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Junin virus is the causative agent for Argentine hemorrhagic fever, and its natural host is the New World
rodent Calomys musculinus. The virus is transmitted to humans by aerosolization, and it is believed that many
of the clinical symptoms are caused by cytokines produced by sentinel cells of the immune system. Here we used
the Junin virus vaccine strain Candid 1 to determine whether mouse cells could be used to study virus entry
and antiviral innate immune responses. We show that Candid 1 can infect and propagate in different mouse-
derived cell lines through a low-pH-dependent, transferrin receptor 1-independent mechanism, suggesting that
there is a second entry receptor. In addition, Candid 1 induced expression of the antiviral cytokines tumor
necrosis factor alpha and beta interferon in macrophages, and this induction was independent of viral
replication. Using Candid 1, as well as virus-like particles bearing the viral glycoprotein, to infect different
primary cells and established macrophage cell lines with deletions in the Toll-like receptor (TLR) pathway, we
show that TLR2 is a cellular sensor of both the Parodi and Candid 1 viral glycoproteins. Because Junin virus
is highly lethal in humans, the use of an experimentally tractable model system, such as the mouse, could
provide a better understanding of the antiviral innate cellular responses to Junin virus and the role of these

responses in pathogenesis.

At least 5 members of the Arenavirus family cause viral
hemorrhagic fevers, including Lassa fever virus (LASV), an Old
World arenavirus, and the New World clade B Junin virus
(JUNV), Machupo virus (MACV), Guanarito, and Sabia are-
naviruses found in South America. Outbreaks of JUNV hem-
orrhagic fever have occurred in field workers during harvest
season, while MACYV infection results from residential rodent
infestation. Humans become infected by inhalation of aerosol-
ized rodent excrement or blood or direct contact with infected
animals. The major animal reservoirs for the clade B New
World arenaviruses (NWAs) are the New World rodents Calo-
mys and Zygodontomys (14). Because they can be readily trans-
mitted by aerosols, these category A arenaviruses are potential
bioterrorism agents and are included in the list of agents in the
Material Threat Determinations and Population Threat As-
sessment issued by the Department of Homeland Security
(56). While the nucleoside analog ribavirin in combination
with hyperimmune serum have been used for therapeutic treat-
ment of clade B virus infections, these are only effective if
administered during a specific time period and have shown
limited success (18). Thus, the development of novel antiviral
drugs is important for limiting the serious disease caused by
hemorrhagic arenaviruses.

Arenaviruses are enveloped, single-stranded, bisegmented
RNA viruses whose entry is mediated by the viral glycoprotein
(GP), generated by proteolytic processing from a precursor
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into the envelope proteins GP1 and GP2. Whereas the Old
World arenaviruses like LASV use a-dystroglycan for entry,
transferrin receptor 1 (TfR1) mediates efficient cellular entry
of the clade B NWAs (34, 44). The species-specific tropism of
the NWAs is thought to be determined by TfR1. In particular,
polymorphic sequence differences in the GP-interaction do-
main of human, Calomys, and Mus TfR1 determine the inabil-
ity of Mus TfR1 to serve as an entry receptor (2, 20, 43, 45),
and it has been suggested that the capacity of human TfR1 to
mediate infection may be linked to zoonoses and disease (1, 2,
44, 45). Several recent studies, however, have indicated that
newborn mice as well as adult mice with defects in the innate
immune response can be infected with JUNV and are suscep-
tible to virus-mediated pathogenesis (46, 32). This indicates
either that mouse TfR1 can serve as an entry receptor or that
other means of entry into mouse cells must exist.

The in vivo effects of NWA infection and the tissue tropism
of these viruses have not been well characterized, in part be-
cause of the lack of an easily accessible animal model. In
humans, the early clinical symptoms of infection by most hem-
orrhagic viruses are similar, starting with fever, fatigue, nausea,
and mild hemorrhaging (petechia), usually in skin or mucosal
tissues (23). The initial targets of NWA infection in vivo are
believed to be sentinel cells of the immune system, such as
macrophages (21). These infected cells are thought to recruit
additional sentinel cells, through the secretion of cytokines and
chemokines, leading to disseminated viral infection. Dissemi-
nated infection leads to lack of immune control, increased
endothelial leakage, and platelet defects, through direct infec-
tion of the different cell types or through an indirect “cytokine
storm” (21). The mechanism by which a cytokine storm is
initiated is unclear. One possibility is that the viral RNA ge-
nomes trigger innate immune responses via Toll-like receptors
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(TLRs), RIG-I, MDAS, or other pattern recognition receptors
(PRRs) (42). Some arenaviruses (lymphochoriomeningitis vi-
rus) and flaviviruses (West Nile virus, dengue virus) are known
to activate cells through such PRRs, although the role of this
activation in pathogenesis is not clear.

