 

virus (HTLV). About 30% of BLV-infected cattle show persistent lymphocytosis (PL), and some develop a 3 

B cell lymphoma called enzootic bovine leukemia (EBL) 5–10 years after infection. Although EBL occurs 4 

in less than 5% of infected cattle, infected asymptomatic cattle and cattle with PL also cause economic 5 

losses for affected farms [1, 2].  6 

The natural host of BLV is the cow; however, antibodies against BLV have been detected in domestic 7 

animals such as sheep, water buffalo, and alpaca [3, 4]. Recently, the possibility of BLV infection in humans 8 

[5], and an association between BLV and human breast cancer, has been suggested [6–10], although it is 9 

unclear how much BLV contributes to cancer in humans [11, 12]. Furthermore, various experimentally 10 

infected mammalian species and chickens show seroconversion [3, 13–17].  11 

The host range of BLV has also been studied using cell lines. These studies showed a wide range of 12 

BLV infection [18–20]. By contrast, a study of wild-type BLV revealed sustained production of progeny 13 

virus only in bat lung cells and canine thymus cells [18]. These results suggest that infection can proceed 14 

up to a certain point in a variety of cells, but that BLV can complete the replication cycle only in some host 15 

cells. It is not clear which steps of the BLV replication cycle are inhibited in non-permissive cells. Although 16 

elements of BLV infection and replication are being studied, the receptors and many other cellular factors 17 

involved in BLV infection and replication remain unclear [21–23].  18 

This study examined the capacity of cells derived from various mammalian species to produce 19 

progeny virus. The efficiency of early steps of BLV infection (i.e., BLV attachment, BLV entry, and viral 20 

cDNA synthesis) was compared in each cell type. We found that synthesis of viral cDNA was inhibited in 21 

cell lines that did not produce progeny virus.  22 

23 
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Materials and Methods 1 

Cells and viruses 2 

MDBK cells [bovine kidney; American Type Culture Collection (ATCC) CRL6071] were purchased 3 

from RIKEN Bio Resource Center. SIRC cells (rabbit) [24] were kindly provided by Dr. A. Takase (SOKA 4 

University, Japan). BT (bovine turbinate; ATCC CRL-1390), EBTr (bovine trachea; ATCC CCL-44), 5 

NIH3T3 (mouse embryonic fibroblast; ATCC CRL-1658), SC-1 (mouse embryonic fibroblast; ATCC CRL-6 

1404), NRK (rat kidney; ATCC CRL-6509), Tb1Lu (bat; ATCC CCL-88), CC81 (cat) [25], COS7 (monkey 7 

kidney; ATCC CRL-1651), HOS (human bone; ATCC CRL-1543), and FLK-BLV (fetal lamb kidney cells 8 

persistently infected with BLV) [26] cells were maintained at our institute. BT cells were cultured in 9 

Dulbecco’s modified Eagle’s medium (DMEM) with high glucose (Sigma Aldrich) containing 10% fetal 10 

bovine serum (FBS), and all other cells were cultured in original DMEM (Thermo Fisher Scientific) 11 

containing 5% FBS at 37°C in 5% CO2.  12 

To obtain infectious BLV, FLK-BLV cells were cultured to 50–70% confluency in 10 cm dishes. The 13 

medium was then exchanged for 8 ml of fresh culture medium, and the culture fluid was collected after 16–14 

24 h. The culture supernatant was then passed through a 0.22 µm membrane to remove cell debris and used 15 

as a source of infectious BLV. BLV titers were measured using the syncytium formation method. To obtain 16 

high titer virus, fresh supernatants of FLK-BLV without freezing or thawing (1.3-1.6 ×104 syncytium 17 

formation units/ml) were used for the detection of BLV produced by cells (see below). For other 18 

experiments, BLV stocks with 1.4-1.6×103 syncytium formation units/ml were used.  19 

