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ABSTRACT

Bone marrow stromal cell antigen 2 (BST2) is a cellular restriction factor with a broad antiviral activity. In sheep, the BST2 gene
is duplicated into two paralogs termed oBST2A and oBST2B. oBST2A impedes viral exit of the Jaagsiekte sheep retroviruses
(JSRV), most probably by retaining virions at the cell membrane, similar to the “tethering” mechanism exerted by human BST2.
In this study, we provide evidence that unlike oBST2A, oBST2B is limited to the Golgi apparatus and disrupts JSRV envelope
(Env) trafficking by sequestering it. In turn, oBST2B leads to a reduction in Env incorporation into viral particles, which ulti-
mately results in the release of virions that are less infectious. Furthermore, the activity of oBST2B does not seem to be restricted
to retroviruses, as it also acts on vesicular stomatitis virus glycoproteins. Therefore, we suggest that oBST2B exerts antiviral ac-
tivity using a mechanism distinct from the classical tethering restriction observed for oBST2A.

IMPORTANCE

BST2 is a powerful cellular restriction factor against a wide range of enveloped viruses. Sheep possess two paralogs of the BST2
gene called oBST2A and oBST2B. JSRV, the causative agent of a transmissible lung cancer of sheep, is known to be restricted by
oBST2A. In this study, we show that unlike oBST2A, oBST2B impairs the normal cellular trafficking of JSRV envelope glycopro-
teins by sequestering them within the Golgi apparatus. We also show that oBST2B decreases the incorporation of envelope gly-
coprotein into JSRV viral particles, which in turn reduces virion infectivity. In conclusion, oBST2B exerts a novel antiviral
activity that is distinct from those of BST2 proteins of other species.

BST2/tetherin is an interferon (IFN)-stimulated gene with po-
tent antiviral properties against a variety of enveloped viruses

(1–4). Human bone marrow stromal cell antigen 2 (hBST2) re-
stricts viral-particle release of human immunodeficiency virus
type 1 (HIV-1) lacking the viral accessory protein Vpu by tether-
ing nascent virions, which are subsequently endocytosed, to the
cell membrane (2, 5). Moreover, hBST2 has been shown to be an
innate sensor of viral-particle release since, upon HIV-1 virion
retention, it activates the NF-�B signaling pathway and induces
expression of proinflammatory genes (6–8). BST2 is a type II
transmembrane protein with a unique topology characterized by a
short amino-terminal cytoplasmic tail followed by a transmem-
brane region, an ectodomain, and a carboxy-terminal glycosyl-
phosphatidylinosotol (GPI) anchor. hBST2 is present in different
intracellular compartments, including the trans-Golgi network
(TGN) and early and recycling endosomes, and within lipid rafts
(9). It is the unique topology of BST2, rather than the primary
sequence, that determines the ability of this protein to restrict
virus release, since an artificial “art tetherin” with no sequence
similarity to BST2, but which maintains its structural features, is
still capable of restricting the release of enveloped viral particles
(5). At least for HIV, hBST2 restriction involves direct interaction
between BST2 and nascent virions. BST2 acquires an axial confor-
mation with pairs of either the amino- or carboxy-terminal trans-
membrane anchors inserted into the virions and the cell mem-
brane, resulting in the tethering of viral particles (10). hBST2
exhibits a broad antiviral spectrum, since it is able to block not

only HIV but also several other retroviruses (11) and, most im-
portantly, many other enveloped viruses (12). However, viruses
have evolved a variety of countermeasures to overcome BST2 re-
striction that involve the physical separation of BST2 from the site
of virus assembly (12). Primate lentiviruses use different viral pro-
teins, such as Vpu, Nef, and Env, to antagonize BST2 antiviral
activity in different ways. For example, HIV-1 Vpu blocks hBST2
transit to the cell surface and promotes its endosomal degradation
(13), whereas HIV-2 Env sequesters hBST2 within the TGN (12,
14). Importantly, the host-specific adaptation of HIV-1 to over-
come hBST2 restriction through the adaptation of Vpu played a
major role in the transmission of pandemic HIV-1 group M from
chimpanzees to humans, highlighting the importance of BST2 in
determining host range (15).
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Jaagsiekte sheep retrovirus (JSRV) is an exogenous betaretro-
virus that causes ovine pulmonary adenocarcinoma (OPA), a nat-
urally occurring lung cancer of sheep (16–19). The sheep genome
harbors at least 27 copies of endogenous retroviruses highly re-
lated to JSRV (enJSRVs) (20, 21). enJSRV transcripts and proteins
are particularly abundant in the genital tract of the ewe (22, 23),
are essential for the reproductive biology of this species (23), and
can interfere with the replication of their exogenous counterparts
(20, 23–25). To date, one copy of the BST2 gene has been found in
most vertebrates. In ruminants, the BST2 gene was duplicated
prior to the speciation of sheep and cows (26, 27). Thus, sheep
possess two BST2 paralogs, referred to as oBST2A and oBST2B
(26). We previously showed that interferon tau (IFNT), the preg-
nancy recognition protein in ruminants, induces the expression
of the two ovine BST2 genes both in vitro and in vivo and that
oBST2A blocks cell exit of JSRV and enJSRVs (26). Curiously,
oBST2A appeared to be much more efficient than oBST2B at re-
stricting JSRV particle release (26). Importantly, a recent study
showed that the bovine BST2B (bBST2B) protein displays Golgi
localization and reduces in vitro production of bovine leukemia
virus, albeit at a lower level than that of the two bBST2As analyzed
(27). In this study, we further investigated the restriction mecha-
nism of oBST2B on JSRV. We highlight several biological proper-
ties that distinguish oBST2B from oBST2A and provide data
suggesting that oBST2B possesses a distinct antiviral activity
which complements the classical tethering restriction provided by
oBST2A.