A major impediment to the study of NWA pathogenesis is
that the pathogenic viruses must be studied in a biosafety level
4 facility. While this impediment has been partially overcome
through the use of murine leukemia viruses pseudotyped with
NWA GPs, the pseudoviruses do not replicate, and thus a
better understanding of postentry events is not possible with
these tools. An attenuated vaccine strain of Junin virus, Candid
1, has been developed by extensive passaging through neonatal
mouse brain, guinea pigs, and primate tissue culture cells (7).
There are approximately 12 amino acid differences between
different pathogenic JUNV primary isolates and Candid 1, 6 of
which are located in the GP (24, 26).

Although identification of TfR1 as an entry receptor is an
important advance in our understanding of these viruses, there
are a number of important questions yet to be resolved, in-
cluding the relationship between TfR1-mediated entry and
disease induction and the role of cytokine induction in disease.
Here we show that both JUNV pseudoviruses and Candid 1
infect primary and immortalized mouse cells. We also demon-
strate that infection of mouse cells by Candid 1 is independent
of TfR1, although entry still requires a low pH. Additionally,
we found that Candid 1 induces an early innate immune re-
sponse in mouse cells that is independent of virus infection and
that at least part of this induction is dependent on both the
JUNYV GP on viruses and TLR2 on cells. These studies confirm
and extend recent work indicating that JUNV infection of mice
is independent of TfR1 and suggest as well that the mouse may
be a valid experimental model for studying JUNV induction of
cytokine responses, viral infection, and pathogenesis.

MATERIALS AND METHODS

Cell lines and virus. Vero, 293T, 293AD, NMuMG (normal murine mammary
gland), and NIH 3T3 cells were cultivated in Dulbecco’s modified Eagle medium
(DMEM,; Invitrogen). Media were supplemented with glutamine (2 mM), 10%
fetal bovine serum (FBS; Invitrogen), and penicillin (100 U/ml)-streptomycin
(100 pg/ml) (Invitrogen). Mouse macrophage cell lines (NR-9456 wild type [wt],
NR-9566 TRIF/~, NR-9459 MAL/~, NR-9457 TLR2~/~, NR-9458 TLR4 /",
and NR-9569 TLR9/~; BEI Resources) were grown as described above, except
that media were supplemented with 5% FBS and included sodium pyruvate (1
mM; Mediatech). All cell lines were grown in a 5% CO, atmosphere at 37°C. The
vaccine strain of Junin virus Candid 1, a kind gift from Robert Tesh (UTMB
Galveston), was propagated in Vero cells by infecting at a multiplicity of infec-
tion (MOI) of 0.01. Medium was removed 24 h postinfection (hpi), and the cell
monolayer was washed with phosphate-buffered saline (PBS) and fed with me-
dium supplemented with 2% FBS. At days 7, 8, 9, and 10 postinfection, media
were harvested to collect virus particles, which were then partially purified by
centrifugation through a 30% sucrose cushion, resuspended in DMEM supple-
mented with 2% FBS, and stored at —80°C until use.

Mice. C57BL/6, C3H/HeN, and C3H/HelJ mice were obtained from the Na-
tional Cancer Institute, Frederick, MD. MyD88/~, TLR2™/~, and TLR4 /'~
mice (C57BL/6 background) were a kind gift from S. Akira and D. Golenbock (3,
55). TLR2™/~ mice on the C3H/HeN (TLR4 wild type) or C3H/HeJ (TLR4
mutant) background were generated by back-crossing for 12 generations. All
mice were housed according to the policies of the Institutional Animal Care and
Use Committee of the University of Pennsylvania, and all experiments per-
formed with mice were approved by this committee.

Generation of primary macrophage cultures. Primary bone marrow-derived
macrophages (BMM) were isolated from hind limbs of 8- to 10-week-old mice as
previously described (12). Macrophages were cultured in DMEM supplemented
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with 10% FBS, 20% 1.929 cell-conditioned medium, 1 mM sodium pyruvate, 100
U/ml penicillin, 100 pg/ml streptomycin, and 25 mM HEPES. Cells were har-
vested 7 days after plating and were seeded in 6- or 12-well plates for infection
assays.

