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Abstract

Exosomes are small membranous microvesicles (40–100 nm in diameter) and are extracellularly released from a wide variety
of cells. Exosomes contain microRNA, mRNA, and cellular proteins, which are delivered into recipient cells via these
exosomes, and play a role in intercellular communication. In bovine leukemia virus (BLV) infection of cattle, although it is
thought to be a minor route of infection, BLV can be transmitted to calves via milk. Here, we investigated the association
between exosomes and BLV in bovine milk. BLV structural proteins, gp51 (Env) and p24 (Gag), were detected in bovine milk
exosomes from BLV-infected cattle by Western blot analysis. In cells inoculated with these milk exosomes, BLV DNA was not
detected during three serial passages by nested PCR. Purification of exosomes from persistently BLV-infected cells was
achieved by immuno-magnetic separation using an antibody against exosomes coupled to magnetic beads. Consistently,
BLV gp51 and p24 proteins were detected in purified exosomes. Moreover, reverse transcriptase activity was observed in
purified exosomes, meaning that exosomes also contain viral enzyme. However, BLV DNA was not detected in serially
passaged cells after inoculation of purified exosomes, indicating that exosomes carrying BLV proteins appeared to be not
infectious. These results suggest that BLV proteins are released with milk exosomes and could be transferred into recipient
cells of calves via milk exosomes as an alternative route not requiring virus infection. Moreover it is also possible that bovine
milk exosomes play a role in clearance of BLV proteins from infected cells.
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Introduction

Exosomes, which are small membranous microvesicles (40–
100 nm in diameter), originate in endocytic compartments and are
extracellularly released from a wide variety of mammalian cells
[1]. In humans, exosomes are present in various physiological
fluids, including plasma [2,3], ascites [4], urine, amniotic fluid
[5,6], saliva, breast milk [3,7], and bronchoalveolar lavage fluid
[8]. Exosomes contain microRNA (miRNA), mRNA, and
membrane and intracellular proteins [9]. Therefore, it has been
suggested that exosomes play a role in intercellular (cell-to-cell)
communication, such as activation/suppression of immune and
cellular function, through either direct interaction of exosomal
surface antigens with target cell receptors, or via the transfer of
RNAs and proteins from fused exosomes into target cells [10].

During the past decade, it has been reported that exosomes
released from virus-infected cells contain viral nucleic acids and
proteins in some cases; this has been observed in both RNA and
DNA virus infections in humans with human immunodeficiency
virus (HIV) [11–14], hepatitis C virus [15,16], herpes simplex virus
[17,18], and Epstein-Barr virus [19,20]. These exosomes are
considered to be involved with viral infection, pathogenesis and
host defense systems [21,22].

Bovine leukemia virus (BLV) belongs to the Genus Deltaretrovirus
in the family Retroviridae. BLV is the causative agent of enzootic
bovine leukosis, and BLV infection occurs worldwide [23].

Symptoms in cattle include lymphocytosis, lymphadenopathy,
neuropathy, and progressive emaciation [23]. In BLV infection,
cattle are frequently asymptomatic, and in many cases infected
animals remain virus carriers for life without clinical symptoms.
Approximately 30% of infected cattle develop persistent lympho-
cytosis [24]. BLV is mainly transmitted horizontally by direct
exposure to biological fluid contaminated with BLV-infected
lymphocytes, such as inappropriate re-use of injection needles and
gloves for rectal examination [25,26]. It is also known that
infectious BLV particles and/or BLV-infected somatic cells are
present in bovine milk. Although it is thought to be a minor route
of infection, BLV can be transmitted to calves via milk [27–29].
However, details of the association between bovine milk exosomes
and BLV pathogenesis are unknown.

