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A B S T R A C T

Bovine leukemia virus (BLV) is a retrovirus that infects cattle and is associated with an increase in secondary
infections. The objective of this study was to analyze the effect of BLV infection on cell viability, apoptosis and
morphology of a bovine mammary epithelial cell line (MAC-T), as well as Toll like receptors (TLR) and cytokine
mRNA expression. Our findings show that BLV infection causes late syncytium formation, a decrease in cell
viability, downregulation of the anti-apoptotic gene Bcl-2, and an increase in TLR9 mRNA expression. Moreover,
we analyzed how this stably infected cell line respond to the exposure to Staphylococcus aureus (S. aureus), a
pathogen known to cause chronic mastitis. In the presence of S. aureus, MAC-T BLV cells had decreased viability
and decreased Bcl-2 and TLR2 mRNA expression. The results suggest that mammary epithelial cells infected with
BLV have altered the apoptotic and immune pathways, probably affecting their response to bacteria and favoring
the development of mastitis.

1. Introduction

Bovine leukemia virus (BLV) is a widely distributed retrovirus that
infects cattle. This virus causes a persistent infection of B cells that,
after some years, can lead to lymphosarcoma. However, most infected
animals remain asymptomatic, and thus, the infection often goes un-
noticed (Gillet et al., 2007). This lack of symptoms contributes to viral
dissemination and might explain the high prevalence of the virus in
dairy cattle (Kamińska et al., 2015; Maresca et al., 2015; Polat et al.,
2017).

BLV is present worldwide, except for some countries in Europe,
Australia and New Zealand, where it has been eradicated (Bartlett et al.,
2014; Chethanond, 1999; Ryan, 2013; Maresca et al., 2015). This wide
distribution and the high incidence among cattle make this virus an
important concern for dairy production. The economic loss associated
with BLV infection includes decreased milk production, higher in-
cidence of secondary infections, and costs related to treatment and re-
placement of affected animals (Erskine et al., 2012; Kuczewski et al.,

2019; Da et al., 2015). Because of the impact of the virus on the im-
mune system, BLV infection has been related to a higher incidence of
mastitis (Florins et al., 2007; Frie and Coussens, 2015; Wellenberg
et al., 2002). Mastitis, the inflammation of the mammary gland, which
is mainly caused by infectious agents, is also an important problem for
the dairy industry.

Bovine mammary epithelial cells play a crucial role in the onset of
the innate immune response in mastitis. As the first barrier the immune
response sets up in the mammary gland, the epithelium expresses Toll-
like receptors (TLRs) that recognize certain patterns present in the
pathogens and release cytokines that contribute to the recruitment and
activation of effector immune cells (Rainard and Riollet, 2006). Pa-
thogenic bacterial proteins are recognized mostly by TLR2 and TLR4,
but also by other TLRs like TLR9 (Akira and Takeda, 2004); on the other
hand, viral nucleic acids are mainly recognized by endosomal receptors
TLR3, TLR7/8, and TLR9. The activation of these receptors induces the
release of proinflammatory cytokines and interferons (IFN) such as IFN-
β and INF-γ. In BLV infected animals with low proviral load, IFN-β
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mRNA expression is higher than in animals with high proviral load,
suggesting that this cytokine plays a role in viral suppression (Nieto
Farias et al., 2016).

Bovine mammary epithelium responds differently to the various
pathogens that can infect it. For example, the presence of heat-in-
activated Escherichia coli increases the expression of TLR2 and TLR4,
TNF-α, IL-6, IL8, and IL-1β in bovine mammary epithelial cells.
However, incubation of these cells with heat-inactivated S. aureus
produces a lesser and delayed increase in TLR2, TNF-α, IL-6, IL8 and IL-
1β and no variation in TLR4 expression (Fu et al., 2013).