MATERIALS AND METHODS
Plasmids. pCMV2JS21 expressing the full-length JSRV21 molecular clone
has been described previously (19, 28). pCMV3JS21�GP is an expression
plasmid for JSRV Env (29). pCMV5a-JS21Flag is an expression plasmid
for JSRV Env with a Flag epitope fused at its carboxy terminus (Env-
CFlag) (30). Plasmids expressing the hemagglutinin (HA)-tagged version
of ovine BST2A and BST2B, pCIoBST2A-HA and pCIoBST2B-HA, have
also been described previously (26). pcDNA3.1 and pDsRed-Golgi (Ds-
Red-Monomer coding sequence fused to the N-terminal 81 amino acids
of human beta 1,4-galactosyltransferase) plasmids were purchased from
Invitrogen and Clontech, respectively.

Protein alignment and prediction analysis. oBST2A and oBST2B
proteins were aligned using Clustal Omega (http://www.ebi.ac.uk/Tools
/msa/clustalo/). Predictions of putative oBST2A/2B domains and post-
translational modifications were made using the Expasy Proteomics
server (http://expasy.org/tools). TMHMM, version 2, and NetNGly1.0
were used to predict potential transmembrane regions and N-linked gly-
cosylation sites, respectively. GPI-SOM was used to predict putative gly-
cosylphosphatidylinositol (GPI) anchor sites.

Cells. HEK-293T cells were cultured in Dulbecco’s modified Eagle
medium. Sheep choroid plexus (CPT-Tert) cells were cultured in Iscove’s
modified Dulbecco’s medium (26). All cell lines were supplemented with
10% fetal bovine serum and grown at 37°C, 5% CO2, and 95% humidity.

Transfections, cell lysates, and Western blotting. To assess the
glycosylation status of oBST2, cell lysates were treated with the peptide
N-glycosidase F (PNGase F; New England BioLabs). Briefly, 293T cells
were transfected in 10-cm plates with 1 �g of pCIoBST2A-HA or
pCIoBST2B-HA using a calcium phosphate protocol. At 24 h posttrans-
fection, cells were harvested in 1% NP-40. The cell lysates were then di-
luted to a final volume of 35 �l containing 200 �g of total proteins before
the addition of 10 �l of 5� reaction buffer (250 mM sodium phosphate,
pH 7.5) and 2.5 �l of denaturation solution (2% sodium dodecyl sulfate
and 1 M 2-mercaptoethanol). Samples were then boiled at 100°C for 5
min, and 2.5 �l of 15% Triton X-100 in phosphate-buffered saline (PBS)
(vol/vol) was added, followed by 2 �l of PNGase F (0.01 U) or PBS as a

control. All samples were then incubated at 37°C for 6 h. The reaction was
stopped by the addition of 4 �l of 4� SDS-PAGE reducing buffer (250
mM Tris-HCl [pH 6.8], 8% SDS, 40% glycerol [vol/vol], 0.008% bro-
mophenol blue, 20% 2-mercaptoethanol) and boiling for 5 min prior to
SDS-PAGE/Western blot analysis.

CPT-Tert cells were transfected with increasing amounts (0.25 to 2
�g) of an empty vector (pcDNA3.1) or expression plasmids for oBST2B
(with or without an HA epitope tag) in 12-well plates, using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s instruc-
tions. A second transfection was performed 24 h later with 5 �g of
pCMV2JS21. At 48 h posttransfection, Western blotting was performed
on concentrated viral particles and cell lysates as previously described
(31). Gag proteins were detected with a rabbit polyclonal serum against
the JSRV major capsid protein (CA) (32). JSRV Env was detected using a
monoclonal antibody against the surface (SU) domain (33). Ovine BST2B
proteins tagged with HA were detected using a mouse monoclonal anti-HA
antibody (Covance). Membranes were exposed to the appropriate perox-
idase-conjugated secondary antibodies and then developed by chemilu-
minescence using ECL Plus (Amersham) or SuperSignal West Pico sub-
strate (Thermo Scientific). The Western blot signal for the expression of
CA and SU was quantified in the viral pellets using Image Studio Lite
software. The values of CA and SU in the absence of oBST2B were arbi-
trarily assigned a value of 100, and the ratios between SU and CA were
calculated. Each experiment (from transfection to Western blotting) was
performed independently at least three times. Statistical analyses were
performed with two-way analysis of variance (ANOVA).