In this study, both milk exosomes from BLV-infected cattle and
exosomes from BLV-infected culture cells were characterized, and
BLV transmission via exosomes was also investigated in vitro. We
showed that milk exosomes from BLV-infected cattle contain BLV
structural proteins, gp51 (Env) and p24 (Gag), but these exosomes
seemed to be non-infectious to cells, or at least have low infectivity.
Consistently, exosomes purified from BLV-infected cells by
immuno-magnetic separation also contained BLV structural
proteins and enzyme but infectivity to cells was not observed.
These findings suggest that BLV proteins are released into milk
exosomes, and could be transferred into recipient cells of calves via
milk exosomes as an alternative route not requiring virus infection.
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Moreover it is also possible that bovine milk exosomes play a role
in clearance of BLV proteins from infected cells.

Materials and Methods

Milk samples and isolation of exosomes
This study did not include animal experiments for which

approval was necessary, as judged by the Gifu University Animal
Care and Use Committee. Milk from healthy (Cow ID #1) and
BLV-infected cattle (#2 and #3) was purchased from farmers
after routine milking and stored at 230uC until use. Exosomes
from bovine milk (milk exosomes) were isolated by ultracentrifu-
gation and sucrose-density gradient (SDG) centrifugation as
described previously [30]. Bovine milk samples were centrifuged
at 5,0006 g for 30 min at 4uC in a T11A31 rotor (Hitachi Koki,
Tokyo, Japan) using a Himac CF16RX centrifuge (Hitachi Koki)
to remove milk fat globules (MFGs), as well as somatic cells and
cell debris. From the cell pellet at this step, DNA was extracted
and used in a polymerase chain reaction (PCR) to detect BLV
DNA as described below. Defatted milk samples were then
subjected to three successive centrifugation steps at 12,0006 g for
1 h, 35,0006g for 1 h, and finally at 70,0006g for 3 h at 4uC in a
P42A rotor using a Himac CP60E ultracentrifuge (Hitachi Koki)
to remove residual MFGs, casein, and other debris (Figure 1A).
The supernatant was filtered sequentially through 10.0-, 0.45-, and
finally 0.22-mm filters (Millipore, Cork, Ireland). Filtered superna-
tant was ultracentrifuged at 100,0006 g for 1 h at 4uC and the
resulting pellet of milk exosomes was taken for Western blot (WB)
analysis (Figure 1A). For further purification, milk exosomes were
suspended in 1 ml of phosphate-buffered saline (PBS), layered on a
linear SDG (5–40%, w/v) solution (9 ml), and ultracentrifuged at
200,0006 g for 18 h at 4uC in a P40ST rotor (Hitachi Koki).
Then, 0.9 ml of each gradient fraction was collected from the top
of tube and numbered from 1 to 10. Each of the SDG fractions
was diluted in 10 times the volume of PBS and ultracentrifuged
again at 100,0006 g for 1 h at 4uC. The pellet was gently
suspended in a small volume of PBS and used for WB analysis and
inoculation of cells.

Cell cultures and isolation of exosomes from medium
Primary fetal lamb lung (FLL) cells [31] and fetal bovine muscle

(FBM) cells [32] were cultured in Dulbecco’s modified Eagle’s
medium (Wako, Osaka, Japan) with 10% fetal bovine serum (FBS),
100 mg/ml of streptomycin, and 100 U/ml of penicillin. Persis-
tently BLV-infected fetal lamb kidney (FLK-BLV) cells [33] were
cultured in Eagle’s minimum essential medium (Wako) containing
10% XerumFree FBS replacement (TNCBIO, Eindhoven, Neth-
erlands) instead of 10% FBS to exclude exosomes present in FBS.
Exosomes from the culture medium of FLK-BLV cells were
isolated by centrifugation at 3,0006g, filtration through a 0.22-mm
filter, and ultracentrifugation at 100,0006 g. The pellet of FLK-
BLV exosomes was suspended in 1 ml of PBS, and taken for WB
analysis, and further purification by immuno-magnetic separation
as described below.

WB analysis
Purified protein from each sample was used for WB analysis.

