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Human BST-2/tetherin inhibits Junin virus release from
host cells and its inhibition is partially counteracted by

viral nucleoprotein

Vahid Rajabali Zadeh'? Shuzo Urata'?, Miako Sakaguchi* and Jiro Yasuda'?**

Abstract

Bone marrow stromal cell antigen-2 (BST-2), also known as tetherin, is an interferon-inducible membrane-associated protein.
It effectively targets enveloped viruses at the release step of progeny viruses from host cells, thereby restricting the further
spread of viral infection. Junin virus (JUNV) is a member of Arenaviridae, which causes Argentine haemorrhagic fever that is
associated with a high rate of mortality. In this study, we examined the effect of human BST-2 on the replication and propagation
of JUNV. The production of JUNV Z-mediated virus-like particles (VLPs) was significantly inhibited by over-expression of BST-2.
Electron microscopy analysis revealed that BST-2 functions by forming a physical link that directly retains VLPs on the cell
surface. Infection using JUNV showed that infectious JUNV production was moderately inhibited by endogenous or exogenous
BST-2. We also observed that JUNV infection triggers an intense interferon response, causing an upregulation of BST-2, in
infected cells. However, the expression of cell surface BST-2 was reduced upon infection. Furthermore, the expression of JUNV
nucleoprotein (NP) partially recovered VLP production from BST-2 restriction, suggesting that the NP functions as an antagonist
against antiviral effect of BST-2. We further showed that JUNV NP also rescued the production of Ebola virus VP40-mediated
VLP from BST-2 restriction as a broad spectrum BST-2 antagonist. To our knowledge, this is the first report showing that an
arenavirus protein counteracts the antiviral function of BST-2.

INTRODUCTION

Junin virus (JUNV) belongs to the genus Mammarenavirus of
the family Arenaviridae, and is a causative agent of Argentine
haemorrhagic fever (AHF) with severe clinical manifesta-
tions, including haemorrhage, thrombocytopenia and neuro-
logical symptoms, and a 15 to 30 % case fatality. The disease
is endemic to central Argentina, with more than five million
people at risk of infection [1, 2]. Current countermeasures
against AHF are limited to the live attenuated vaccine, Candid
#1, which is only licensed in Argentina. Owing to the poten-
tial aerosol transmission, severe clinical manifestations and
alack of FDA-approved vaccines/drugs, JUNV is classified as
a category A bioterrorism agent. According to the National
Institute of Allergy and Infectious Diseases, JUNV is a priority
pathogen for defense programs, along with six other members
of Arenaviridae, including Lassa virus (LASV). These facts

emphasize the need to develop new treatment and immuniza-
tion strategies against JUNV infections [3, 4].

The viruses belonging to the genus Mammarenavirus are
pleomorphic, enveloped viruses with size ranging from 40
to 200 nm. The virus genome is composed of two segments
of ambisense RNA, the L segment [~7200 nucleotides (nt)],
which encodes the viral matrix protein Z and RNA-dependent
RNA polymerase (L), and the S segment (~3400 nt), which
encodes the surface glycoprotein precursor (GPC) and
nucleoprotein (NP) [5, 6]. The Z protein is known to play a
central role in virus particle formation and budding. In fact,
the sole expression of the Z protein is sufficient to produce
virus-like particles (VLPs) [7-9]. It is also reported that Z
protein regulates viral gene expression and replication [10].
The GPC is co- and post-translationally processed into the
stable signal peptide (SSP), GP1 and GP2 subunits. GP1 is
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responsible for the recognition of the transferrin receptor
1 on the host cell membrane [11]. Following a successful
attachment to the host cell surface, JUNV is internalized via a
clathrin-mediated endocytosis pathway into a late endosome,
wherein GP2 mediates the fusion of viral and cell membrane
in low pH. Upon the release of viral ribonucleoprotein
complex into the cytoplasm, the L protein begins the tran-
scription and replication of the viral genome together with
the NP; as a result, dSSRNA molecules are formed. Cytoplasmic
RNA sensors, such as retinoic acid-inducible gene I (RIG-I),
recognize these non-self RNAs and mount an IFN-mediated,
non-specific immune response to JUNV infection [12].