 20 

Detection of BLV produced by cells 21 

On the day before infection, 1×105 cells were seeded into 6 well plates. The next day, medium was 22 

replaced with culture medium containing polybrene (final concentration, 10 µg/ml) in order to increase the 23 

infection efficiency. After 1 h, the medium was replaced with FLK-BLV cell culture supernatant or normal 24 

culture medium containing 10 µg/ml polybrene (Millipore). After 1 h, the medium was removed and the 25 

cells were cultured for an additional 7 days in fresh culture medium containing 10% FBS. Cells were 26 

passaged at about a 1:4 ratio when confluent. Seven days after virus inoculation, the culture fluid was 27 

collected, passed through a 0.22 µm membrane, and used for the NIH3T3 cell-binding assay or for the 28 

syncytium formation assay using CC81 cells (see below) [25].  29 

For the syncytium formation assay, CC81 cells were seeded in 3.5 cm dishes at a density of 5×104 30 

cells/dish. The next day, the cells were pre-incubated for 1 h with medium containing 20 µg/ml polybrene, 31 

which was subsequently replaced with culture fluid from various BLV-infected cells containing 20 µg/ml 32 

polybrene. After 1 h, the medium was removed and replaced with fresh culture medium, and the cells were 33 
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incubated for 4 days. Cells were then fixed with methanol and stained with May-Grunwald-Giemsa reagent 1 

(1:20 dilution in deionized water) (Wako). The dishes were divided into squares and the number of 2 

multinucleated cells per square was counted. 3 

 4 

Detection of BLV attached to the cell surface  5 

Cells were detached from culture dishes using Hank’s buffer containing 0.05% trypsin and 0.2 g/L 6 

EDTA-4Na (Thermo Fisher Scientific), followed by washing first with DMEM containing 10% FBS and 7 

then with ice-cold DMEM containing 1% FBS and 0.05% NaN3 (FACS buffer). All subsequent washes 8 

were performed with ice-cold FACS buffer, and for all centrifugation steps, cells were spun for 2 min at 9 

600 × g at 4°C. Cells (6×105) were suspended in 1 ml of ice-cold culture supernatant from FLK-BLV cells 10 

and incubated for 1 h at 4°C with mild shaking. After two washes, the cells were incubated for 30 min on 11 

ice with a mouse anti-BLV envelope glycoprotein gp51 monoclonal antibody (BLV2; 1:100 dilution in 12 

FACS buffer) (VMRD). The cells were then washed twice and incubated for 30 min on ice with a 13 

biotinylated anti-mouse IgG antibody (1:100 dilution in FACS buffer) (Jackson Laboratories), followed by 14 

two washes and a final incubation for 30 min on ice with PE-conjugated streptavidin (1:100 dilution in 15 

FACS buffer) (BD Biosciences). After two final washes, the cells were fixed with phosphate-buffered saline 16 

(PBS) containing 1% paraformaldehyde, and the fluorescence intensity was measured on a flow cytometer 17 

(EPICS XL, Beckman Coulter or FACS Aria, BD Biosciences). 18 

 19 

Detection of BLV p24 protein in cells 20 

One day before infection, each cell line (1×105 cells) was seeded into 35 mm dishes with 14 mm2 21 

collagen-coated glass bottoms (Matsunami Garasu Kougyou). On the following day, cells were pre-22 

incubated for 1 h at 37°C in 5% CO2 with medium containing 10 µg/ml polybrene and then incubated with 23 

1 ml FLK-BLV culture supernatant containing 10 µg/ml polybrene for an additional 1 h. For fixing and 24 

permeabilizing cells, IntraPrep Permeabilization Reagent (Beckman Coulter) was used. After removing the 25 

virus and rinsing the cells with FACS buffer, cells were fixed with 100 µl of Reagent 1 from the kit for 15 26 

min at room temperature (RT). Then, the dishes were rinsed with FACS buffer again and blocked for 20 27 

min at RT with a 4% aqueous solution of Block Ace (DS Pharma Biomedical) diluted 1:4 with FACS buffer. 28 

After blocking, dishes were rinsed with FACS buffer, 50 µl of Reagent 2 from the kit was added, and cells 29 

were incubated for 5 min at RT to permeabilize the cell membranes. Then, 50 µl of mouse anti-BLV p24 30 

antibody (BLV3; 1:50 dilution in Reagent 2) (VMRD) was added (1:100 dilution, final), and dishes were 31 

incubated for an additional 15 min at RT. After rinsing with FACS buffer, cells were incubated for 15 min 32 

at RT with 100 µl of FITC-labeled anti-mouse IgG antibody (1:50 dilution in FACS buffer) (Immunotech) 33 
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and then washed with FACS buffer. Fluorescence was observed after mounting with 200 µl of VeltaShield 1 