Proteins separated on sodium dodecyl sulfate polyacrylamide gels
were transferred to an Immobilon-P PVDF membrane (Millipore).
The membrane was blocked with 5% non-fat dried milk in PBS
containing 0.1% Tween20 (PBST) for 1 h at room temperature.
The membrane was then incubated with primary antibodies for
exosome markers; anti-bovine MFG-epidermal growth factor 8
(MFG-E8) (1:100) [34] and anti-Flotillin-1 (1:1000) (610820, BD
Transduction Laboratories, Lexington, KY, USA), diluted in 1%
non-fat dry milk in PBST for 1 h. Monoclonal antibodies specific
to a D-D9 epitope on BLV gp51 and a linear epitope on BLV p24
(1:1000), (BLV2 and BLV3, VMRD, Pullman, WA, USA) were
also used for detection of BLV proteins. Goat anti-mouse IgG
antibody conjugated with horseradish peroxidase (1:1000),
(NA9310V, GE Healthcare, Buckinghamshire, UK) was used as
a secondary antibody, diluted in 1% non-fat dry milk in PBST.
The bound immune complexes were detected using Amersham
ECL Western Blotting Detection Reagents (GE Healthcare) and
X-ray film.

Figure 1. Exosome isolation from bovine milk. (A) Isolation procedure. At each step, the pellet (Pellet 1 to 5) was collected for detection of
exosomes, BLV DNA and proteins. Supernatant was collected at each step and sequentially centrifuged for purification of milk exosomes. (B)
Detection of BLV DNA in milk. BLV pX gene was detected by PCR in somatic cells in the milk (Pellet 1) of BLV-infected cattle #2 and #3, but not of
healthy cow #1. Bovine GAPDH gene was used as an internal control for PCR targeting bovine DNA. (C) Detection of exosomes and BLV proteins in
pellet at each step. Larger amounts of exosomes were detected in pellets 4 and 5 by WB analysis using anti-MFG-E8 antibody (an exosome marker).
Similar to exosomes, larger amounts of BLV proteins gp51 (Env) and p24 (Gag) were detected in pellets 4 and 5 from BLV-infected cattle #2 and #3,
but not from healthy cow #1.
doi:10.1371/journal.pone.0077359.g001

BLV Proteins in Bovine Milk Exosomes
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Immuno-magnetic separation of exosomes
FLK-BLV exosomes were further purified from the suspension

by immuno-magnetic separation using an antibody against surface
antigen of exosomes and immuno-magnetic beads. Dynabeads M-
280 coated with sheep anti-mouse IgG (11201, Invitrogen Dynal
AS, Oslo, Norway) were incubated with antibody against an
exosome marker CD9 (LT86A, Veterinary Microbiology and
Pathology, Washington State University, Pullman, WA, USA) or
isotype control mouse IgG (X0943, Dako Cytomation, DK,
Glostrup, Denmark) with slow rotation mixing for 1 h at 4uC.
Anti-CD9 antibody combined with Dynabeads (anti-CD9/Dyna-
beads complex) and isotype IgG combined with Dynabeads
(isotype IgG/Dynabeads complex) were washed with PBS. Normal
healthy mouse serum (1:1000) was added to the suspension of
FLK-BLV exosomes for blocking and then the exosomes were
incubated with either of these complexes for 1 h at room
temperature with rotation mixing. The resulting exosomes/
CD9/Dynabeads complexes were isolated using a magnet, washed
with PBS, and used for WB analysis, inoculation of cells,
observation by electron microscopy, and reverse transcriptase
(RT) assay. After immuno-magnetic separation, the remaining
unbound solution was ultracentrifuged at 100,0006 g and the
resulting pellet was used for WB analysis and inoculation of cells.
Isotype IgG/Dynabeads complexes after incubation with the
suspension of FLK-BLV exosomes were also isolated using a
magnet and used for WB analysis and RT assay.