Plaque assays. To determine the Candid 1 titer, Vero cells were infected with
serial dilutions of the virus for 1 h at 37°C. Virus was then removed, and cells
were washed with PBS followed by the addition of an overlay composed of 1%
agarose and medium supplemented with 2% FBS. Three days after infection,
cells were fixed for 10 min with 2% paraformaldehyde, washed twice with PBS,
and then permeabilized with blocking buffer (PBS, 2% BSA, 0.1% Triton X-100)
for 10 min. Cells were incubated for 45 min with an antibody against JUNV
proteins (NP IC06-BA10 and GP QC03-BF11; BEI Resources). After washing
the cells with PBS-0.1% Triton X-100, they were incubated with Alexa Fluor
588-coupled secondary antibody (Invitrogen). Cells were visualized under a flu-
orescence microscope, and foci were counted.

Candid 1 infection. Cells were seeded on 6-well (5 X 10° cells/well) or 12-well
(2 X 10° cells/well) plates were seeded 24 h prior to infection. Virus was allowed
to adsorb to cells for 60 min. Residual, unattached virus was then washed off the
cell monolayer with PBS, and medium supplemented with 2% FBS was added to
the cells. In some experiments, cells were treated with bafilomycin A (BafA;
Sigma) at the indicated concentration for 2 h or with 100 wg/ml of ferric ammo-
nium citrate (Sigma) for 16 h prior to infection.

VLP and pseudovirus production and infection. Retroviral vectors bearing
JUNV GPs were produced by transient transfection of plasmids pHIT60,
pHIT111, and the GP expression plasmid into 293T cells by using the calcium
phosphate method described previously (53). The pHIT60 plasmid ex-
presses murine leukemia virus (MLV) Gag-Pol, and vectors pHIT111 and
pFBLuciferase contain MLV genomes expressing the reporter genes for 3-galacto-
sidase and luciferase, respectively. The GP from the pathogenic Parodi XJ strain
of JUNV was kindly provided by P. Cannon. The open reading frame of the GP
from the Candid strain of JUNV was amplified from viral RNA by using reverse
transcription-PCR and was used to replace the Parodi GP sequence by using the
restriction enzymes BsrGI and Dralll. Pseudotypes were harvested from super-
natants 48 h posttransfection and filtered through a 0.45-mm filter (Millipore),
and aliquots were stored at —80°C. Titers were determined by incubation of
serially diluted vector stocks with target cells for 48 h, followed by calculation of
the percentage of positive cells, either by 5-bromo-4-chloro-3-indolyl-p-p-galac-
topyranoside staining for B-galactosidase expression or by luciferase assays. Gen-
eration of JUNV virus-like particles (VLPs) was done by cotransfecting 293T
cells with 5 pg each of the plasmids expressing JUNV matrix protein (Z),
nucleoprotein (NP), and GP. At 48 h after transfection, cell culture supernatants
were collected and pelleted through a 30% sucrose cushion at 25,000 rpm for 2 h
at 4°C. The pellet was resuspended in DMEM supplemented with 2% FBS and
was used to infect cells or for Western blot analysis. The vectors expressing
JUNV proteins Z and NP were a kind gift from S. Becker (29).