Immunofluorescence and confocal microscopy. Transfections were
performed using Lipofectamine 2000 (Invitrogen) according to the man-
ufacturer’s instructions. CPT-Tert cells were plated onto two-well cham-
bered glass slides (Lab-Tek; Nalge Nunc International) and cotransfected
with pCMV2JS21 or pCMV5a-JS21Flag (1 �g) and either pDsRed-Golgi,
pCIoBST2A-HA or -2B-HA, or pcDNA3.1 as a control plasmid (0.25 �g
of each plasmid). In some experiments, as indicated in Results, cells were
treated with brefeldin A (Sigma) at a concentration of 200 ng/ml for 90
min before fixation with 5% formaldehyde in PBS at 4°C for 20 min and
were immunolabeled for confocal microscopy. Immunofluorescence was
performed as described previously (32, 34) using the following antibodies:
JSRV SU (1/200), JSRV Gag p23 (1/200), anti-FLAG (1/750; Sigma),
TGN46 (1/1,000; Abcam), giantin (1/100; Abcam), p115 (1/100; Abcam),
anti-HA (1/100; Covance) or pan-cadherin (1/500; Abcam). Secondary
antibodies included Alexa Fluor 488- or Alexa Fluor 546-conjugated goat
anti-rabbit and Alexa Fluor 546 donkey anti-mouse antibodies (Life
Technologies). Cells were examined using a Leica TCS SP2 confocal mi-
croscope. Image analysis was performed using Image-Pro Analyzer 7.0
(Media Cybernetics). Statistical analyses were performed with a �2 test to
compare the intracellular distribution patterns of each protein. Protein
colocalization signals were measured using Image-Pro Plus software (Me-
dia Cybernetics), and Pearson’s correlation coefficient was estimated. Val-
ues ranged from �1 to 1, with 0.5 representing the value of the signifi-
cance threshold. Values are presented as the average number of Pearson’s
correlation coefficients measured from random fields of at least 50 cells in
two independent experiments (� standard error).

Entry assays. Murine leukemia virus (MLV)-derived pseudoparticles
were designed and generated as previously described (35). Briefly, HEK-
293T cells stably expressing oBST2B-HA (293T/B-HA) or an empty vec-
tor as a control (293T-cont) were cultured in 10-cm plates and transfected
by calcium phosphate with three expression plasmids encoding (i) MLV
core-packaging components (8 �g); (ii) an MLV retroviral transfer vector
harboring the green fluorescent protein (GFP) marker (8 �g); and (iii) the
envelope glycoprotein of JSRV (pCMV3JS21�GP) (29) (5 �g, 2 �g, or
0.8 �g) or vesicular stomatitis virus (VSV-G) (2 �g) to generate pseudop-
articles referred to as JSRVpp-5 �g, JSRVpp-2 �g, JSRVpp-0.8 �g, or
VSVpp, respectively. Pseudoparticles with no envelope glycoprotein,
termed NoEnvpp, were generated by transfecting only expression plas-
mids for GFP and MLV core-packaging components. At 36 h posttrans-
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fection, cell supernatants were recovered, filtered through a 0.45-�m-
pore-size filter and used to infect CPT-Tert cells for 5 h. At 72 h
postinfection, cells were analyzed by a FACSCalibur system (BD Biosci-
ences) to quantify the percentage of GFP-positive cells, using the values
obtained with NoEnvpp preparations as the threshold. The percentage of
cells infected by JSRVpp-5 �g, JSRVpp-2 �g, JSRVpp-0.8 �g, or VSVpp
produced in 293T-cont cells was arbitrarily assigned a value of 100% and
compared to the percentage of cells infected by the corresponding
JSRVpp-5 �g, JSRVpp-2 �g, JSRVpp-0.8 �g, or VSVpp pseudoparticles
produced in 293T/B-HA cells. Experiments were performed indepen-
dently at least three times. Statistical analysis was performed with two-way
ANOVA using R software (Comprehensive R Archive Network; http:
//www.R-project.org). In parallel, pseudoparticles were purified and con-
centrated by ultracentrifugation at 120,000 � g for 2 h through a 20%
sucrose cushion. Viral pellets were then subjected to Western blot analysis
using mouse anti-SU (1/10) or anti-VSV-G (P5D4; 1/1,000) antibodies
and a rat anti-MLV-CA (R187; 1/1,000) antibody, as described above. The
Western blot signals and SU/CA ratios of JSRVpp-2 �g and JSRVpp-0.8
�g were determined as described above. Statistical analyses were carried
out using one-way ANOVA to compare the median ratios of JSRVpp-2 �g
and JSRVpp-0.8 �g produced in 293T/B-HA cells.