Inoculation of cells with milk and FLK-BLV exosomes
Since FLL cells are known to support BLV replication efficiently

[33], FLL as well as FBM cells were used for inoculation of
exosomes. FLL and FBM cells in 6-well plates were incubated with
milk exosomes from BLV-infected cattle for 1 h at 37uC.
Exosomes/CD9/Dynabeads complexes obtained from the FLK-
BLV exosome suspension by immuno-magnetic separation, as well
as unbound solution, were also incubated with FLL and FBM
cells. The cells were then washed twice with PBS, cultured, and
were passaged 3 times at 4 day intervals. Cells were collected and

DNA was extracted to detect BLV DNA by PCR. Before these
experiments, the suitability of this assay system for assessing cell
infectivity was tested and confirmed using FLL cells, by
inoculation with the supernatant of FLK-BLV cells or the
supernatant of FLL cells as a control, respectively (Figure S1).

PCR
DNA was extracted from somatic cells in milk (Figure 1A, Pellet

1) using the DNeasy Blood and Tissue Kit (Qiagen, Hilden,
Germany), and subjected to PCR using primers for BLV pX [35]
and bovine glycelaldehyde-3-phosphate dehydrogenase (GAPDH)
as a control [36] (Table S1). PCR was carried out in a 20 ml total
reaction volume containing Go Taq Green Master Mix (Promega,
Madison, WI, USA), 10 pmole of forward and reverse primers and
1 ml of extracted DNA samples. The amplification reaction was
performed in a GeneAmp PCR system 9700 (Applied Biosystems,
Foster City, CA, USA) as follows: initial denaturation for 2 min at
95uC, 35 cycles of denaturation for 30 s at 94uC, annealing for
30 s at 62uC, extension for 30 s at 72uC and a final extension at
72uC for 7 min. PCR products of BLV pX PCR were used for
nested PCR. DNA from cells incubated with milk or FLK-BLV
exosomes was also used for PCR.

Electron microscopy
Magnetically separated exosomes/CD9/Dynabeads complexes

were embedded in 20 ml of 3% low-melting point agarose and
prefixed with 2% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4) at 4uC. Samples were then cut into small pieces. The
specimen was post-fixed with 2% osmium tetroxide in 0.1 M
phosphate buffer (pH 7.4) for 1.5 h. These were dehydrated in a
graded series of ethanol, finally with propylene oxide, and
embedded in Quetol 812 epoxy resin (Nissin EM, Tokyo, Japan)
for transmission electron microscopy. Ultra-thin sections (90–
100 nm) were cut using a Ultracut-UCT (LEICA, Nussloch,
Germany) with a diamond knife, and stained with 2% uranyl
acetate in distilled water for 15 min, followed by a lead staining
solution [37] for 5 min. Sections were examined with an H-7600
electron microscope (Hitachi, Tokyo, Japan) at 100 kV.

RT assay
Viral RT activity in purified exosomes by immuno-magnetic

separation was estimated by an improved RT assay using SYBR
Green-based real-time PCR, which is known as product-enhanced
RT (PERT) assay, as described previously [38,39], with some
modifications. Purified exosomes by immuno-magnetic separation
were suspended in 50 ml of water and 5 ml of the suspension were
mixed with 5 ml of 26 concentrated virus lysis buffer (0.25%
Triton X-100, 50 mM KCl, 100 mM TrisHCl, pH 7.4, and 40%
glycerol) containing 0.8 U/ml RiboLock RNase Inhibitor
(EO0381, Thermo Fisher Scientific, Vilnius, Lithuania), and
incubated for 10 min at room temperature. After dilution with
90 ml of water, the lysates were centrifuged at 4,0006 g for 2 min
at 4uC in a TMA-29 rotor (Tomy Seiko, Tokyo, Japan) using an
MX-301 centrifuge (Tomy Seiko) and 90 ml of supernatant were
recovered. For PERT assay, 9.6 ml of the lysates were mixed with
10.4 ml of reaction mix containing 10 ml of 26Fast SYBR Green
Master Mix (Applied Biosystems), 0.1 ml RNA from bacteriophage
MS2 (0.4 mg/ml, Roche Diagnostics, Mannheim, Germany), 0.1 ml
MS2 forward primer (100 mM), 0.1 ml MS2 reverse primer
(100 mM), and 0.1 ml diluted RiboLock RNase Inhibitor (4 U/