RNA analysis. Medium was removed from infected cells and washed with
RNAlater reagent (Ambion). Total RNA was isolated using the RNeasy kit
(Qiagen). In order to remove contaminating DNA from the sample, RNA was
treated with DNA-free reagents (Ambion) and then used as a template for
c¢DNA synthesis in a reaction mixture that was primed with a pool of random
hexamers following the manufacturer’s specifications (Applied Biosystems). Vi-
ral, beta interferon (IFN-B), and tumor necrosis factor alpha (TNF-a) RNAs
were detected by real-time quantitative PCR (RT-qPCR) by using a 7800HT
sequence detector system (Applied Biosystems) with primer pairs specific for the
S segment of Candid 1 (5'-GGGGCAGTTCATTAGCTTCATGC-3' and 5'-C
AAAGGTAGGTCATGTGGATTGTTGG-3"), mouse IFN-B (5'-AAGAGTTA
CACTGCCTTTGCCACT-3" and 5'-CACTGTCTGCTGGTGGAGTTCATC-
3"), and mouse TNF-a (5'-GCCACCACGCTCTTCTGTCT-3" and 5'-GGTCT
GGGCCATAGAACTGATG-3'). All RNA quantifications were normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 5'-CCCCTTCATTGAC
CTCAACTACA-3" and 5'-CGCTCCTGGAGGATGGTGAT-3'). All RT-
qPCR amplifications were performed using a Power Sybr green PCR kit (Ap-
plied Biosystems). The amplification conditions were 50°C for 2 min, followed by
95°C for 10 min and 40 cycles of 95°C for 15 s and 60°C for 1 min. The efficiency
of amplification was determined for each primer pair by generating a standard
curve with 10-fold serial dilutions of a known concentration of viral DNA. The
slope values of the standard curves for the primer pair amplicons ranged from
—3.5 to —3.2, indicating 90 to 100% efficiency. At the end of the RT-qPCR run,
a dissociation curve was determined to ensure that each primer pair generated a
single product of amplification, a process that was confirmed by agarose gel
electrophoresis. For each primer pair, a no-template control was included, and
each sample was run in triplicate.
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Anti-mouse TfR1 antibody-blocking assays. Mouse or human cells were
seeded (2 X 10* per well) in 96-well plates 1 day prior to the experiment.
Anti-mouse TfR1 antibody (rat anti-mouse CD71 monoclonal antibody C2
MOPC-315; RDI) was added to cells at 1 wg/ml and incubated for 1 h at 37°C,
5% CO,. The cells were infected with Junin virus GP, mouse mammary tumor
virus (MMTV) envelope (Env), or vesicular stomatitis virus (VSV) G protein
pseudotypes in the presence of anti-mouse TfR1 antibody. Infection was carried
out for 1 h at 37°C, 5% CO,. Cells were washed once with PBS, fresh DMEM was
added, and at 48 hpi, the infection levels were quantified as described above.

RNA interference. For the depletion of TfR1 in human and mouse cells,
siRNA-TFRC On-Target Plus SMART pool (L-003941-00-0020) and a control
small interfering RNA (siRNA) pool were obtained from Dharmacon Research
(Lafayette, CO). A pool of the following siRNAs was used: siRNA 1, 5'-GAA
UGGAUCUAUAGUGAUU-3'; 2, 5'-GAUAAGAACGGUAGACUUG-3'; 3,
5'-GUAAACUGGUCCAUGCUAA-3'; 4, 5'-CUGAAUGGCUAGAGGGAU
A-3'. Briefly, cells were transfected using the reverse transfection method and
HiPerFect (Qiagen). siRNAs were used at a final concentration of 40 nM. siRNA
depletion was carried out for 72 h. Cells were infected with Candid 1 or pseu-
dotyped viruses, and plates were incubated for another 24 or 48 h, respectively.
The siRNAs reduced cell surface TfR1 levels on both mouse and human cells by
about 60%, as measured by fluorescence-activated cell sorting (data not shown).
Infection levels were quantified using a luciferase substrate as described above.

Western blot analysis. Equal amounts of cell extracts were resolved by SDS-
PAGE and transferred to nitrocellulose. Detection of JUNV NP was done using
monoclonal antibody NA05-AG12 (BEI Resources), while serum derived from
mice immunized with Candid 1 was used to detect JUNV GP. FLAG-tagged
proteins (nucleoprotein and matrix) were detected with an anti-FLAG antibody
(Cell Signaling). Rabbit polyclonal antibodies were used for the detection of
RNA helicases RIG-I (Cell Signaling) and MDAS5 (Enzo Life Sciences).

ELISAs. Cell medium supernatants were collected 6 h after infection with
Candid 1 (MOI, 1) or treatment with TLR ligands PAM,CSK, (PAM; 0.1 pg/ml;
Invivogen) and lipopolysaccharide (LPS; 100 ng/ml; Invivogen). TNF-a was
quantified from the medium by using a Quantikine enzyme-linked immunosor-
bent assay (ELISA) kit against mouse TNF-a (R&D Systems), following the
manufacturer’s instructions.

RESULTS

The Junin GP can mediate infection of mouse cells. Recent
studies have indicated that the clade B arenaviruses preferen-
tially use human but not murine TfR1 for entry. Entry of
enveloped viruses into cells requires a minimum of two events,
binding to receptor and a change in GP conformation that
allows triggering and membrane fusion. Cell-cell fusion assays
are often used as surrogate entry assays, and previous reports
indicated that JUNV caused cell syncytium formation at pH
5.0 to 5.5 (57). To determine if the clade B arenavirus GP1
protein mediated species-specific cell-cell fusion, we tran-
siently transfected expression vectors containing the JUNV GP
into 293T and NMuMG cells and pulsed the cells with medium
with pH ranging from 4 to 7. The JUNV GP induced cell-cell
fusion in both mouse and human cells at pH 5 (Fig. 1A) but not
higher or lower pHs (data not shown).