RESULTS
oBST2A and oBST2B have distinct cellular localizations. oBST2A
and oBST2B share 77.5% identity at the nucleotide level and
48.9% at the amino acid level (Fig. 1A). oBST2A has the typical
BST2 topology, including a predicted amino-terminal transmem-
brane region, an ectodomain with three N-linked glycosylation
sites, and a GPI anchor (Fig. 1B). However, oBST2B appears to
lack both the predicted GPI anchors and the N-linked glycosyla-
tion sites (Fig. 1B). Previously, we generated and characterized
oBST2 HA-tagged versions and showed that they are fully func-
tional and comparable to the wild-type oBST2 proteins (26).
Thus, to assess the glycosylation status of both oBST2 paralogs,
HEK-293T cells were first transfected with plasmids expressing
HA-tagged versions of oBST2A (oBST2A-HA) and oBST2B
(oBST2B-HA) and were then subjected to endoglycosidase treat-
ment (PNGase F) to remove the carbohydrate chains from N-
linked glycosylated proteins. In the absence of PNGase F treat-
ment, oBST2A-HA was detectable as three bands corresponding
to the unglycosylated and glycosylated forms of the protein (Fig.
1C). However, we found that PNGase F treatment altered the
migration pattern of oBST2A, reducing it to a single band. In
contrast, we observed that oBST2B migrated as a single band in
either the presence or absence of PNGase F treatment (Fig. 1C). A
lack of glycosylation may have a profound impact on oBST2B
structure, intracellular localization, and function. Thus, we next
investigated whether oBST2A/2B shared a similar intracellular lo-
calization. Sheep choroid plexus cells (CPT-Tert) were transfected
with oBST2A-HA or oBST2B-HA and subjected to immunofluo-
rescence followed by confocal microscopy. We observed that un-
like oBST2A-HA, oBST2B-HA displayed a predominantly con-
centrated distribution surrounding the nucleus that could be
detected throughout the cytoplasm (Fig. 1D and E) (�2 test, P 	
10�3). oBST2B-HA showed a significant degree of colocalization
with several Golgi markers, including p115, giantin, and TGN46
(Fig. 2A). Protein colocalization signals were measured using Im-
age-Pro Plus software (Media Cybernetics), and Pearson’s corre-
lation coefficient, with values ranging from �1 to 1, where 0.5
represents the value of the significance threshold, were estimated.
Pearson’s correlation values ranged between 0.6 and 0.7 for Golgi
markers (Fig. 2B). In contrast, we did not observe this localization

pattern for oBST2A-HA, and Pearson’s correlation values were
never above 0.3 with any of the Golgi markers (Fig. 2B). In addi-
tion, upon treatment with brefeldin A, a drug that fragments and
redistributes Golgi-based proteins (36), oBST2B-HA redistributes
within the cytoplasm similarly to what we observed for giantin
(Fig. 3A and B) (�2 test, P 	 10�3). Altogether, these data show
that unlike oBST2A, oBST2B is localized primarily to the Golgi.

oBST2B redistributes intracellular JSRV Env and Gag pro-
teins. Next, we sought to determine the effect of both oBST2A and
oBST2B on the intracellular localization of Env and Gag, the two
major structural proteins of JSRV. To this end, the full-length
molecular clone JSRV21 was cotransfected with oBST2A-HA or
oBST2B-HA expression plasmids in CPT-Tert cells. By confocal
microscopy, the distribution of JSRV Env was quantified as either
concentrated close to the nucleus or dispersed throughout the
cytoplasm (Fig. 4A). While oBST2A had no significant effect on
the intracellular Env localization of JSRV (�2 test, P 
 0.1387), a
significant increase in the concentrated pattern (from 15.6% up to
66.3%) was observed in the presence of oBST2B (Fig. 4A) (�2 test,
P 	 10�3). We next investigated the effects that oBST2A and

FIG 1 oBST2A and -2B have different biological features. (A) Alignment of
the amino acid sequences of the ovine BST2 proteins (oBST2A and -2B). An
asterisk (*) indicates an identical amino acid, a period (.) indicates weak sim-
ilarity, and a colon (:) indicates strong similarity. (B) Schematic diagram illus-
trating the main structural features and predicted posttranslational modifica-
tions of oBST2A and -2B. (C) HEK-293T cells were transiently transfected
with expression plasmids for oBST2A-HA or -2B-HA. Cell lysates were har-
vested and incubated in the presence and absence of PNGase F overnight.
Proteins were then separated by SDS-PAGE and visualized by Western blotting
using an HA antibody. �-Tubulin was used as a sample-loading control. (D)
Confocal microscopy images of oBST2A-HA and oBST2B-HA in transiently
transfected CPT-Tert cells display two different patterns: (i) dispersed within
the cytoplasm and cell membrane and (ii) concentrated in a perinuclear re-
gion. Scale bars in both panels represent 10 �m. (E) Graph representing the
number (%) of cells in which oBST2A-HA- and oBST2B-HA-staining patterns
were counted as dispersed or concentrated. At least 75 cells in random fields
from two independent experiments were scored.
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oBST2B exert on the intracellular distribution of JSRV Gag pro-
teins. We divided the viral Gag localization into three patterns:
concentrated, dispersed, and spotted at the plasma membrane
(Fig. 4B). As shown in Fig. 4B, oBST2A increased, albeit at a low
level (4.7%), the concentration of JSRV Gag at the plasma mem-
brane (�2 test, P 
 0.8521). On the other hand, oBST2B redistrib-

uted Gag to a concentrated perinuclear localization (from 35.9%
to 74.3%) (�2 test, P 	 10�3) (Fig. 4B). Furthermore, we assessed
whether oBST2B had an effect on other cellular proteins, such as
the cadherins, that normally traffic through the Golgi before
reaching the plasma membrane (37). As shown in Fig. 4C, oBST2B
has no major influence on the intracellular localization of cad-
herins, suggesting that oBST2B does not disrupt the overall Golgi-
plasma membrane transport pathways.