ml). Serially diluted moloney murine leukemia virus (M-MLV) RT
(M5301, Promega, Madison, WI, USA) was used for construction
of standard curve of RT activity in PERT assay.

Figure 2. Detection of exosomes and BLV proteins in each
fraction by SDG centrifugation. Pellet 5, from BLV-infected cattle
#2 and #3 in Figure 1A was diluted in PBS, layered on the top of a
linear SDG (5–40% w/v) solution and ultracentrifuged. Sequential
fractions from SDG were collected from the top of the tube (numbered
from 1 to 10). BLV proteins gp51 (Env) and p24 (Gag) were present at
1.13 to 1.19 g/ml (fraction nos. 8 to 10) in #2 and at 1.16 to 1.19 g/ml
(fraction nos. 9 to 10) in #3, respectively, consistent with the fraction
containing a greater number of exosomes (MFG-E8).
doi:10.1371/journal.pone.0077359.g002
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Statistical analysis
The data were analyzed for statistical significance by parametric

non-repeated measures ANOVA and the post hoc test using SNK
test. The data were collected from three independent experiments.

Results

Isolation of milk exosomes from BLV-infected cattle
Although it is known that BLV-infected somatic cells are present

in bovine milk [27–29], Kuckleburg et al. [28] showed that BLV
DNA in milk was detected in only 65% (52/80) BLV-seropositive
cattle. Moreover, Michishita et al. [40] reported that, even if BLV
DNA was detected in blood, BLV DNA in milk was detected in
only 35% (14/40) of cattle where BLV was detected in blood.
Therefore, initially to confirm the presence of BLV DNA in milk,
and so to allow the selection of milk samples containing BLV, PCR
was carried out. BLV DNA was detected in somatic cells (Pellet 1)
in milk from BLV-infected cattle #2 and #3 but not from healthy
cow #1 (Figure 1B). Then, we tried to separate both the BLV
proteins in somatic cells (Pellet 1), and free BLV particles, from
milk by sequential centrifugation. Pellets at each step (Pellets 1 to
5) of the isolation procedure for milk exosomes (Figure 1A) were
subjected to WB analysis. Large amounts of milk proteins such as
casein, along with cell debris, were precipitated in pellets 2 and 3
as described previously [30] and these could not be dissolved
efficiently in sample buffer for WB analysis. A larger amount of
exosomes, which were identified by an exosome marker MFG-E8,
were detected in pellets 4 and 5, indicating the necessity of
sequential centrifugation steps for exosome isolation (Figure 1C).
Similar to the exosomes, BLV proteins gp51 and p24 were
detected in pellets 4 and 5 (Figure 1C). At this point, by WB
analysis, we could not conclude that free BLV particles were
excluded from the isolated milk exosomes. Thus, to further purify
exosomes, pellet 5 from both BLV-infected cattle #2 and #3 was
suspended in PBS, layered on SDG solution, and ultracentrifuged.
Recovered sequential fractions from SDG were subjected for WB
analysis. BLV proteins gp51 and p24 were present at 1.13 to
1.19 g/ml (fractions 8 to 10) from cow #2, and at 1.16 to 1.19 g/
ml (fraction nos. 9 to 10) from cow #3, respectively; these fractions
also contained a greater number of exosomes (MFG-E8) (Figure 2).
These results demonstrated that purified milk exosomes contain
BLV proteins. However, we could not completely exclude the
possibility that free BLV particles were present in the exosome
fractions, because it is reported that BLV particle density is 1.148-
1.164 g/ml [41]. The difference of fractions containing BLV
proteins between cattle #2 and #3 is probably due to the
individual differences in milk, including age, milking period
involving physical and chemical properties of milk, and viral load
in milk. Therefore, to further purify exosomes and to exclude
influences by unknown proteins or factors due to individual
differences in milk, FLK-BLV exosomes were used for further
experiments instead of milk exosomes.