(Vector Laboratories) on an Olympus IX71 fluorescence microscope.  2 

 3 

Quantification of reverse-transcribed BLV cDNA 4 

One day before infection, each cell line (1×106 cells) was seeded onto 6 cm culture dishes. The next 5 

day, cells were pre-incubated for 1 h at 37°C in 5% CO2 in medium containing 10 µg/ml polybrene. After 6 

the cells were cooled on ice for 10 min, they were incubated with 1ml of FLK-BLV culture supernatant 7 

containing 10 µg/ml polybrene for 1 h on ice. After removing the virus, cells were immediately harvested, 8 

washed, counted, and stored as a pellet (0 h) or cultured in fresh culture medium containing 10% FBS for 9 

4–24 h at 37°C in 5% CO2. They were then detached from the culture dishes and washed twice with PBS. 10 

After counting the cell number, the cell pellet was stored at -80°C. Extrachromosomal DNA was extracted 11 

from cells using a previously described method [27]. Briefly, the cell pellet was thawed, suspended in Tris-12 

EDTA buffer containing RNaseA, and lysed with SDS. Chromosomal DNA was precipitated with cesium 13 

chloride, potassium acetate, and acetic acid. Extrachromosomal DNA in the supernatant fraction was bound 14 

to QIAprep Spin columns (Qiagen) and eluted with 20 µl of H20 after washing.  15 

The copy numbers of BLV cDNA were measured on the QuantStudio 3 real-time PCR system 16 

(Applied Biosystems) using SYBR premix Ex Taq II (Tli RNaseH plus) (TaKaRa Bio). Reactions were 17 

performed as recommended by the manufacturer. Because the DNA concentrations, as measured by 18 

NanoDrop, were below the accurate range of detection (3–12 ng/µl), 2 µl of DNA was used for each 19 

reaction without adjusting the concentration. For DNA standards, serial dilutions of pBLV913 [28] DNA 20 

were used. The PCR conditions were as follows: 40 cycles of denaturation (95°C for 15 s), followed by 21 

annealing and extension (64°C for 30 s). Data were acquired after heating the reactions to 84°C after the 22 

extension cycle. Because the melting temperature of the target product is higher than 85°C, data 23 

acquisition at 85°C reduces the non-specific signal. The following primers specific for the R/U5 region of 24 

BLV were used for amplification: Forward (nt 327-346), 5’-agggtggttctcggctgaga-3’ and Reverse (nt 511-25 

530), 5’-tgtttgccggtctctcctgg-3’. The results are shown as the number of copies of BLV cDNA per 104 26 

cells.  27 

  28 
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Results 1 

Production of viral progeny by different BLV-infected cell lines 2 

To detect progeny virus, mouse NIH3T3 cells, which have a high capacity to bind BLV (see below), 3 

were used. NIH3T3 cells also bound to recombinant BLV gp51 protein tagged with 6×Histidine, which 4 

could be detected by flow cytometry using a monoclonal antibody against the histidine tag (Online 5 

Resource 1). BLV bound to the surface of NIH3T3 cells was detected by flow cytometry using a 6 

monoclonal antibody specific for BLV gp51, which is a surface subunit of the envelope glycoprotein. 7 

This was then detected using biotin-labeled anti-mouse IgG and PE-conjugated streptavidin. A linear 8 

correlation between the mean fluorescence intensity (MFI) of the cells and the amount of BLV was 9 

observed in a preliminary experiment conducted using serially diluted BLV (Online Resource 2).  10 

Eleven different mammalian cell lines that were infected with BLV and then cultured for 7 days were 11 

examined for viral production. Progeny virus in the culture supernatant was detected by flow cytometry 12 

after binding to NIH3T3 cells. The 11 cell lines could be divided into two groups: those that supported 13 

production of progeny virus (detectable by the NIH3T3 cell-binding assay) and those that did not. The 14 

former included bovine BT cells and MDBK cells, bat Tb1Lu cells, cat CC81 cells, and human HOS 15 

cells. The latter included bovine EBTr cells, mouse NIH3T3 cells and SC-1 cells, rat NRK cells, rabbit 16 

SIRC cells, and monkey COS7 cells (Fig. 1a). Herein, we refer the former group of cells as “progeny-17 

producing cells” and the latter as “non-producing cells”. 18 

To confirm the cells’ capacity to support the production of infectious progeny virus, we chose three 19 

progeny-producing cell lines (BT, MDBK, and CC81) and three non-producing cell lines (NIH3T3, 20 