CPT-Tert cells were then transfected with an expression plas-
mid for JSRV Env tagged with a Flag epitope at the C terminus (30)
in the presence or absence of pDsRed-Golgi used as a control or
the oBST2A-HA or oBST2B-HA expression plasmid. After immu-
nostaining with a Flag antibody, expression of oBST2B, but not of
oBST2A or DsRed-Golgi, resulted in an increased concentrated
phenotype of JSRV Env/Flag (�2 test, P 	 10�3) (Fig. 5A). In
addition, JSRV Env/Flag colocalizes in a perinuclear region with
oBST2B, while it only partially overlaps with oBST2A or DsRed-
Golgi proteins (Fig. 5B). Overall, these experiments show that
oBST2B specifically impairs the normal trafficking of JSRV Env,
which remains in a perinuclear region, most probably in the Golgi
apparatus. Likely as a result of altered trafficking of the JSRV Env,

FIG 2 oBST2B localizes to the Golgi apparatus. (A) CPT-Tert cells were trans-
fected with oBST2A-HA or oBST2B-HA and analyzed 18 h after transfection
by confocal microscopy using, respectively, antibodies against the HA epitope
(to detect oBST2A-HA or oBST2B-HA protein) and the Golgi markers: p115,
giantin, TGN46, and appropriate secondary conjugated antibodies. Scale bars
in all panels represent 10 �m. (B) Colocalization of oBST2A-HA and
oBST2B-HA with Golgi markers was measured in at least 50 cells from two
independent experiments with Image-Pro Plus software using Pearson’s cor-
relation coefficient. Any values above 0.5 were regarded as representing signif-
icant colocalization.

FIG 3 oBST2B localization is altered by treatment with brefeldin A. (A) CPT-
Tert cells were transfected with oBST2B-HA expression plasmids. Eighteen
hours after transfection, cells were treated or not treated with 200 ng/ml of
brefeldin A for 90 min, fixed, and analyzed by confocal microscopy using
antibodies to the giantin Golgi marker and the HA epitope as indicated. Two
different staining patterns were observed: (i) dispersed within the cytoplasm
and (ii) concentrated in a perinuclear region. Scale bars in all panels represent
10 �m. (B) Graph representing the number (%) of cells in which oBST2B-HA
and giantin staining were observed to be concentrated as opposed to dispersed.
At least 100 cells from two independent experiments were evaluated randomly.
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the Gag protein also appears to concentrate in the vicinity of the
nucleus.

oBST2B reduces the incorporation of Env into JSRV viral
particles. Given that oBST2B redistributes or sequesters JSRV Env
in a perinuclear compartment; we reasoned that oBST2B could

hamper Env trafficking and restrict its incorporation into nascent
viral particles. Thus, CPT-Tert cells were transiently transfected
with increasing amounts of wild-type oBST2B or the oBST2B-
HA-tagged expression plasmid and the full-length JSRV21 expres-
sion plasmid. Subsequently, Gag (anti-CA) and Env (anti-SU)

FIG 4 oBST2A and oBST2B both redistribute intracellular Env and Gag. CPT-Tert cells were transfected with the full-length JSRV21 expression plasmid with either an
empty plasmid or expression plasmids for oBST2A-HA or oBST2B-HA. CPT-Tert cells were also transfected with an expression plasmid for oBST2B-HA in order to
assess the influence of this protein on the intracellular distribution of cellular cadherins. Upon immunostaining with the appropriate antibody, the intracellular
distributions of Env (A), Gag (B), and cadherins (C) were scored and counted as concentrated or dispersed or at the plasma membrane using confocal microscopy. Scale
bars in all panels represent 10 �m. Graphs represent the number (%) of cells in which the intracellular distribution of Env (A), Gag (B), or cadherins (C) displays a
concentrated, dispersed, or plasma membrane staining pattern. At least 100 cells in random fields from two independent experiments were counted.