Exosome separation from culture medium of FLK-BLV
cells

BLV gp51 and p24 proteins were detected in the FLK-BLV
exosomes by antibodies against BLV proteins, gp51 and p24
(Figure 3A). Since it was known that FLK-BLV cells released
infectious virus particles into the culture medium [33], to exclude
the possibility of the existence of free BLV particle in the isolated
FLK-BLV exosomes, immuno-magnetic separation using the anti-
CD9 (surface marker of exosomes) antibody and magnetic beads
was carried out. Exosome (CD9), BLV gp51 and p24 proteins were
detected in separated exosomes/CD9/Dynabeads complexes, and

Figure 3. Exosome purification from culture medium of FLK-
BLV cells using the anti-CD9/Dynabeads complex and mag-
netic separation. (A) WB analysis of FLK-BLV exosomes. Exosomes
(Flotillin), BLV gp51 (Env) and p24 (Gag) proteins were detected in
pellets obtained by ultracentrifugation at 100,0006 g from the culture
medium of FLK-BLV cells. (B) Immuno-magnetic separation of FLK-BLV
exosomes. Lane 1, unbound solution after immuno-magnetic separa-
tion; lane 2, isotype IgG/Dynabeads complexes separated using a
magnet; lane 3, exosomes/CD9/Dynabeads complexes separated using
a magnet. To exclude the possibility of the presence of free BLV, similar
amounts of exosomes (Flotillin) were present in both inocula (lanes 1
and 3). Larger amounts of BLV proteins in the unbound solution (lane 1)
might indicate that this solution may still have contained both BLV
proteins with exosomes, and free BLV particles. (C) Electron micro-
graphs of exosomes/CD9/Dynabeads complexes obtained by immuno-
magnetic separation. Upper panel: an electron micrograph of anti-CD9/
Dynabeads complexes at low magnification. Bottom panel: enlarge-
ment of the square in upper panel. Exosomes captured by anti-CD9/
Dynabeads complexes were observed around the surface of Dynabeads
(2.8 mm in diameter). Arrows indicate exosomes. Scale bar shows
500 nm.
doi:10.1371/journal.pone.0077359.g003
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also in remaining unbound solution, but not in separated isotype
IgG/Dynabeads complexes (Figure 3B). The amount of exosomes
in unbound solution was equivalent to that found in separated
exosomes/CD9/Dynabeads complexes. On the other hand, the

amount of BLV proteins in unbound solution was greater than that
of BLV proteins in exosomes/CD9/Dynabeads complexes, indi-
cating that exosomes were successfully separated from free BLV
particles by anti-CD9/Dynabeads. These results were confirmed by
electron microscopic observation, where exosomes captured by the
anti-CD9/Dynabeads were observed around the Dynabeads
(Figure 3C).

RT activity in exosomes
Viral RT activity was detected in purified exosomes/CD9/

Dynabeads complexes as well as both unbound solution from
exosomes/CD9/Dynabeads and isotype IgG/Dynabeads com-
plexes (Figure 4). Viral RT activity was not detected in pellet from
the mixture of exosomes and isotype IgG/Dynabeads complexes.
No viral RT activity was detected in purified exosomes/CD9/
Dynabeads and isotype IgG/Dynabeads complexes from FLL
exosomes (Figure 4).