Bone marrow stromal cell antigen-2 (BST-2, also known as
tetherin, CD317 and HM1.24) is an IFN-stimulated gene
(ISG) with a broad antiviral spectrum against enveloped
viruses [13-17]. One of the major antiviral mechanisms of
BST-2 is prevention of the release of progeny virions from
host cells and tethering them onto the cell surface [18-20].
BST-2 is a type-II transmembrane protein with an N-terminal
cytoplasmic domain, a coiled-coil extracellular domain
(containing two N-linked glycosylation residues), and a
C-terminal glycosylphosphatidylinositol (GPI) anchor. The
protein can also form homodimers by the interaction of
cysteine residues of the ectodomain [21, 22]. Studies have
shown that the transmembrane domain along with the GPI
anchor is essential for the function of BST-2 as a viral restric-
tion factor [23]. However, it has been argued whether the
dimerization of BST-2 is essential for its antiviral activity [24].
The antiviral activity of BST-2 was first reported in human
immunodeficiency virus (HIV)-1 [25]. Subsequently, it was
demonstrated that BST-2 also inhibits the egress of VLPs of
several other enveloped viruses including filoviruses (Ebola
and Marburg viruses) and arenaviruses [LASV, lympho-
cytic choriomeningitis virus (LCMV) and Machupo virus
(MACV)] [26]. Furthermore, the experiments using the
prototype arenavirus, LCMV, and LASV provided evidence
that BST-2 can also restrict the propagation of the infectious
progeny of arenaviruses [13, 26, 27]. However, it remains
unclear whether BST-2 has a similar function against JUNV.

Some viruses have evolved and acquired mechanisms to
antagonize the antiviral activity of BST-2. The HIV-1 acces-
sory protein Vpu is a well-characterized BST-2 antagonist,
which ubiquitinates BST-2 and down-regulates BST-2 expres-
sion through proteasome-dependent degradation [28-31]. In
contrast, the Ebola virus (EBOV) glycoprotein (GP) is known
to antagonize BST-2 by a direct physical interaction, without
the need for cell surface BST-2 down-regulation or degrada-
tion. The HIV-2 envelope glycoprotein Env, influenza virus
M2 protein, and Kaposi’s sarcoma herpesvirus K5/MIR2 are
among other recognized BST-2 antagonists [32-36].

In this study, we investigated the antiviral activity of BST-2
against JUNV replication and propagation. Our results showed
that BST-2 restricts JUNV Z-mediated VLP production, while
the reduction of JUNV production by BST-2 is modest. We
found that the cell surface expression of BST-2 is reduced
by JUNV infection, although JUNV infection induces IFN
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response and sequential BST-2 expression, and that the anti-
viral action of BST-2 against JUNV is partially antagonized
by NP. This is the first report that the NP of JUNV enables
the rescue of VLPs by counteracting the antiviral action of
human BST-2 protein.

METHODS
Cells, plasmids and viruses

293T (Human embryonic kidney), HeLa (human cervix),
A549 (human alveolar adenocarcinoma) and Vero 76
(African green monkey kidney) cell lines were maintained
in Dulbecco’s modified Eagle’s medium (DMEM,; Invitrogen,
Carlsbad, CA, USA) containing 10 % FBS and 1 % peni-
cillin and streptomycin [37]. The generation of HeLa-pLKO
(control HeLa cells) and HeLa-TKD (stable siRNA-mediated
BST-2 knocked-down HeLa cells) was previously described
[27]. Constructions of the expression plasmids for human
BST-2 (pCDNFL-hTeth), EBOV GP (pCEboZ-GP) and
VP40 (pCEboZVP40) have also been described previously
[13, 38, 39]. To generate pC-JUNV-Z-FLAG plasmid, the
c¢DNA coding for the Candid #1 Z gene was amplified by
RT-PCR, and inserted into a pCAGGS plasmid containing the
FLAG tag at the C-terminal. Plasmids expressing JUNV NP
(pC-Candid-NP), GPC (pC-JUNV-GPC) and L (pC-Candid
-L) proteins as well as Candid #1 vaccine strain of JUNV were
kindly provided by Dr ].C. de la Torre (The Scripps Research
Institute, CA, USA) [40]. A modified version of pC-Candid-
NP with a FLAG tag at C-terminal (pC-Candid-NP-FLAG)
was constructed using KOD Plus mutagenesis kit (TOYOBO,
Osaka, Japan) using two primers (sense 5-GACGATGA
CGACAAGTAAGCAGTGGGAGAGACGATTCTAG-3"and
antisense 5-TTTGTAGTCACCACCCAGTGCATAGGCT
GCCTTCGGGAGG-3'). Vesicular stomatitis Indiana virus
(VSV) was prepared as previously described [41].