Until now, studies that analyze the effect of BLV on mastitis in-
cidence have had inconclusive results. BLV has been found in bovine
mammary gland epithelial cells from infected cows (Buehring et al.,
1994) and the feasibility of infection has been proved in vitro using a
bovine mammary epithelial cell (MEC) line (Martinez Cuesta et al.,
2018). Due to the role that MEC play during the first response to
mastitis, it is important to analyze the effect that BLV infection has on
the cells’ capacity to detect pathogens and release inflammatory cyto-
kines. Taken together, a further study of the effect of the virus on bo-
vine mammary epithelial cells (MECs) would help elucidate the re-
lationship between BLV infection and mastitis susceptibility.

We have previously shown that bovine MECs are susceptible to in-
fection with BLV. In this work, we demonstrate that the infection is
productive. We analyze the effects of the virus on cell morphology,
viability, apoptosis, and its impact on the mammary epithelium innate
immune response. Moreover, we evaluate how BLV infection affects the
bovine mammary epithelium response to heat inactivated S. aureus.

2. Materials and methods

2.1. Cell lines and culture conditions

MAC-T (Huynh et al., 1991) and MAC-T stably infected with BLV
(MAC-T BLV)(Martinez Cuesta et al., 2018) were cultured in Modified
Eagle's medium (MEM) supplemented with 10% fetal bovine serum
(MIDSCI, Valley Park, MO, USA) and 1 μg/mL hydrocortisone (Sigma-
Aldrich, Saint Louis, MO, USA) at 37 °C with 5% CO2.

2.2. Reinfection assay

MAC-T cells were seeded in 24 well plates and grown to 80% con-
fluency. At that point, cells were incubated with MAC-T BLV super-
natant from a confluent monolayer at 19 passage post infection (ppi),
previously filtered through a 22 μm filter unit (Millipore Sigma, USA).
After three days, cells were fixed and analyzed by Indirect Fluorescence
Immunoassay (IFI).

2.3. Indirect Fluorescent Immunoassay (IFI) to detect viral protein p24

Cells were washed twice with PBS and fixed with 80% acetone for
5min. Cells were incubated with 1:500 anti-BLV-p24 monoclonal an-
tibody (NIH AIDS Reagent Program) (Buehring et al., 1994) in PBS
containing 5% goat serum (PBS-GS) for 1 h. After that, cells were wa-
shed three times with PBS and incubated with 1:400 Alexa Fluor™ 488
goat anti-mouse IgG (Invitrogen for Thermo Fisher Scientific, Waltham,
MA, USA) in PBS-GS for 1 h. After three washes with PBS, cells were
stained for 5min with 1:3000 propidium iodide (Invitrogen for Thermo
Fisher Scientific, Waltham, MA, USA) in PBS-GS. After washing, 100 μL
of PBS was added to each well, and the cells were analyzed with a
fluorescent microscope (EVOS XL Cell Imaging System, Thermo Fisher
Scientific, Waltham, MA, USA).

2.4. Cell morphology analysis

MAC-T and MAC-T BLV cells were cultured until 100% confluence
and photographed with the microscope EVOS XL Cell Imaging System

(Thermo Fisher Scientific, Waltham, MA, USA).

2.5. The MTT viability assay

Ten thousand cells were seeded in each well of a 96 well plate and
incubated 48 h at 37 °C. The MTT assay estimates cell viability by
measuring the reduction of soluble tetrazolium salt to insoluble for-
mazan crystals by the dehydrogenase metabolism of live cells (Morgan,
1998). Twenty microliters of 3-(4,5-dimethyl-2thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) solution (5mg/mL) (Sigma-Aldrich,
Saint Louis, MO, USA) were added to each well. After 4 h incubation,
the plate was centrifuged at 2000 rpm for 2min, and the formazan
crystals were resuspended using 200 μL of DMSO (MP Biomedicals,
Santa Ana, ca. USA). The absorbance at 570 nm was determined using a
Microplate Spectrophotometer (Epoch, BioTek, Winooski, VT, USA).
Results were expressed as percent viability relative to the non-infected
MAC-T cells. The MAC-T mean OD was considered 100% viability and
MAC-T BLV OD was relativized to that. The experiment was repeated
three times, with four technical replicates each time. The statistical
analysis was performed in Infostat using ANOVA test to determine
whether the viability was affected with the different passages after BLV
infection. There was no statistical difference, hence the data were
analyzed with a t-test