Inoculation of cells with milk and FLK-BLV exosomes
Milk exosomes isolated from SDG fractions 7 to 9 were mixed

and used to inoculate FLL and FBM cells. BLV infection was not

Figure 4. Reverse transcriptase activity in exosomes. (A) Standard curve of RT activity constructed by serially diluted M-MLV RT (5, 2.5, 1.25,
0.625 and 0 units/5 ml). (B) Detection of RT activity in purified exosomes by immuno-magnetic separation. Significantly higher activity in purified
exosomes/CD9/Dynabeads complexes than isotype IgG/Dynabeads complexes was observed by parametric non-repeated measures ANOVA and SNK
test. *, P,0.01. Unb. Exo/9/B; unbound solution of exosomes/CD9/Dynabeads complexes. Unb. Iso/B; unbound solution from the mixture of
exosomes and isotype IgG/Dynabeads complex. Exo/9/B; exosomes/CD9/Dynabeads complexes. Iso/B; magnetically separated pellet from the
mixture of exosomes and isotype IgG/Dynabeads complex. Negative control; water.
doi:10.1371/journal.pone.0077359.g004

Table 1. Infectivity of FLK-BLV exosomes to cells.

Cella Inoculumb Passage number of cellsc

1 2 3

FLL Exo/9/B 2 2 2

Unbound sol. + 2 2

FBM Exo/9/B 2 2 2

Unbound sol. 2 2 2

aFLL; fetal lamb lung cells; FBM; fetal bovine muscle cells.
bExo/9/B; exosomes/CD9/Dynabeads complexes obtained by immno-magnetic
separation. Unbound sol.; unbound solution after immuno-magnetic
separation.
c2; nested PCR negative, +; nested PCR positive.
doi:10.1371/journal.pone.0077359.t001
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detected at any passage of FLL and FBM cells by nested PCR
(data not shown).

Exosomes/CD9/Dynabeads complexes from FLK-BLV cells,
and the unbound solution after immuno-magnetic separation were
also used to inoculate FLL and FBM cells. BLV DNA was not
detected at any passage of FLL and FBM cells inoculated with
exosomes/CD9/Dynabeads complexes, by nested PCR (Table 1).
On the other hand, BLV DNA was detected at the first passage of
FLL cells inoculated with unbound solution (Table 1). These
results seemed to confirm that unbound solution still contained
BLV, as described above.

Discussion

In the present study, we confirmed for the first time the presence
of BLV structural proteins, gp51 (Env) and p24 (Gag), in bovine
milk exosomes from BLV-infected cattle, and also BLV enzyme,
reverse transcriptase, in exosomes from BLV-infected cells.
Previous studies showed that HIV Gag and Nef proteins were
detected in exosomes from HIV-infected cells [11–14]. HIV Gag
was sorted to endosome-like domains on the plasma membrane
and secreted into exosomes from the cells. These exosomes
contained prominent electron-dense cores of oligomerized HIV
Gag [11,13], suggesting the possibility that HIV can utilize the
exosome biogenesis pathway for virion biogenesis and exosome
uptake pathway as an alternative, Env-independent pathway for
infecting neighboring cells, in a manner termed the ‘‘Trojan
exosomes’’ hypothesis [42,43]. Similar to HIV, BLV Gag proteins
may be oligomerized in milk exosomes, released with exosomes,
and delivered into recipient cells via these ‘‘Trojan exosomes’’. In
addition, bovine milk exosomes could be taken up by cells much
more easily by phagocytosis because of MFG-E8 expression.
Bovine milk exosomes express MFG-E8 on the surface, used as an
exosome marker in this study. It is known that MFG-E8 mediates
interactions between aminophospholipids on apoptotic cells or cell
debris, such as phosphatidylserine, which acts as an ‘‘eat-me
signal’’ to phagocytes, and avb3 or avb5 integrin on phagocytes
[44], and then apoptotic cells and cell debris are engulfed by
phagocytosis. Previously, proteome analysis identified 2107
proteins in bovine milk exosomes [45]. Moreover, bovine milk
exosomes contained mRNAs of major milk proteins, such as
caseins, b-lactoglobulin, and MFG-E8, and mammary gland- and
immune-related miRNAs, and these RNAs were transferred into
recipient cells [46]. In recent human studies, it has been reported
that breast milk exosomes contain RNAs, miRNAs, and proteins,
and deliver these RNAs and proteins into recipient cells, thus
inducing gene expression and immune activation [3,7,47,48].
These results suggest that RNAs and proteins, including BLV
proteins, are released with milk exosomes and BLV proteins could
be transferred into recipient cells of calves via milk exosomes as an
alternative route not necessitating virus infection. Although the
roles of BLV structural proteins and enzyme associated with
exosomes were not elucidated in this study, it is possible that
exosomes carrying BLV proteins could be involved with not only
an alternative life cycle of BLV, but also in immunological
responses against BLV in cattle like HIV in humans.