Virus infection and titration

For virus infection, the cells were infected at anm.0.i.=0.1, 1 or
5, and allowed for adsorption at 37 °C, for 1 h. The inoculum
was then removed, washed with PBS (-), fresh DMEM was
added to the monolayer, and incubated at 37 °C in the pres-
ence of 5 % CO,. In order to measure the viral titres, plaque
assay was performed according to the standard procedures
using tenfold dilutions of samples in Vero 76 cell lines as

described previously for LCMV titration [27].

VLP assay

Trans-IT LT-1 (Mirus BIO, Madison, WI, USA) or Lipo-
fectamine 3000 (Invitrogen, Carlsbad, CA, USA) was used to
transfect pC-JUNV-Z-FLAG plasmids alone or in combina-
tion with other plasmids in 293T and HeLa cells, respectively.
At 24 or 48 h post transfection (p.t.), the culture supernatants
containing VLPs were briefly clarified from debris by centrif-
ugation (1500 g for 5 min at 4 °C). Ultra-centrifugation (195
000 g for 30 min at 4 °C) was performed over a 20 % sucrose
cushion to sediment VLPs. Pellets were re-suspended in PBS
(-) and lysed in sodium dodecyl sulfate (SDS) lysis buffer (1
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% NP-40, 50 mM Tris-HCI [pH 8.0], 62.5 mM EDTA, and
0.4 % sodium deoxycholate). The prepared samples were
analysed by SDS-PAGE and Western blotting (WB). EBOV
VP40 samples were prepared as previously described [42].

Western blotting

The samples were separated using SDS-PAGE, and transferred
onto a nitrocellulose membrane (10 600 016, Amersham,
Munich, Germany). The membranes were then blocked using
5 % skim milk for 1 h at room temperature (RT). For the
detection of FLAG-tagged Z/BST-2 proteins, membranes were
incubated with mouse monoclonal anti-FLAG antibodies
(M2, F1804, Sigma, St. Louis, MO, USA). For the detec-
tion of endogenous BST-2 and f-Actin, anti-human BST-2
polyclonal antibody produced in rabbit (provided from NIH
AIDS Reagent Program; catalogue number 11721; received
from Drs Klaus Strebel and Amy Andrew) and anti-f-Actin
monoclonal antibody produced in mouse (A1978, Sigma,
St. Louis, MO, USA) were used, respectively. The antigen-
antibody complexes were then labelled with HRP-conjugated
anti-rabbit IgG antibody (W401B, Promega, Madison, W1,
USA) or HRP-conjugated anti-mouse IgG antibody (A2304,
Sigma, St. Louis, MO, USA). The detection of EBOV VP40 and
GP was described previously [38]. The labelled proteins were
then visualized by ECL prime (RPN2236, GE Healthcare) and
LAS3000 (GE Healthcare), according to the manufacturer’s
instructions. The results were quantified using Multi Gauge
software (Fuji Film, Tokyo, Japan).

Transmission electron microscopy (TEM)

For electron microscopy, 293 T cells were transfected with
control plasmid or pC-JUNV-Z-FLAG with or without
pCDNFL-hTeth. At 24 h p.t., cells were fixed in 2 % gluta-
raldehyde (Nacalai Tesque, Kyoto, Japan) in 0.1 M sodium
cacodylate buffer containing 1 mM CaCl, and 1 mM MgCl,
(cacodylate bufter, pH 7.4), at 4 °C for 60 min. The samples
were rinsed with cacodylate buffer and then post-fixed with
1 % OsO, (Nacalai Tesque) in cacodylate buffer at 4 °C for
60 min. They were then washed with cacodylate buffer,
dehydrated in a graded series of ethanol and acetone, and
embedded in Quetol 651 epoxy resin (Nisshin EM, Tokyo,
Japan). The resin-embedded samples were trimmed and
sectioned using a diamond knife on an ultra-microtome
(Reichert-Jung, Austria). Ultra-thin sections were collected
on grids, and stained with uranyl acetate and lead citrate. The
samples were examined at 80 kV under TEM (JEM-1230;
JEOL, Tokyo, Japan).