FIG 5 oBST2B colocalizes with JSRV Env. (A) CPT-Tert cells transfected with the JSRV Env-CFlag-expressing plasmid with either an empty pcDNA3.1 vector,
pDsRed-Golgi, pCIoBST2A-HA, or -2B-HA were analyzed by confocal microscopy. The intracellular distribution of Env-CFlag was scored as concentrated,
dispersed, or at the plasma membrane using confocal microscopy. Scale bars in all panels represent 10 �m. The graph represents the number (%) of cells in which
the intracellular distribution of Env-CFlag displays a concentrated, dispersed, or plasma membrane staining pattern. At least 100 cells in random fields from two
independent experiments were counted. (B) Representative pictures of CPT-Tert cells coexpressing Env-CFlag with DsRed-Golgi, oBST2A-HA, or oBST2B-HA.
Colocalization of Env-CFlag with oBST2B-HA in a perinuclear region was measured in at least 50 cells from two independent experiments with Image-Pro Plus
software using Pearson’s correlation coefficient (P. Coef.). Any value above 0.5 was regarded as significant. Scale bars in all panels represent 10 �m.
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proteins were analyzed by Western blotting on both total cell ly-
sates and viral pellets. The intensities of the CA and SU staining in
the viral pellets were quantified, and the ratio between SU and CA
was also calculated for each sample. We found no significant dif-
ference (two-way ANOVA, P 
 0.74) in the amounts of Gag (CA)
released in the supernatants of cells transfected with JSRV21 alone
or in the presence of oBST2B or oBST2B-HA (Fig. 6A). However,
we observed a decrease in the amount of Env associated with viral
particles when JSRV21 was expressed in the presence of oBST2B or
its HA-tagged version (Fig. 6B and C). The SU/CA ratio decreased
significantly with increasing amounts of oBST2B (or oBST2B-
HA) (Fig. 6B and D) (two-way ANOVA, P 	 0.05). These data
show that oBST2B does not tether JSRV particles to the cell mem-
brane but rather reduces the incorporation of Env.

oBST2B reduces the infectivity of MLV-derived pseudotypes.
Next, we performed entry assays to determine whether oBST2B
was affecting viral infectivity in addition to Env incorporation.
Unfortunately, there is no cell culture system supporting abun-
dant replication of JSRV; therefore, we used murine leukemia vi-
rus-based retroviral vectors to assess the role of oBST2B in the
infectivity of viral particles pseudotyped by the JSRV Env or VSV
glycoprotein (VSV-G). To this end, we generated HEK-293T cells
stably expressing oBST2B-HA (293T/B-HA) or an empty vector as
a control (293T-cont) in order to avoid overexpression of tran-
sient transfection systems. As shown in Fig. 7A, 293T/B-HA cells
expressed fewer oBST2B-HA proteins than CPT-Tert cells trans-
fected with 1 �g of oBST2B-HA expression plasmid. Moreover,
293T/B-HA cells expressed oBST2B-HA with a concentrated and
perinuclear cellular distribution, as was previously observed in
CPT-Tert cells (Fig. 7B). Both cell lines were then transfected with
plasmids to generate JSRV Env pseudotypes (JSRVpp) and VSV-G
pseudotypes (VSVpp). The supernatants of transfected cells were
then analyzed by Western blotting and entry assays. As shown in
Fig. 7C, JSRVpp-5 �g, JSRVpp-2 �g, and VSVpp-2 �g produced

in 293T/B-HA cells harbored less JSRV Env (70 kDa) and VSV-G
(57.5 kDa) than those produced in 293T-cont cells, while a less
obvious difference was observed for JSRV SU (48 kDa). However,
JSRVpp-0.8 �g displayed a clear decrease in SU levels when pro-
duced in 293T/B-HA cells (Fig. 7C). Indeed, the SU/CA ratio was
significantly reduced in JSRVpp-0.8 �g compared to that in
JSRVpp-2 �g (Fig. 7C) (one-way ANOVA, P 	 0.05). Impor-
tantly, similar amounts of MLV CA (30 kDa) were produced from
293T-cont and 293T/B-HA cell lines in Western blot analyses (Fig.
7C). Notably, both JSRVpp and VSVpp, produced in 293T/B-HA,
had reduced infectivity (up to 50%) compared to those produced
in 293T-cont cells (Fig. 7D). As expected, the inhibitory effect of
oBST2B-HA was stronger on JSRVpp-2 �g and JSRVpp-0.8 �g
than on JSRVpp-5 �g, likely due to a dose-dependent effect of
oBST2B-HA on Env. In particular, statistical analysis shows that
the effect of oBST2B-HA on JSRVpp-2 �g, JSRVpp-0.8 �g, and
VSVpp-2 �g was significant (two-way ANOVA, P 	 0.05).

DISCUSSION

The BST2 gene was duplicated during the ruminant evolution
more than 25 million years ago before speciation within the Bovi-
nae subfamily (26). The fixation and maintenance of oBST2B in
the ruminant genome strongly suggest a biological function for
this gene. In this study, we showed that oBST2B restricts sheep
betaretroviruses with a unique mechanism that is distinct from
the paralog oBST2A and the much studied human ortholog. In a
previous study, we found that oBST2B is less efficient than
oBST2A at blocking viral exit, as measured by the release of JSRV
Gag proteins in transfected cells (26). Here, we found that unlike
oBST2A, oBST2B is not glycosylated and localizes in the Golgi
apparatus. N-linked glycosylation is reported to be involved in a
number of processes, including protein orientation relative to
membranes, protein turnover and regulation of stabilization
against denaturation/proteolysis, enhanced solubility, and modu-