2.6. Quantification of cytokine and TLR mRNA expression

Cells were harvested with Trizol® (Thermo Fisher Scientific,
Waltham, MA, USA), and total RNA extraction was performed using
Direct-zol™ RNA MiniPrep Plus (ZymoResearch, Irvine, CA, USA). RNA
concentration and purity were determined in a NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and
its integrity was analyzed using Agilent 2100 Bioanalyzer (Agilent,
Santa Clara, CA, USA). To remove any possible contamination with
genomic DNA, 1 μg of each RNA sample was treated with RNase-free
DNase I (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions.

Reverse transcription of the mRNA was carried out using iScript™
cDNA Synthesis Kit (Bio-Rad, Hercules, California, USA) following the
manufacturer´s instructions. Relative-qPCR was performed using the
master mix SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad,
Hercules, California, USA) in a final volume of 20 μL. The amplification
and detection processes were carried out in a StepOnePlus™ Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA). Two technical
replicates and negative controls for cDNA synthesis were included in all
cases. Primers used for amplification are listed in Supplementary
Table 1. Target gene expression was normalized to that of the en-
dogenous gene, GAPDH. Data were analyzed using LinregPCR and
FgStatisitcs. Statistically significant differences were considered when
p < 0.05.

2.7. Bacterial stimulation assay

For bacterial stimulating experiments, MAC-T and MAC-T BLV cells
growing in a 6 well plate were incubated for 3, 6 and 18 h with 200 μL
of a heat-inactivated suspension of S. aureus ATCC 29213 (OD=0.3).
Heat inactivation was carried out at 60 °C for 1 h.

3. Results

3.1. MAC-T BLV actively produce infective virus

MAC-T BLV supernatant contained viral particles that were capable
of infecting other cells. As shown in Fig. 1, three days after the infection
of MAC-T cells with MAC-T BLV supernatant, we were able to detect
infection by IFI.
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3.2. Effect of BLV on MAC-T cells morphology, cell proliferation, and
apoptosis

MAC-T BLV cells at 3 passage post-infection (ppi) started to show
cytopathic effect characterized by the formation of cellular syncytium.
Infected cells presented multiple nuclei and are larger than the unin-
fected MAC-T cells (Fig. 2).

The effect of stable BLV infection on bovine MEC survival was
analyzed. MAC-T BLV had 72.18% survival compared to the control
cells, MAC-T (p < 0.0001). This decrease in viability was present in all
passages up to 43 ppi, and there was no statistical difference between
passages (Fig. 3).

To assess the effect of the virus on apoptosis, we measured pro- and
anti-apoptotic gene expression by RT-qPCR (Fig. 4). The anti-apoptotic
Bcl-2 gene was downregulated 0.34-fold (p=0.04) in BLV infected
cells compared to uninfected MAC-T cells. Another pro- and anti-
apoptotic gene, Bax and Bcl-xl, respectively, were not modulated by the
infection (p=0.37 and 0.05, respectively).

3.3. Effect of BLV on cytokine and TLRs mRNA expression

IFNs and pro-inflammatory cytokines, together with TLR mRNA
expression, were determined by RT-qPCR. TLR9 was the only gene
modulated by the infection; expression of this receptor was highly in-
creased in BLV infected cells (FC=61.9-fold, p < 0.00001).
Expression of other cytokines (IL-6, IFNβ, and IFNγ) and TLRs (TLR2,
TLR3, TLR4, and TLR8) was not affected by BLV infection (p > 0.05,
data not shown).

3.4. Effect of BLV on MAC-T response to S. aureus

After 3 h of incubation with heat-inactivated S. aureus suspension,

MAC-T BLV cell viability decreased 15.38% compared to the non-in-
fected MAC-T cells (p= 0.008). Viability continued to decrease with
increased time of exposure to S. aureus reaching 25.90% (p= 0.003)
and 26.46% (p=0.03) after 6 and 18 h of exposure, respectively
(Fig. 5).