Quantification of human Ifn-f mRNA

PCR primers targeting the mRNA sequence of human Ifn-f
(sense 5'-TCTCCTGTTGTGCTTCTCCAC-3', antisense
5'-GGCAGTATTCAAGCCTCCCA-3'") and glyceraldehyde-
3-phosphate dehydrogenase (Gapdh) housekeeping gene
(sense 5'-CAAATTCCATGGCACCGTCA-3', antisense 5'-
TAGTTGCCTCCCCAAAGCAC-3'), were designed using
NCBI/primer BLAST. Total RNA from mock and infected
cells were extracted using the RNeasy Mini Kit (74106,
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QIAGEN, Hilden, Germany), following the manufacturer’s
instructions. DNase treatment was performed to ensure the
removal of genomic contaminants (2270A, Takara, Shiga,
Japan). Further, cDNA synthesis and PCR amplification
were performed using a One Step TB Green PrimeScript
Plus RT-PCR kit (RR096A, Takara, Shiga, Japan) using an
ABI 7500 thermocycler (Applied Bio systems, Foster City, CA,
USA), with the following reaction conditions: 42 °C for 5 min,
95 °C for 5 s and 60 °C for 34 s, for a total of 35 cycles. Relative
fold-change in expression levels was determined by the AACt
calculation for quantitative real-time PCR data.

Quantification of bioactive human IFN-f

The bioactive IFN-/ in cell culture supernatant was meas-
ured based on the fact that elevating concentrations of IFN
can protect against the cytopathic effect of VSV in Vero 76
cell lines [43]. Supernatant from mock and JUNV (Candid
#1)-infected HeLa cells at 12, 24 and 48 h p.i. was collected
and exposed to UV for 5 min to inactivate infectious particles.
Subsequently, the UV-treated supernatant was added to the
Vero 76 cells for overnight incubation at 37 °C, in the pres-
ence of 5 % CO,. Inactivation of the virus was confirmed by
performing the plaque assay. The following day, Vero 76 cells
were washed with PBS (-) and inoculated with VSV at an
m.o0.i.=0.01 for 30 min adsorption time. Culture media was
added to the wells after the viruses were washed out with
PBS (-). The cells were incubated for another 6 h. The VSV
titres from mock and JUNV (Candid #1)-infected samples
were compared. Recombinant IFN-£ (300-02B, PEPRotech,
NJ, USA) of 10, 100 and 1000 IU ml~! were used as controls
(data not shown).

FACS analysis

Cells were washed with PBS (-), detached using Accutase
(AT104; Innovative cell technologies, San Diego, CA, USA),
and then collected in PBS (-). Subsequently, fixation was
performed using 2 % paraformaldehyde (PFA) for 10 min
at RT. Cells were then washed and re-suspended with PBS
(-) containing 10 % FBS for blocking, and incubated at 4 °C
for 30 min. For staining of intracellular BST-2, permeabili-
zation reagent containing 0.3 % Triton X-100 was added to
the 10 % FBS blocking buffer. Cells were then divided into
two tubes for the PE-conjugated mouse monoclonal control
antibody (MOPC-21; Biolegend, San Diego, CA, USA) or
PE-conjugated mouse monoclonal anti-human-BST-2 anti-
body (RS38E; Biolegend) and stained for 5 h, at 4 °C. Fluo-
rescent signals were acquired using a flow cytometer (FACS
Caliber, BD Bio sciences, San Jose, CA, USA). Data were
analysed using FlowJo software (Tree Star, version 10.0.7).

Immunofluorescence analysis

A549 cells were transfected with 0.5 pg of pC-JUNV-NP-
FLAG plasmid. At 24 h p.t., cells were treated with 1000 IU
ml™ of IFN-f (300-02B, PEPRotech, NJ, USA). After over-
night incubation, cells were re-seeded in millicell EZ slide
[PEZGS0816, (Merck Millipore, Darmstadt, Germany]. Once
attached, cells were then fixed with 4 % paraformaldehyde.
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Permeabilization was performed using 0.3 % Triton X-100
in PBS containing 3 % BSA. Cells were incubated with rabbit
polyclonal anti-FLAG antibody (F7245, Sigma, St. Louis,
MO, USA) for overnight at 4 °C and then the incubation
was followed by anti-rabbit IgG-FITC (ab6009, Abcam,
Cambridge, UK) and PE-conjugated mouse monoclonal
anti-human-BST-2 antibody (RS38E; Biolegend, San Diego,
CA, USA). DAPI was used to stain nuclei. Samples were
examined by the laser confocal microscopy (LSM780; Carl
Zeiss, Oberkochen, Germany).

Statistical analysis

Student’s ¢-test was used to determine the statistically signifi-
cant differences in the mean values among test and control
groups (not significant, [NS]; P<0.05, *; P<0.01, **).