COS7, and SIRC), and tested them in a syncytium formation assay using cat CC81 cells, which generate 21 

multinucleated cells when infected with BLV [25]. Typical multinucleated cells were observed when cat 22 

CC81 cells were inoculated with cell-free culture fluid from BLV-infected BT cells or CC81 cells (Fig. 23 

1b). Average numbers of syncytia per square were 5.5 and 4.0 for culture fluids from BLV-infected BT 24 

cells and CC81 cells (equal to 1.9×102 and 1.5×102 per dish), respectively. Culture fluid from FLK-BLV 25 

induced 34 syncytia per square when used at a 1:5 dilution. However, culture fluid from BLV-infected 26 

bovine MDBK cells did not induce syncytia in CC81 cells, despite their ability to produce progeny BLV 27 

in the NIH3T3-binding assay. NIH3T3, COS7, and SIRC cells did not make syncytia with CC81 cells.  28 

 29 

Viral attachment to the surface of different cell lines 30 

We next compared the efficiency of different BLV replication steps between progeny-producing and 31 

non-producing cell lines. The efficiency of BLV binding to the surface of 11 cell lines was analyzed by 32 

flow cytometry with a mouse anti-BLV gp51 antibody. FLK-BLV cells were used as a control. The MFI 33 



 

8 

 

of cells incubated with (shaded) or without (non-shaded) BLV are shown in Figure 2. The capacity for 1 

virus production shown in Figure 1 is also listed to the left of the histograms in Figure 2. All 11 cell lines 2 

bound BLV but FLK-BLV cells did not bind BLV, probably due to receptor interference. NIH3T3 and SC-3 

1 cells, which are not derived from cattle, bound particularly high levels of virus, but did not produce 4 

progeny. Among the bovine cell lines, only BT cells showed an intermediate level of BLV binding; 5 

MDBK and EBTr cells showed a very low level of binding. Overall, the ability of progeny-producing and 6 

non-producing cells to bind virus did not significantly differ.  7 

 8 

Viral entry into different cell lines 9 

In subsequent experiments, the two cell lines that were confirmed to produce infectious progeny 10 

BLV (CC81 and BT) and three non-producing cell lines (NIH3T3, COS7, and SIRC) were examined 11 

further. For the non-producing cells, cells that showed different levels of BLV binding were selected.  12 

To examine viral entry, the five cell lines were infected with BLV for 1 h, and intracellular viral p24 13 

gag protein was visualized after fixation and permeabilization by staining with a mouse monoclonal 14 

antibody against BLV p24 and a FITC-labeled anti-mouse IgG (Fig. 3). Intracellular BLV p24 was 15 

observed in all five cell lines, mainly in the cytosol, and there was no difference in the localization pattern 16 

among the cell lines.  17 

 18 

Viral cDNA synthesis in different cell lines  19 

We next examined the efficiency of viral cDNA synthesis in the five cell lines. To measure reverse-20 

transcribed cDNA prior to integration, extrachromosomal DNA was extracted by the modified Hirt’s 21 

procedure [27] from cells that were incubated with BLV on ice to bind virus on their surface, and then 22 

incubated at 37°C for 4–24 h so that viral infection could occur. The number of BLV cDNA copies was 23 

measured by real-time PCR with a primer set for an early reverse transcript (Fig. 4). In the case of CC81 24 

and BT cells, both of which were progeny-producing, the amount of viral cDNA exceeded 600 copies/104 25 

cells at 4 h, and the levels remained at over 400 copies/104 cells at 24 h. However, non-producing 26 

NIH3T3 and COS7 cells harbored less than 200 copies/104 cells at the peak time point (4 h), and less than 27 

50 copies/104 cells at 24 h. SIRC cells had less than 35 copies/104 cells at all time-points tested.  28 

29 
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Discussion 1 

Here, we examined the early stages (i.e., attachment, entry, and reverse transcription) of the BLV 2 

replication cycle and found that the only difference between progeny-producing and non-producing cells 3 

was the efficiency of reverse transcription. 4 

Cell lines were divided into progeny-producing and non-producing groups; however, MDBK cells 5 

showed dual characteristics in that they appeared to produce progeny virus by the NIH3T3-binding assay, 6 

but it did not form syncytia on CC81 cells. To ascertain whether this unexpected character was specific to 7 