Additionally, a recent amyloid study using amyloid-b precursor
protein (APP)-overexpressing transgenic mice has shown that,

although there was no difference in the number of exosomes
secreted from brain compared with wild-type mice, a larger
amount of APP and the APP-processing products was observed in
brain exosomes from the transgenic mice [49]. Interestingly,
exosomes secreted from brain were enriched with APP and the
processing products compared with brain homogenates in both
transgenic and wild-type mice, suggesting a releasing system of
neurotoxic APP and the products from the brain into the brain
extracellular space [49]. These results suggest a probable
biological significance that bovine milk exosomes may have a role
in clearance of BLV proteins from infected cells.

Here, the infectivity of exosomes to cells was not observed in
vitro. We used an efficient method for isolating morphologically
native and highly purified bovine milk exosomes by ultracentri-
fugation with SDG centrifugation [30] and immuno-magnetic
separation, which resulted in a small recovery of exosomes. It has
been reported that exosomal purity, morphology, recovery, and
RNA size and yield from exosomes differed between different
isolation methods [30,50,51]. Previously, exosome-mediated
infectious transfer of HIV [52], and prions [53,54] have been
demonstrated. These results suggest that we still cannot ignore
completely the possibility of BLV infection via milk exosomes and
further detailed studies of BLV infection associated with milk
exosomes are required both in vitro and in vivo.

Supporting Information

Table S1 Primers used in this study.
(DOC)

Figure S1 Infectivity assay, using FLL cells inoculated
with the supernatant (sup.) of FLK-BLV cells. BLV DNA
was detected in passaged FLL cells after inoculation of supernatant
of FLK-BLV cells but not in cells inoculated with supernatant of
FLL cells as a control by nested PCR targeting the pX gene.
Detection of the GAPDH gene in DNA from FLL cells was used as
an internal control for the PCR reaction.
(TIF)

Acknowledgments

We acknowledge Dr. H. Sentsui (Laboratory of Veterinary Epizootiology,
Department of Veterinary Medicine, College of Bioresource Sciences,
Nihon University, Japan) for providing FLL, FBM and FLK-BLV cells and
Dr. T. Matsuda (Graduate School of Bio-agricultural Sciences, Nagoya
University, Japan) for providing anti-MFG-E8 antibody. We are grateful to
Mr. H. Takase (Hanaichi UltraStructureResearch Institute, Okazaki,
Japan) for assistance with electron microscopic observations. We also thank
the Gifu University Yanagido Farm and Esaki Farm (Gifu, Japan) for
providing bovine milk, and Dr. K. Murakami (Laboratory of Veterinary
Microbiology, Cooperative Department of Veterinary Medicine, Iwate
University) for his valuable suggestions to our experiments.

Author Contributions

Conceived and designed the experiments: NI YI. Performed the
experiments: TY HS YI. Analyzed the data: TY HS NI YI. Wrote the
paper: TY YI.

References
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