RESULTS
BST-2 inhibits JUNV Z-mediated VLP production

To investigate if BST-2 restricts JUNV Z-mediated VLP
production, we employed a previously described [5] and
widely used VLP assay. The 293 T cells, which do not express
BST-2 endogenously [29], were co-transfected with the expres-
sion plasmids for FLAG-tagged JUNV Z and FLAG-tagged
BST-2. The VLPs were collected from the culture supernatant
at 24 h p.t. by ultracentrifugation. Cell lysates were prepared
as described in Methods. Expression of VLP-associated and
intracellular Z protein as well as BST-2 was assessed by WB,

using an antibody against FLAG-tag. Levels of f-Actin were
examined as the loading control. Even though the intracel-
lular expression levels of Z protein remained unchanged, VLP
production was significantly reduced (93.5 %) upon BST-2
expression (Fig. 1a, b). Furthermore, TEM analysis revealed
retention and clustering of VLPs on the plasma membrane
in presence of BST-2 as compared to the 293 T cells, which
expressed only JUNV Z protein (Fig. 1¢), as we previously
observed with LASV Z protein [13].

BST-2 moderately restricts JUNV multiplication

To extend our observation that BST-2 inhibits JUNV
Z-mediated VLP production, the infectious vaccine strain
of JUNV (Candid #1) was used, which can be handled at a
Biosafety Level-2 laboratory. The HeLa cell line is known to
express high levels of BST-2 endogenously [44]. The BST-2
knocked-down HelLa cell line (HeLa-TKD) and control cell
line (HeLa-pLKO) were established as described previously
[27]. The knock-down of BST-2 expression in HeLa-TKD
was confirmed by WB analysis using an anti-BST-2 antibody
(Fig. 2a). To examine the effect of BST-2 on virus replication
and propagation, both the cell lines were infected with JUNV
(Candid #1), at an m.o.i. of 0.1. Virus-containing media was
replaced with fresh media at 1 h post infection (h p.i.), and
culture supernatant was collected at 24 and 48 h p.i. A modest
increase in JUNV production was observed in HeLa-TKD
cells compared to HeLa-pLKO cells at 24 and 48 h p.i. (1.95
and 1.87 times, respectively) (Fig. 2b). We next examined if
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Fig. 1. BST-2 restricts JUNV Z-mediated particle release. (a) Western blot analysis (anti-FLAG; upper and middle panel for the detection
of JUNV Z and BST-2, respectively. Anti-f-Actin; loading control) of VLPs produced from 293 T cells transfected with pC-JUNV Z-FLAG
and either control plasmid or pCDNFL-hTeth, and cell-associated proteins. (b) Quantified results of six independent experiments. The
bar indicates standard deviation (**: P<0.01). (c) Electron microscopy evidence for retention and clustering of JUNV Z-mediated VLPs,
under the expression of BST-2. The 293 T cells were transfected with control plasmids (i) or with plasmids expressing JUNV Z (ii), or co-
transfected with plasmids for JUNV Z and BST-2 (iii, iv). At 24 h p.t., ultrathin sections were prepared for electron microscopy analysis.
Arrows indicate JUNV Z-mediated VLPs, tethered on the cell membrane. Bar: 200 nm.
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represents results of six independent experiments. The bars indicate standard deviation (*: P<0.05; **: P<0.01).
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exogenous expression of BST-2 reduces JUNV production
in 293 T cells. At 24 h p.t. of the BST-2 expressing plasmid,
cells were infected under the same conditions (m.o.i.=0.1).
Viral titres at 48 h p.i. showed a 3.04-fold reduction in JUNV
production upon BST-2 expression, as compared to that in
control cells (Fig. 2c). These results indicate a modest but
statistically significant inhibitory effect of BST-2 on infectious
JUNV production.

Intracellular BST-2 expression is up-regulated
upon JUNV infection and correlates with IFN levels

In general, the innate immune response is triggered by viral
infection. In the absence of an IFN antagonist, IFN induces
the expression of a variety of ISGs, including BST-2 [25, 45].
To examine if JUNV infection affects BST-2 expression, the
HeLa and A549 cells were infected with JUNV (Candid
#1) at an m.o.i. of 1.0, at 24 and 48 h p.i, the cell lysates
were collected, and subjected to SDS-PAGE, followed by