Anti-apoptotic Bcl-2 mRNA expression was analyzed at different
time points after incubation with S. aureus. Bcl-2 mRNA expression
decreased in MAC-T BLV cells 0.55 (p=0.10), 0.29 (p=0.04) and
0.59-fold (p=0.08) after 3, 6 and 18 h of exposure, respectively,
compared to MAC-T cells (Fig. 6A).

The expression of TLR2 mRNA in the presence of S. aureus was
analyzed. TLR2 mRNA in MAC-T BLV was downregulated 0.28-fold
(p= 0.03) after 3 h of incubation with S. aureus, 0.24-fold (p= 0.04)
after 6 h and, 0.58-fold (p= 0.08) after 18 h (Fig. 6B).

4. Discussion

We have previously demonstrated that BLV can stably infect the
bovine mammary epithelial cell line, MAC-T (Martinez Cuesta et al.,
2018). In this study, we show that this infection is productive, which
means that MAC-T BLV cells release infective viral particles. This result
has a great impact on our knowledge about BLV vertical transmission.
In the early days of research on BLV it was assumed that BLV only
infected lymphocytes present in the mammary gland, and therefore
those were the only cells responsible for transmitting the infection. The
discovery of cow’s milk MECs containing BLV p24 capsid protein
(Buehring et al., 1994) raised the question of whether MECs could
transmit the virus through milk. Our results reported here provide ex-
perimental in vitro proof that intercellular transmission from BLV-in-
fected MECs is possible and infective virions from MECs might con-
tribute to mother to calf transmission. Previous studies detected viral
DNA in milk from BLV infected animals, but it has never been analyzed

Fig. 1. Viral protein p24 detected in MAC-T infected with MAC-T BLV supernatant. The nucleus was stained with propidium iodide (red) (A, B, C) and viral
protein was immune-stained with a monoclonal antibody against BLV-p24 protein (green) (D, E, F) to obtain merged images (G, H, I). Amplification 10×.
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whether that virus came from lymphocytes or mammary epithelial cells
(Gutiérrez et al., 2015, 2014). Although BLV infection in vivo in B
lymphocytes is not associated with active viral production, little is
known about bovine mammary epithelial infection in vivo and whether
it actively releases virus or not. In fact, viral particles have been de-
tected in mammary tissue isolated from cows naturally infected with
BLV undergoing subclinical mastitis (Yoshikawa et al., 1997). The in-
fection of the mammary epithelial cells has been reported for other
viruses like HIV and HTLV-1 (Southern and Southern, 1998; Toniolo
et al., 1995). In those cases, the mammary epithelium plays an im-
portant role in virus transmission (Dorosko and Connor, 2010). These
similarities support the role of mammary epithelial cells in BLV trans-
mission. Furthermore, it would be interesting to study whether other
epithelial cells such as the intestinal epithelium are susceptible to BLV
infection and if they play a role in virus transmission, as it occurs in HIV
and HTLV-1 (Fujino and Nagata, 2000; John-Stewart et al., 2004).

When infected by BLV, MAC-T cells show cytopathic effect

Fig. 2. MAC-T BLV cells have cytopathic effect at passage 3 post infection (3 ppi). A) Cell morphology analyzed by bright field microscopy. Scale bar 4x:
1000 μm. Scale bar 10×: 400 μm. B) IFI to visualize cell morphology of BLV infected cells at 3 ppi. Viral protein p24 was stained with a monoclonal p24 antibody and
the secondary antibody, Alexa Fluor™ 488. Amplification 20×.

Fig. 3. Cell viability analyzed by MTT. MAC-T BLV cell viability percentage
relative to MAC-T cell survival, considered as 100% viability. An asterisk (*)
indicates statistically significant differences (p < 0.05) with MAC-T.
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characterized by syncytium formation. BLV capacity to fuse somatic
cells has been previously demonstrated in several cell lines including
CC81, bat lung cells, and bovine embryonic spleen, among others
(Graves and Ferrer, 1976; Graves and Jones, 1981). Cell fusion caused
by a virus can be divided into early and late polykaryocytosis. The
former appears during the first hours after inoculation, is caused by
structural components of the virus, presumably from the envelope, and
can occur in the absence of infection. On the other hand, late poly-
karyocytosis occurs days after the inoculation and is believed to be
caused by cellular changes induced by the virus, suggesting that in-
fection is required to produce this type of cell fusion (Ferrer and
Cabradilla, 1978). In MAC-T cells, BLV infection induces syncytia for-
mation at 3 ppi. This late polykaryocytosis also confirms that the MAC-
T cells are susceptible to BLV infection.