FIG 6 oBST2B reduces the incorporation of JSRV Env into virions. (A) Representative Western blots of concentrated viral particles from supernatants (virus)
and cellular extracts (lysates) of mock-CPT-Tert-transfected cells (M) or cells transfected with expression plasmids for full-length JSRV21 and 1 �g of expression
plasmids for oBST2B (2B) or oBST2B-HA (2B-HA) or an empty pcDNA3.1 control (�). Blots were incubated with the appropriate antisera as indicated in each
panel. (B) Viral-particle release and Env incorporation in the presence of an increasing amount of oBST2B or oBST2B-HA (0.25 �g to 2 �g) were detected with
an anti-Gag (CA) and anti-Env (SU) antibodies and quantified by chemifluorescence. (C and D) Values for CA and SU expression were related to values obtained
for cells cotransfected with an expression plasmid for JSRV21 and the empty pcDNA3.1 plasmid (taken as 100). Blots represent the ratios of SU/CA expression
calculated from three independent experiments. (C) A two-way statistical ANOVA shows that there is no difference in the relative SU/CA ratios between cells
transfected with oBST2B- and oBST2B-HA-expressing plasmids (P 
 0.74). (D) These ratios are negatively correlated with the quantity of transfected plasmids
(P 
 0.006). Open circles are ratio values; black circles (C) or horizontal bars (D) represent the mean ratios of the data obtained.
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lation of immune responses (38). Thus, a lack of glycosylation
may have a profound impact on oBST2B structure, intracellular
localization, and, in turn, function. Importantly, we found that
oBST2B impairs the normal trafficking of Env to the cell mem-
brane and sequesters Env proteins within the Golgi apparatus.
Additionally, oBST2B does not seem to impair the global Golgi-
plasma membrane trafficking, as it has no influence on the cellular
distribution of cadherins. Future experiments will determine
whether oBST2B disturbs one particular flow of protein cargo or

interacts (directly or indirectly) with JSRV Env. oBST2A slightly
increases the presence of Gag proteins at the plasma membrane,
similar to what is expected for the classic tethering model with
other BST2 orthologs that retain virions at the cell surface. In
contrast, oBST2B induces Gag accumulation in a perinuclear re-
gion. Previous studies have shown that the Gag proteins of be-
taretroviruses such as Mason-Pfizer monkey retrovirus (M-PMV)
and JSRV target the pericentriolar region in a dynein- and micro-
tubule-dependent fashion (34, 39, 40). The assembled viral parti-