WB to analyse the expression levels of endogenous BST-2
compared to those in mock-infected cells. BST-2 expression
was significantly increased at 48 h p.i. (by 1.8 times) in HeLa
cells (Fig. 3a) and 17.2 times in A549 cells (Fig. 3b). We
observed more intense BST-2 up-regulation in the case of
A549 cells, partially because HeLa cells are known to express
BST-2 endogenously without any stimulation [44]. Hence,
unlike mock-infected HeLa cells that showed higher BST-2
levels, A549 cells had very low background expression in
mock-infected samples, which led to a higher induction of
BST-2 at 48 h p.i. This intense induction of BST-2 expression
is unique to JUNV among the members of Arenaviridae, and
has not been observed in LCMV infection [27]. Based on
the fact that BST-2 is an IFN-inducible protein [28], we next
examined if BST-2 up-regulation correlates with IFN levels.
The mRNA levels of Ifn-f were examined by quantitative real-
time RT-PCR (qRT-PCR). A significant increase (53.8-fold) of
Ifn-ff mRNA was observed upon virus infection, compared to
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Fig. 3. Endogenous BST-2 expression was induced upon JUNV (Candid #1) infection. HeLa cells (a) and A549 cells (b) were infected with
JUNV (Candid #1) at an m.0.i.=0.1. The BST-2 expression level was analysed at 24 and 48 h p.i. by Western blotting (n=6, *: P<0.05).
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that in non-infected samples at 12 h p.i. in HeLa cells (Fig. 4a),
which supports the observation of BST-2 upregulation upon
IFN induction. We further ensured that the transcribed
mRNA was translated into biologically active IFN-f protein.
The production of IFN, induced as a result of JUNV infection,
was examined by the growth inhibition of VSV in Vero76
cells. As shown in Fig. 4b, the treatment of Vero 76 cells with
the culture supernatant from JUNV-infected cells signifi-
cantly inhibited the growth of VSV compared to the controls
at 12,24 and 48 h p.i. Our observation of the IFN response to
JUNV is in agreement with previous report that described the
induction of a type-I IEN response to JUNV infection [12].
Taken together, our results indicate a considerable increase in
BST-2 expression upon JUNV infection, under the influence
of the IFN response.

Cell surface BST-2 expression is reduced upon
JUNV infection

We next investigated if the up-regulation of intracellular
BST-2 level leads to the increase in BST-2 expression on
the cell surface, where BST-2 tethers progeny virions. FACS
analysis was performed to observe both intracellular as well
as cell surface expression of BST-2 upon virus infection
(m.0.i.=5.0). In agreement with the results from WB analysis
(Fig. 3), intracellular BST-2 expression was increased at 48
h p.i. of JUNV (Candid #1) infection. We observed modest
BST-2 up-regulation in HeLa cells (Fig. 5a left), compared
to A549 cells, which showed a higher increase in BST-2
expression upon infection (Fig. 5b left). In contrast, the cell
surface expression of BST-2 was reduced in HeLa cells and
was unchanged in A549 cells upon virus infection (Fig. 5
right panels). These results showed that JUNV infection
up-regulates BST-2 expression by the induction of IFN, while
cell surface expression is reduced by JUNV infection.

JUNV NP counteracts the effect of BST-2 restriction
on VLP production

We next addressed if any of JUNV-encoded protein(s) could
overcome BST-2 activity and rescue VLP production, as a
reduction in cell surface BST-2 was observed upon JUNV
infection. Previous research has shown that arenavirus NP
and GP influence Z-mediated VLP production [46-49].
Expression plasmid for JUNV NP, GPC or L protein was
transfected into 293 T cells with the Z expression plasmid
in the presence or absence of pPCDNFL-hTeth. At 24 h p.t.,
VLPs were collected and analysed as described in Methods.
JUNV NP, but not GPC or L, rescued VLP production from
BST-2 restriction (Fig. 6a, b). Consistent with the previous
report [48], JUNV NP did not affect Z-mediated VLP
production in 293 T cells as compared to a sole expression
of Z protein (Fig. 6¢). However, in BST-2-expressing cells,
significant recovery (13.4-fold increase) of VLP production by
co-expression of NP was observed. To address whether JUNV
NP could also counteract the function of endogenous BST-2,
we analysed Z-mediated VLP production in HeLa cells,
which constitutively express endogenous BST-2. The JUNV
Z expression plasmid was co-transfected into HeLa cells along
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Fig. 5. JUNV (Candid #1) infection interfered with surface BST-2 expression. (a) HeLa and (b) A549 cells were infected with JUNV (Candid
#1) at an m.o.i. of 5.0. At 48 h p.i,, cells were fixed and permeabilized (intracellular, left) or not (surface, right), and stained with PE-
conjugated anti-BST-2 antibody or isotype control antibody, for FACS analysis.