MDBK cells, we conducted further experiments on syncytium formation by Tb1Lu and HOS cells, which 8 

showed progeny-producing ability in the NIH3T3-binding assay, and confirmed that culture fluid from 9 

BLV-infected these cells could induce syncytium formation with CC81 cells (data not shown). In our 10 

procedure, the syncytium formation assay was more than 100-fold less sensitive than the NIH3T3 cell-11 

binding assay; thus, it is not clear whether the amount of progeny virus produced by MDBK cells was 12 

simply below the detection limit of our syncytium formation assay or whether MDBK cells do not produce 13 

infectious progeny. Further study is needed to characterize MDBK cells. 14 

BLV attached to all tested cell lines, although the amount of attached virus varied (Fig. 2). The bovine 15 

cells did not show a high level of BLV binding despite being a natural host; especially MDBK and EBTr 16 

cells showed very low binding. In a previous study, genetic variation of BLV was observed after its 17 

replication in sheep-derived FLK cells [29]. It is possible that the BLV used in this study had become 18 

adapted to sheep, and that a fresh field isolate of BLV from cow would have bound more bovine cells. 19 

Although no cellular receptor for BLV has been identified to date [30–32], our findings are consistent with 20 

those of a previous study, showing that an N-terminal region in the envelope glycoprotein that is 21 

homologous to the receptor-binding domain of the HTLV envelope binds to cell lines derived from various 22 

mammalian species [33]. 23 

Furthermore, BLV entered all five of the cell lines tested, and there was no observable difference in 24 

the localization of BLV p24 protein among the cells (Fig. 3), suggesting that BLV can penetrate into the 25 

cytoplasm of all these cell lines. To confirm the intracellular localization of p24, we tested whether 26 

surface protein was stained after fixation and permeabilization treatment. BLV gp51 protein on the BLV-27 

infected cells was detected clearly using a monoclonal antibody against gp51 without fixation and 28 

permeabilization treatment, but was not detected after the treatment as noted in the manufacturer’s 29 

instructions for the reagent (data not shown), suggesting that p24 protein stained with the antibodies are 30 

not one on the surface.  31 

Extrachromosomal DNA has been used to identify viral DNAs in infected cells because the fraction 32 

of viral DNA is much larger in extrachromosomal DNA than in total DNA [34]. In this study, to monitor 33 
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the viral reverse transcripts prior to integration, the modified Hirt’s procedure [27] was used to extract 1 

extrachromosomal DNA. The modified procedure can extract small DNAs in the linear form as well as in 2 

the circular form [27]. Primers were positioned in the 5’-long terminal repeat, which allows the detection 3 

of the early products of reverse transcription [35]. The amount of early viral cDNA transcripts in the 4 

extrachromosomal DNA clearly differed between BLV-producing and non-producing cell lines. To rule out 5 

viral cDNA contamination from the BLV-containing culture supernatant, cells incubated with BLV on ice 6 

but not cultured at 37°C were used as the first time-point (0 h). Relatively little viral cDNA was detected 7 

at 0 h in all of the cell lines tested (less than 5.5 copies/104 cells). Previous studies have shown that cells 8 

from various species can be infected with BLV and produce virus-derived protein; however, the reported 9 

efficiencies are not consistent [18–20]. Here, we observed low levels of reverse transcription in non-10 

producing cells, which is consistent with these results.  11 

In many cases, viral cellular tropism is determined by the expression of virus receptors. This work 12 

shows that BLV can bind a wide range of cells and that the ability of cells to produce BLV progeny is 13 

determined by factors operating either prior to or at the start of reverse transcription. Studies of primate 14 

lentiviruses and murine retroviruses suggest that several host restriction factors affect virus replication 15 

(reviewed in [36–39]). It is possible that such cellular factors are associated with replication of BLV as well. 16 

The findings reported here are not detailed enough to help identify the factors, but rather justify further 17 

study for this.  18 

 19 

20 



 

11 

 

Acknowledgements 1 

We thank Dr. D. Derse (National Cancer Institute at Frederick, USA) for providing the pBLV913 2 

plasmid and Dr. A. Takase (SOKA University, Japan) for providing the SIRC cells. We also thank Dr. K. 3 

Nishigaki and Dr. A. Miyake (Yamaguchi University, Japan) for valuable discussions. 4 