FIG 7 oBST2B reduces infectivity of MLV-based vectors pseudotyped by JSRV Env or VSV-G glycoproteins. (A) Representative Western blots of cellular extracts
(lysates) of CPT-Tert transfected with 1 �g of the expression plasmid for oBST2B-HA [CPT (1 �g)] or 293T cells stably expressing oBST2B-HA (293T/B-HA).
oBST2B-HA was detected using an anti-HA antibody. �-Tubulin (�-Tub) was used as a sample-loading control. (B) 293T/B-HA cells were analyzed by confocal
microscopy using antibodies to the HA epitope and cadherins, as indicated in the panel. The scale bar represents 10 �m. (C) Western blots of concentrated viral
particles recovered from the supernatants of 293T or 293T/B-HA cells (indicated by a minus or a plus sign, respectively) transfected with the expression plasmids
in the amounts (5 �g, 2 �g, or 0.8 �g) reported above the blots. Blots were incubated with anti-MLV-CA and anti-JSRV-SU or anti-VSV-G antibodies, as
indicated. Each experiment was repeated independently three times, and representative Western blots are shown. Viral-particle release and Env incorporation of
JSRVpp-2 �g and JSRVpp-0.8 �g produced in 293T and 293T/B-HA cells were assessed by chemifluorescence. Values for CA and SU expression in 293T/B-HA
cells were related to values obtained in 293T control cells (arbitrarily set as 100%). The graph represents the SU/CA ratios of JSRVpp-2 �g and JSRVpp-0.8 �g
produced in 293T/B-HA cells. Note that there is a statistically significant difference (P 
 0.01, calculated by one-way ANOVA) in 293T/B-HA cells that depends
on the amount of JSRV Env expression plasmid transfected. Open circles indicate ratio values, while black horizontal bars represent the mean ratio values of the
data obtained. (D) NoEnvpp-, JSRVpp-, and VSVpp-infected CPT-Tert cells were analyzed by fluorescence-activated cell sorter (FACS) at 72 h postinfection to
quantify the percentage of GFP-positive cells. The percentage of cells infected with JSRVpp and VSVpp produced in control 293T cells was designated 100% of
infectivity. Experiments were performed independently at least three times with two biological replicates for each CPT-Tert infection. Bars indicate standard
errors.
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cles then traffic to the cell membrane by a mechanism that is
influenced by the recycling endosomes (34) and, at least for M-
PMV, by the viral Env protein (39). Therefore, the absence or
strong depletion of Env at the plasma membrane and, subse-
quently, in recycling endosomes could influence the intracellular
trafficking of the newly formed virions and lead to the accumula-
tion of Gag proteins in a pericentrosomal area. Overall, these data
suggest that the oBST2 paralogs exert different effects over the
intracellular distribution of the two JSRV structural proteins, Gag
and Env, suggesting that they may have distinct antiviral mecha-
nisms. We previously demonstrated that oBST2B blocks viral exit
less efficiently than oBST2A and only following transient transfec-
tions with proportionally more than twice the maximal amount of
oBST2B expression plasmid used in this study (26). Betaretroviral
particles can still exit from the cells in the absence of viral Env,
although it is expected that this would occur at a lower rate than in
its presence (39). Therefore, the sequestration of Env within the
Golgi could explain the weak effect of oBST2B on JSRV particle
release (detected as released Gag in supernatant of transfected
cells) that we previously observed in vitro (26). However, it is
important to mention that oBST2s are IFN-induced proteins (26)
that could be highly expressed in vivo, leading to a strong viral
restriction potentially able to reduce JSRV particle release. Indeed,
sequestration of the Env glycoproteins within the Golgi by
oBST2B could be a very efficient way to prevent exit of infectious
virions from cells. In addition, our data show that incorporation
of JSRV Env into viral particles is hampered in cells expressing
oBST2B. Thus, while the restriction of oBST2B on viral particle
release appears to be only moderate and evident only when large
amounts of oBST2B are expressed (26), the lack of Env incorpo-
ration from the viral surface imposed by oBST2B will reduce viral
infectivity. Indeed, using a murine leukemia virus (MLV)-based
pseudotyping assay, we observed a significant decrease in the in-
fectivity of viruses pseudotyped with JSRV Env (JSRVpp-2 �g and
JSRVpp-0.8 �g) or VSV envelope glycoproteins (VSVpp-2 �g)
and produced in 293T cells constitutively expressing oBST2B-HA.
In Western blots, significant differences in the amounts of JSRV
SU incorporated into viral particles produced in 293T-cont and
293T/B-HA cells were observed when a small amount (0.8 �g) of
JSRV Env expression plasmid was transfected, whereas the differ-
ences were less evident with a large amount (5 �g or 2 �g) of viral
glycoprotein expression plasmid. Of note, the entry assays pre-
sented in this study were performed in 293T cells stably expressing
oBST2B-HA protein whose level is lower than the one produced in
cotransfection experiments. Therefore, in 293T/B-HA cells, a
strong intracellular expression level of JSRV ENV or VSV-G may
partially overcome the restriction of oBST2B. Our data demon-
strate that oBST2B activity is not restricted to JSRV (Retroviridae
family) but can also function on the glycoproteins of VSV, which
belongs to the Rhabdoviridae family. Recently, Takeda et al. (2012)
showed that the antiviral activity of bBST2B against VSV was
weaker than that of bBST2A (27); however, VSV may have evolved
specific countermeasures to overcome bBST2B antiviral activity
which is likely absent in the pseudotyping assays used here or that
is not effective against ovine BST2. Similarly, even though
oBST2A and -2B exert antiviral activity against JSRV, we cannot
completely rule out the presence of a BST2 antagonist within the
JSRV genome, and it could be interesting to assess oBST2’s anti-
viral activities on a betaretrovirus unrelated to sheep, such as M-
PMV. hBST2 has broad antiviral activity, and several studies have

found this protein to block not only HIV but also several other
retroviruses belonging to different genera, including Alpharetro-
virus, Betaretrovirus, Deltaretrovirus, and Spumavirus (11). Impor-
tantly, hBST2 has been found to restrict replication of many en-
veloped viruses, including filoviruses and arenaviruses (11, 41–
43). Therefore, it will also be interesting to determine if oBST2B
and/or oBST2A specifically displays broad antiviral activity
against other pathogenic viruses.

JSRV causes lung cancer in sheep by a unique mechanism
where its Env acts as a dominant oncogene both in vitro and in vivo
(17, 44). Indeed, JSRV Env alone can transform various cell lines
in vitro, and it is sufficient to induce lung tumors in lambs and
mice (16, 19, 33, 45, 46). Given that oBST2B sequesters JSRV Env
within the TGN, we can speculate that it could also modulate
Env oncogenic activity. On the other hand, expression of en-
JSRV Env is absolutely necessary for conceptus development
and placental morphogenesis in sheep (23). Interestingly, there is
a physical separation of BST2 and enJSRV Env expression within
the uterus: BST2 is expressed in the stroma of the uterus, while
enJSRV Env is expressed in the luminal and glandular epithelia
(26). Taken together, these observations further support the role
of BST2 in modulating JSRV Env trafficking within the cell, given
that BST2 expression is removed from sites where enJSRV activity
is fundamental for sheep reproductive biology. Nonetheless, in
vivo, oBST2B may have a major protective effect against JSRV and
other viruses of ruminants by reducing their infectivity.

In summary, our study highlights that oBST2B displays a novel
antiviral activity acting on the viral envelope glycoprotein, reduc-
ing its incorporation into virions and, as a consequence, compro-
mising its infectivity, a mechanism that is distinct but comple-
mentary to classical virion tethering.
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