with expression plasmid for NP, GPC or L. At 48 h p.t., VLPs
were collected and analysed, as described in Methods. As
shown in Fig. 7, co-expression of NP, but not GPC or L, with
Z protein led to the significant increase of VLP production
(4.3-fold). Interestingly, co-expression of GPC with Z reduced
VLP production in both 293T and HeLa cell lines (Figs 6 and
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7), which is consistent with the previous report for LASV [47].
We also observed the co-localization of JUNV NP and BST-2
in cells by a laser confocal microscopy (Fig. 8), which suggests
a possible interaction between both proteins and supports
the evidence that JUNV NP has the ability to partially rescue
Z-mediated VLP production from BST-2 restriction.
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7). (c) Promotion of VLP production by JUNV NP in BST-2-expressing cells. The bars indicate standard deviation (**: P<0.01).

To investigate whether JUNV NP can substitute for other expression plasmids for EBOV VP40 (pCEboZVP40) and
viral BST-2 antagonist, such as HIV-1 Vpu and EBOV GP, BST-2 (pCDNFL-hTeth) were transfected into 293 T cells
we examined if JUNV NP can rescue the EBOV VP40- with EBOV GP (pCEboZ-GP) or JNV NP (pC-Candid-NP)
mediated VLP production from the BST-2 restriction. The (Fig. 9a). EBOV VP40-mediated VLP productions were
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Fig. 7. Z-mediated VLP production is promoted by JUNV NP in HelLa
cells. (a and b) Hela cells were transfected with pC-JUNV-Z-FLAG with
or without JUNV NP, GPC, L expression vector and/or empty vector. At
24 h p.t, VLPs were analysed as described in Fig. 6. The bars indicate
standard deviation (**: P<0.01).

quantified (Fig. 9b). Consistent with the previous report
[33], VLP production was significantly reduced by BST-2
expression. EBOV GP expression did not cause a significant
enhancement of VP40-mediated VLP production, while
EBOV GP expression could significantly recover the reduc-
tion of VLP production by BST-2 expression [33]. We also
observed that JUNV NP can rescue EBOV VP40-mediated
VLP production at the similar level to EBOV GP, suggesting
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that JUNV NP can also antagonize the restriction to other
viruses by BST-2.

DISCUSSION

Innate immune components are essential for the recognition
of pathogen-associated molecular patterns in order to initiate
an antiviral response, and to activate subsequent adaptive
immunity [45]. Host recognition of JUNV infection at early
stages of infection mainly relies on two pathogen recogni-
tion receptors, the Toll-like receptor 2/6 heterodimer, which
recognizes JUNV GP, and the cytoplasmic sensor RIG-I,
which identifies viral dsRNA [12, 50]. Recognition of viral
components leads to induction of the IFN response, which is
the key mediator of the innate immunity to viral infections.
On the other hand, it is reported that the arenavirus NP and Z
proteins are antagonists of IFN production pathways [51, 52].
Clinical outcomes are distinct among arenaviruses. For
instance, LASV infection shows immunosuppressive mani-
festations coupled with the lack of an IFN response [53, 54].
In contrast, JUNV infection is characterized by high levels of
cytokines including IFN and tumour necrosis factor-alpha
(55, 56].

Previous studies have documented several ISGs, including
RIG-I, MDAS5 and Viperin, as innate immune factors with
direct antiviral effect against JUNV [50, 52, 57]. In this work,
we expanded the list of ISGs involved in JUNV-host inter-
action. For the first time, we demonstrated that replication
of the new world arenavirus, JUNV, is restricted by IFN-
inducible protein, human BST-2. We have previously shown
that LASV and LCMV Z protein-mediated VLP production
is restricted by BST-2 [13, 27]. Similarly, we observed that the
transient expression of BST-2 restricted JUNV Z-mediated
VLP production (Fig. 1a, b), which is consistent with the
previous report using MACV Z-mediated VLP production
[26]. Furthermore, TEM observations suggested that BST-2
tethered VLPs on the cell surface and restricted viral particle
release (Fig. 1c). The same mechanism of action has been
described for other enveloped viruses as well [23, 58, 59]. The
JUNV infection in BST-2 knocked-down HeLa cells (HeLa-
TKD) and transiently over-expressed BST-2 in 293 T cells
resulted in a modest increase and decrease in virus produc-
tion, respectively (Fig. 2b, c). Interestingly, we observed that
JUNV infection causes a remarkable up-regulation of BST-2
expression, which correlates with an increase in the type-I
IEN levels (Figs 3 and 4). This finding has not been docu-
mented for any other arenaviruses, and could be explained
on the basis of differences in the abilities of arenaviruses to
counteract IFN production [60, 61]. Considering the fact
that BST-2 also has immunoregulatory functions [62, 63],
it is tempting to ask whether BST-2 up-regulation is able to
occur in vivo and what clinical implications this could have
on the management of AHF patients.