 5 

Funding 6 

This research did not receive any grants from funding agencies in the public, commercial, or not-for-7 

profit sectors.  8 

 9 

Conflict of Interest 10 

The authors declare that they have no conflict of interest. 11 

 12 

Ethical approval 13 

This article does not contain any studies with human participants or animals performed by any of the 14 

authors. 15 



 

12 

 

References 1 

1.  Yang Da, Roger D. Shanks JAS and HAL (2015) Milk and fat yields decline in bovine leukemia 2 

virus-infected Holstein cattle with persistent lymphocytosis. J Am Vet Med Assoc 13:914–22 . 3 

doi: 10.2903/j.efsa.2015. 4 

2.  Wu MC, Shanks RD, Lewin HA (1989) Milk and fat production in dairy cattle influenced by 5 

advanced subclinical bovine leukemia virus infection. Proc Natl Acad Sci 86:993–996 . doi: 6 

10.1073/pnas.86.3.993 7 

3.  Kettmann R, Burny A, Callebaut I, et al (1994) Bovine Leukemia Virus. In: Levy JA (ed) 8 

Retoroviridae, Volume 3. Plenum Press, New York, pp 39–81 9 

4.  Lee LC, Scarratt WK, Buehring GC, Saunders GK (2012) Bovine leukemia virus infection in a 10 

juvenile alpaca with multicentric lymphoma. Can Vet J 53:283–286 11 

5.  Buehring GC, Philpott SM, Choi KY (2003) Humans have antibodies reactive with Bovine 12 

leukemia virus. AIDS Res Hum Retroviruses 19:1105–13 . doi: 10.1089/088922203771881202 13 

6.  Giovanna M, Carlos UJ, María UA, Gutierrez MF (2013) Bovine Leukemia Virus Gene Segment 14 

Detected in Human Breast Tissue. Open J Med Microbiol 3:84–90 . doi: 15 

10.4236/ojmm.2013.31013 16 

7.  Buehring GC, Shen HM, Jensen HM, et al (2014) Bovine leukemia virus DNA in human breast 17 

tissue. Emerg Infect Dis 20:772–82 . doi: 10.3201/eid2005.131298 18 

8.  Buehring GC, Shen HM, Jensen HM, et al (2015) Exposure to bovine leukemia virus is 19 

associated with breast cancer: A case-control study. PLoS One 10:e0134304 . doi: 20 

10.1371/journal.pone.0134304 21 

9.  Buehring GC, Shen H, Schwartz DA, Lawson JS (2017) Bovine leukemia virus linked to breast 22 

cancer in Australian women and identified before breast cancer development. PLoS One 1–12 . 23 

doi: 10.1371/journal.pone.0179367 24 

10.  Lawson JS, Glenn WK (2017) Multiple oncogenic viruses are present in human breast tissues 25 

before development of virus associated breast cancer. Infect Agent Cancer 12:1–8 . doi: 26 

10.1186/s13027-017-0165-2 27 

11.  Sinha G (2016) Bovine Leukemia Virus Possibly Linked to Breast Cancer. J. Natl. Cancer Inst. 28 

108 29 

12.  Gillet NA, Willems L, Buehring G, et al (2016) Whole genome sequencing of 51 breast cancers 30 

reveals that tumors are devoid of bovine leukemia virus DNA. Retrovirology 13:75 . doi: 31 

10.1186/s12977-016-0308-3 32 

13.  Altanerova V, Portetelle D, Kettmann R, Altaner C (1989) Infection of rats with bovine 33 



 

13 

 

leukaemia virus: Establishment of a virus-producing rat cell line. J Gen Virol 70:1929–1932 . doi: 1 

10.1099/0022-1317-70-7-1929 2 

14.  Altanerova V, Ban J, Kettmann R, Altaner C (1990) Induction of leukemia in chicken by bovine 3 

leukemia virus due to insertional mutagenesis. Arch für Geschwulstforsch 60:89–96 4 

15.  Djilali S, Parodi AL (1989) The BLV-induced leukemia-lymphosarcoma complex in sheep. Vet 5 

Immunol Immunopathol 22:233–244 . doi: 10.1016/0165-2427(89)90010-X 6 

16.  Wyatt CR, Wingett D, White JS, et al (1989) Persistent Infection of Rabbits with Bovine 7 

Leukemia Virus Associated with Development of Immune Dysfunction. J Virol 63:4498–4506 8 