Host cells activate apoptosis as a mechanism to avoid virus re-
plication (Nainu et al., 2017). There are two ways of starting the
apoptotic process. The intrinsic pathway is induced by different in-
tracellular stress conditions and ends with the mitochondrial outer
membrane permeabilization, which is regulated by proteins from the
BCL-2 family. The extrinsic pathway is activated by extracellular stress

conditions that are sensed through the death receptors belonging to the
tumor necrosis factor (TNF) family (Zhou et al., 2017). Most of the
studies regarding the effect of BLV on B-lymphocytes conclude that the
virus reduces the apoptotic rate and increases the viability and pro-
liferation rate (Debacq et al., 2006; Dequiedt et al., 1997; Erskine et al.,
2011; Nieto Farias et al., 2018). However, there is barely any

Fig. 4. Anti-apoptotic Bcl-2 gene is downregulated in MAC-T BLV cells. Pro
and anti-apoptotic genes mRNA relative expression levels in MAC-T and MAC-T
BLV cells were determined by RT-qPCR. An asterisk (*) indicates statistically
significant differences (p < 0.05) compared to the uninfected control (MAC-T).

Fig. 5. BLV infection decreases cell viability in MAC-T cells exposed to
inactivated S. aureus. The viability percentage of MAC-T BLV cells is ex-
pressed compared to MAC-T cell survival when both cell lines were exposed to
heat-inactivated S. aureus suspensions. An asterisk (*) indicates statistically
significant differences (p < 0.05).

Fig. 6. Bcl-2 and TLR2 relative mRNA expression decreases when BLV
infected-bovine mammary epithelial cells are exposed to heat-inactivated
S. aureus. Relative mRNA expression levels in MAC-T BLV compared to MAC-T
cells were determined by RT-qPCR. One asterisk (*) indicates statistical sig-
nificance (p < 0.05).
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information about the effect of BLV on these parameters when the virus
infects epithelial cells. Our results show that bovine MECs infected with
BLV are less viable and express less anti-apoptotic Bcl-2 mRNA than
uninfected epithelial cells, consistent with previous studies in bovine
MECs transfected with BLV that showed a reduced population doubling
time (Motton and Buehring, 2003).

Many factors could be contributing to the observed decrease in cell
viability and the anti-apoptotic Bcl-2 expression in MAC-T BLV cells.
First, it could be caused by the death of bystander cells. It is known that
other retroviruses, such as HIV and HTLV, induce apoptosis of by-
stander cells (Doitsh et al., 2010; Finkel et al., 1995; Rivera-Walsh
et al., 2001). Additionally, we have previously reported an increase in
TNF-α expression in MAC-T BLV cells (Martinez Cuesta et al., 2018),
which could be activating the extrinsic pathway of apoptosis. Moreover,
it has been reported in HIV infection that syncytium formation is as-
sociated with apoptosis and that chronically infected cells induce
apoptosis in non-infected cells (Gougeon et al., 1993; Laurent-Crawford
et al., 1991). Both conditions are present in MAC-T BLV cells and could
be contributing to the decrease in viability.

Also, the response to pathogens is different between lymphocytes
and epithelial cells exposed to the same stimulus. As a mechanism to
control infections, epithelial cells tend to decrease their viability when
infected (Maarouf et al., 2018; Nainu et al., 2017; Ramage et al., 2017).
Similar to what we have observed in MAC-T BLV, E. coli infection causes
a decrease in Bcl-2 expression without changes in Bcl-xl expression in
bovine mammary epithelial cells (Long et al., 2001). Interestingly, it
has also been demonstrated that human mammary epithelial cells have
decreased cell viability when infected in vitro with the H1N1 influenza
virus (Paquette et al., 2015).