Despite an increase in intracellular BST-2 levels, FACS analysis
revealed the reduction of cell surface BST-2 expression upon
JUNV infection. In order to exclude the possibility of cell line
dependency on this observation, we performed experiments
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Fig. 8. JUNV NP co-localizes with BST-2. In Ab49 cells transfected with pC-JUNVNP-FLAG plasmid, endogenous BST-2 expression was
induced by IFN-f and staining was performed as described in Methods. The white arrows indicate co-localization of JUNV NP and BST-2.

Bar: 5 ym.

in two different cell lines (HeLa and A549) and observed that
cell surface BST-2 reduced in HeLa cells, which suggests that
JUNV is capable of restricting cell surface BST-2 (Fig. 5a).
Furthermore, despite a more significant upregulation of intra-
cellular BST-2 in A549 cells, we observed that cell surface
BST-2 expression remained unchanged (Fig. 5b). These find-
ings suggest that JUNV may also interfere with the trafficking
of BST-2 proteins, which are induced and expressed upon
infection, or that JUNV infection could induce the uptake of
cell surface BST-2 into cytoplasm. Although JUNV infection
caused a reduction of surface BST-2 (Fig. 5), intracellular
BST-2 still caused a modest reduction in viral titres (Fig. 2b,
c). The retention of viral particles in endosomes may explain
the discrepancy in our observations. Altogether, these obser-
vations suggest the possibility that JUNV has an antagonistic
activity against the antiviral action of BST-2. Experiments
using individual viral proteins did not show any significant
reduction of cell surface BST-2 expression (data not shown).
However, JUNV NP expression recovered the reduction of
Z-mediated VLP production by BST-2 (Figs 6 and 7), indi-
cating that NP possess the ability to antagonize the antiviral
action of BST-2.

NP expression did not affect the expression levels of BST-2
in cells (Figs 6 and 7). Therefore, it is unlikely that JUNV
NP redirects BST-2 towards any degradative pathway, as well
as HIV-1 Vpu [64, 65]. The expression of JUNV NP did not
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reduce the BST-2 expression on cell surface (data not shown).
The antagonistic action of NP against BST-2 appears to be
independent of the reduction of cell surface BST-2, which was
observed in JUNV-infected cells (Fig. 5). The JUNV NP may
antagonize the BST-2 action by a mechanism other than the
reduction of cell surface BST-2. In fact, EBOV GP has been
reported to counteract BST-2 restriction in a manner that does
not require the cell surface removal of BST-2 [33, 36]. Alter-
natively, it is possible that JUNV NP action is only a part of a
more complex molecular mechanism leading to the reduction
of cell surface BST-2. The JUNV infection may antagonize the
antiviral action of BST-2 by multi-pathway, by multiple viral
factors. The fact that JUNV NP can substitute for EBOV GP
and rescue EBOV VP40-mediated VLP production suggests
that the action mechanism of NP directly targets BST-2
protein. This is further supported by the co-localization of
these two proteins in cells (Figs 8 and 9). Therefore, it may be
possible that JUNV NP relocates BST-2 away from membrane
raft, which are utilized for budding and release of enveloped
viruses [66].

Prior to our finding that JUNV reduces the cell surface expres-
sion of BST-2, it was postulated that arenaviruses overcome
the BST-2 restriction in an indirect manner [26]. However,
our results showed that JUNV has evolved to acquire an
antagonistic mechanism against BST-2 function, and this
is particularly plausible because of the drastic increase in
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intracellular BST-2 expression upon infection, which over
time may have imposed an evolutionary selective pressure
on JUNV. However, it is noteworthy that all experiments were
conducted using the Candid #1 vaccine strain as a model,
which has genetic variations compared to the highly patho-
genic XJ13 and Romero strains of JUNV [67]. While both
strains, Romero and Candid #1, induce robust IFN produc-
tion upon infection [12, 68], the difference between these two
strains might influence the outcome, which we observed and
reported in this study.
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In conclusion, our results showed that the cell surface expres-
sion of BST-2 is reduced by JUNV infection, although JUNV
infection induces IFN response and sequential BST-2 expres-
sion, and that the antiviral action of BST-2 against JUNV is
partially antagonized by NP. Further analyses are required to
understand the underlying molecular mechanisms.
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