17.  Onuma M, Wada M, Yasutomi Y, et al (1990) Suppression of immunological responses in rabbits 9 

experimentally infected with bovine leukemia virus. Veterinapv Microbiol 25:131–141 10 

18.  Graves DC, Ferrer JF (1976) In Vitro Transmission and Propagation of the Bovine Leukemia 11 

Virus in Monolayer Cell Cultures In Vitro Transmission and Propagation of the Bovine Leukemia 12 

Virus in Monolayer Cell Cultures1. Cancer Res 36:4152–4159 13 

19.  Derse D, Martarano L (1990) Construction of a recombinant bovine leukemia virus vector for 14 

analysis of virus infectivity. J Virol 64:401–5 15 

20.  Milan D, Nicolas JF (1991) Activator-dependent and activator-independent defective 16 

recombinant retroviruses from bovine leukemia virus. J Virol 65:1938–1945 17 

21.  Barez PY, de Brogniez A, Carpentier A, et al (2015) Recent advances in BLV research. Viruses. 18 

doi: 10.3390/v7112929 19 

22.  de Brogniez A, Mast J, Willems L (2016) Determinants of the bovine leukemia virus envelope 20 

glycoproteins involved in infectivity, replication and pathogenesis. Viruses 8:2–8 . doi: 21 

10.3390/v8040088 22 

23.  Perilla JR, Gronenborn AM (2016) Molecular Architecture of the Retroviral Capsid. Trends 23 

Biochem Sci 41:410–420 . doi: 10.1016/j.tibs.2016.02.009 24 

24.  Takase-Yoden S, Watanabe R (1999) Contribution of virus-receptor interaction to distinct viral 25 

proliferation of neuropathogenic and nonneuropathogenic murine leukemia viruses in rat glial 26 

cells. J Virol 73:4461–4 27 

25.  Fischinger PJ, Blevins CS, Nomura S (1974) Simple, quantitative assay for both xenotropic 28 

murine leukemia and ecotropic feline leukemia viruses. J Virol 14:177–179 29 

26.  Van der Maaten M, Miller J (1976) Replication of bovine leukemia virus in monolayer cell 30 

cultures. Bibl Haematol 43:360–362 31 

27.  Arad U (1998) Modified Hirt procedure for rapid purification of extrachromosomal DNA from 32 

mammalian cells. Biotechniques 24:760–762 33 



 

14 

 

28.  Derse D (1987) Bovine leukemia virus transcription is controlled by a virus-encoded trans-acting 1 

factor and by cis-acting response elements. J Virol 61:2462–2471 2 

29.  Camargos MF, Rajão DS, Leite RC, et al (2014) Genetic variation of bovine leukemia virus 3 

(BLV) after replication in cell culture and experimental animals. Genet Mol Res 13:1717–23 . 4 

doi: 10.4238/2014.January.22.11 5 

30.  Ban J, Portetelle D, Altaner C, et al (1993) Isolation and characterization of a 2.3-kilobase-pair 6 

cDNA fragment encoding the binding domain of the bovine leukemia virus cell receptor. J Virol 7 

67:1050–7 8 

31.  Ban J, Truong AT, Horion B, et al (1994) Isolation of the missing 5′-end of the encoding region 9 

of the bovine leukemia virus cell receptor gene. Arch Virol 138:379–383 . doi: 10 

10.1007/BF01379141 11 

32.  Suzuki T, Matsubara Y, Kitani H, Ikeda H (2003) Evaluation of the δ subunit of bovine adaptor 12 

protein complex 3 as a receptor for bovine leukaemia virus. J Gen Virol 84:1309–1316 . doi: 13 

10.1099/vir.0.18763-0 14 

33.  Sommerfelt MA, Weiss RA (1990) Receptor interference groups of 20 retroviruses plating on 15 

human cells. Virology 176:58–69 . doi: 10.1016/0042-6822(90)90230-O 16 

34.  Hirt B (1967) Selective extraction of polyoma DNA from infected mouse cell cultures. J Mol Biol 17 

26:365–369 . doi: 10.1016/0022-2836(67)90307-5 18 

35.  Zack JA, Arrigo SJ, Weitsman SR, et al (1990) HIV-1 entry into quiescent primary lymphocytes: 19 

Molecular analysis reveals a labile, latent viral structure. Cell 61:213–222 . doi: 10.1016/0092-20 