The decrease in cell viability could also have implications in milk
production. It has been reported a decreased production of casein and
other milk proteins in bovine mammary epithelial cells transfected with
a plasmid containing the complete BLV sequence (Motton and
Buehring, 2003).

It is well known that primary viral infections increase the suscept-
ibility to bacterial infections by affecting the epithelial barriers, fa-
voring bacterial attachment, or modulating the immune response
(Blevins et al., 2014; Patel et al., 1992; Robinson et al., 2014; Sajjan
et al., 2008). In this scenario, the reduction in cell viability caused by
BLV infection in bovine mammary epithelial cells could damage the
epithelium integrity and, thus, favor the development of bacterial in-
fections. Moreover, BLV infection affects milk neutrophils phagocytic
capacity, which could also favor bacterial proliferation (Della Libera
et al., 2015).

We analyzed the effect of the virus in the mammary epithelial
transcription of TLRs and cytokines. While mRNA production of most
TLRs and cytokines were unaffected by BLV infection, TLR9 mRNA
expression was significantly increased in BLV infected cells. This re-
ceptor recognizes unmethylated CpG dinucleotides in DNA, and its in-
creased expression has been described in peripheral blood lymphocytes
(PBMCs) from high proviral load BLV infected cows (Nieto Farias et al.,
2016), as well as in PBMCs infected with bovine alpha-herpesvirus
(Marin et al., 2014).

TLR2 mRNA expression showed a slight decrease in BLV infected
cells; however, the difference was not statistically significative.
Nevertheless, this decrease in TLR2 expression may have a biological
significance since this TLR contributes to the detection of a wide range
of pathogens, and it was effectively modulated after exposure of BLV-
infected cells to bacteria. It has been shown that, when treated with
heat-inactivated bacteria, bovine mammary epithelial cells from ani-
mals genetically predisposed to a lower incidence of mastitis express
more TLR2, TNF-α, IL-1β, IL-6 and IL-8 than cells from animals asso-
ciated with a higher risk of mastitis (Griesbeck-Zilch et al., 2009).
Additionally, downregulation of TLR2 and TLR4 expression has been
described in cases of naturally occurring influenza A infection, which
may increase the incidence of secondary infections in humans (Lee

et al., 2013). Taken all together, we believe that this decrease in TLR2
expression in mammary epithelial cells could impair the recognition of
secondary pathogens that are mainly detected by that receptor.

To corroborate if BLV infected cells have altered the capacity to
respond to bacteria trough TLR2, we compared the cell viability, anti-
apoptotic Bcl-2 mRNA expression, and TLR2 mRNA expression of the
cells incubated with heat-inactivated S. aureus, one of the main pa-
thogens causing subclinical and chronic mastitis in cattle and mainly
recognized trough TLR2. The decrease in cell viability and anti-apop-
totic gene Bcl-2 mRNA expression compared to the uninfected MAC-T
support our other results that BLV infected MECs are more susceptible
to the presence of bacteria, which could lead to a greater incidence of
mastitis. Moreover, after exposure (3 and 6 h) to heat-inactivated S.
aureus, MAC-T BLV cells express less TLR2 mRNA than MAC-T cells.
This suggests that BLV infection in the mammary epithelium reduces
the capacity of these cells to recognize the presence of pathogens, and it
might be at least in part through modulation of TLR2.

5. Conclusion

This is the first report that analyzes BLV infection of bovine mam-
mary epithelial cells, demonstrating that BLV can productively infect
bovine mammary epithelial cells in vitro, induce a cytopathic effect, and
decrease the viability. Moreover, we have shown that BLV infected cells
express less TLR2 mRNA when exposed to heat-inactivated S. aureus,
suggesting that BLV could impair bacterial recognition through this
receptor and thus, favor the development of certain bacterial infections.
Future epidemiologic research on cattle herds needs to be done to de-
termine if the presence of the virus in the mammary gland increases the
incidence of mastitis.
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