8674(90)90802-L 21 

36.  Malim MH, Bieniasz PD (2012) HIV restriction factors and mechanisms of evasion. Cold Spring 22 

Harb Perspect Med 2:1–16 . doi: 10.1101/cshperspect.a006940 23 

37.  Zheng Y-H, Jeang K-T, Tokunaga K (2012) Host restriction factors in retroviral infection: 24 

promises in virus-host interaction. Retrovirology 9:112 . doi: 10.1186/1742-4690-9-112 25 

38.  Harris RS, Hultquist JF, Evans DT (2012) The restriction factors of human immunodeficiency 26 

virus. J Biol Chem 287:40875–40883 . doi: 10.1074/jbc.R112.416925 27 

39.  Sanz-Ramos M, Stoye JP (2013) Capsid-binding retrovirus restriction factors: Discovery, 28 

restriction specificity and implications for the development of novel therapeutics. J Gen Virol 29 

94:2587–2598 . doi: 10.1099/vir.0.058180-0 30 

 31 

  32 



 

15 

 

Figure Captions 1 

Fig. 1 Amount of progeny virus produced by BLV-infected cells 2 

a  BLV production measured in an NIH3T3 cell-binding assay. Progeny virus produced by BLV-infected 3 

cell lines derived from various mammalian species (shown on the left) was detected by flow cytometry 4 

after absorption to NIH3T3 cells, followed by staining with a mouse anti-gp51 antibody, a biotin-5 

labeled anti-mouse IgG antibody, and PE-labeled streptavidin. The mean fluorescence intensity of 6 

10,000 NIH3T3 cells was analyzed in each sample. FLK-BLV is a BLV-producing cell line used as a 7 

positive control. The control sample shows the background staining of antibodies and PE-labeled 8 

streptavidin in the absence of BLV. Three independent experiments for BT, MDBK, NIH3T3, SIRC, 9 

CC81, and COS7 cells, and two independent experiments for the other cell lines were done using 10 

EPICS XL or FACS Aria. All experiments yielded similar results. A representative result obtained 11 

using EPICS XL is shown. 12 

 13 

b Syncytia formation in CC81 cells by BLV produced from BT, CC81, and FLK-BLV cells. CC81 cells 14 

were cultured for 4 days with culture supernatant from BLV-infected cells. Multinucleated cells were 15 

observed after fixation and Giemsa staining. 16 

 17 

Fig. 2 Relative amounts of BLV attached to the cell surface 18 

Cell lines derived from various mammalian species (shown on the left) were incubated with culture 19 

supernatant from FLK-BLV cells, which contains infectious BLV virions. BLV attached to the cell 20 

surface was detected by flow cytometry using FACS Aria after staining with a mouse anti-gp51 21 

antibody, a biotin-labeled anti-mouse IgG antibody, and PE-labeled streptavidin. The mean 22 

fluorescence intensity of 10,000 cells was analyzed and the averages of three independent experiments 23 

are shown in the bar graphs. Unshaded graphs show the background binding of antibodies and PE-24 

labeled streptavidin in the absence of BLV. The bars show the standard errors of three independent 25 

experiments. For FLK-BLV cells, the result of one experiment is shown. The capacity of each cell line 26 

to maintain virus production is also shown.  27 

 28 

Fig. 3 Localization of BLV p24 capsid protein  29 

Cells were infected BLV for 1 h, and intracellular BLV p24 capsid protein was labeled with a mouse 30 

anti-BLV p24 antibody and FITC-labeled anti-mouse IgG after fixation and permeabilization of the 31 

cells. The FITC signal was observed by fluorescence microscopy (Olympus IX71) at 320× 32 

magnification. Uninfected: background staining of antibodies in the absence of BLV.  33 
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 1 

Fig. 4 Quantification of BLV cDNA  2 

Cells were incubated with culture supernatant from FLK-BLV cells, which contains infectious BLV, 3 

for 1 h on ice. After 0, 4, 12, and 24 h of incubation at 37°C, cells were counted and 4 

extrachromosomal DNA was extracted using the modified Hirt’s method [27]. The BLV cDNA copy 5 

number was measured by real-time PCR. The results obtained from BLV-producing cell lines are 6 

shown by solid symbols: CC81 (solid squares) and BT (solid diamonds) and those from non-7 

producing cell lines are shown by open symbols: NIH3T3 (open squares), COS7 (open diamonds) and 8 

SIRC (open circles). The bars show the standard error of experimental triplicates. 9 

 10 
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