We next determined whether JUNV GP could mediate in-
fection of mouse cells, using both B-Gal (Fig. 1B) and lu-
ciferase-marked MLV virions (Fig. 1C) pseudotyped with the
JUNV glycoprotein (Parodi strain) to infect two different
mouse cell lines: NMuMG cells and the immortalized mouse
macrophage cell line NR-9456 (Fig. 1B). For comparison, we
also used pseudovirions bearing the VSV G protein or MMTV
Env protein; VSV shows little or no host or cell type specificity,
while MMTYV uses mouse but not human TfR1 to enter cells
(49). Infection of mouse cells by the JUNV pseudotypes was
20- to 50-fold lower than seen in human 293T or 293AD cells
(Fig. 1B and C). In contrast, MMTV pseudotypes infected
mouse but not human cells. Mouse cells were therefore per-
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missive to JUNV GP-mediated entry, albeit at lower levels
than human cells. This is similar to what others have reported
for JUNV pseudotypes working with other mouse cell lines
(20, 43, 45).

Candid 1 productively infects mouse cells. Next, we tested
whether JUNV could productively infect mouse cells by using
the vaccine strain Candid 1. We assayed viral RNA replication,
protein accumulation, and virus spread at different times
postinfection in Vero (monkey), human, and mouse cells. First,
we examined the accumulation of Candid 1 RNA after infec-
tion and observed that Candid 1 replicated in all mouse cell
lines tested (Fig. 2A). Next, we performed Western blot assays
that detected the viral nucleoprotein at 2, 24, and 48 hpi. The
kinetics of nucleoprotein accumulation in mammary gland
(NMuMG) and macrophage cells was similar to that seen in
human cells, although the absolute protein levels were lower
(Fig. 2B). To determine whether there was virus spread in mouse
cells, we performed plaque assays in the different cell lines in-
fected with Candid 1. At 48 hpi the viral nucleoprotein was de-
tected in foci of cells (Fig. 2C). This suggests that in addition to
mouse cell lines being susceptible to Candid 1 infection, they also
produce virus that can spread to neighboring cells.

Candid 1 does not use TfR1 but enters mouse cells via an
acidic compartment. Previous studies have shown that differ-
ent New World arenaviruses, including JUNV, use human and
Calomys but not mouse TfR1 to infect cells (44, 45). Given the
dependence on low pH for JUNV entry on mouse cells, we
next tested whether infection depended on mouse TfR1. We
first pretreated 293AD cells and different mouse cell lines with
100 pg/ml of ferric ammonium citrate for 16 h to stimulate
downregulation of TfR1, followed by infection with Candid 1
(Fig. 3A). In human cells, Candid 1 infection was reduced by
70%, whereas with mouse cells there was no significant
difference in infection between treated and untreated cells
(Fig. 3A).

To further demonstrate that mouse TfR1 was not required
for Candid 1 infection, we infected 293AD and the mouse
macrophage NR-9456 cell line in the presence or absence of an
anti-mouse TfR1-specific antibody that downregulates surface
levels of this receptor (49), or we transfected these cells with
siRNAs that decrease expression of both mouse and human
TfR1. Since the anti-TfR1 antibody is mouse specific, it had
no effect on Candid 1 infection of 293AD cells (Fig. 3B),
while transfection of TfR1 siRNAs that target both human
and mouse TfR1 had a dramatic effect on infection of hu-
man cells (Fig. 3C). In contrast, although the anti-mTfR1
antibody caused a 70 to 80% reduction and the siRNA trans-
fection caused a >50% decrease in MMTYV infection, neither
treatment decreased Candid 1 infection of mouse NR-9456
cells (Fig. 3B and C); indeed, TfR1 siRNA treatment of NR-
9456 cells consistently increased Candid 1 infection by an un-
known mechanism.

After binding to TfR1 on susceptible cells, JUNV is trans-
ported to the acidic endosome, where membrane fusion fol-
lowed by the release of the viral genome into the cytoplasm
occurs (13, 43). We next tested if Candid 1 still maintained the
requirement for low pH in mouse cells by pretreating them
with the vacuolar-type H*-ATPase inhibitor BafA, which
causes neutralization of acidic compartments. NR-9456 cells
were treated with different concentrations of BafA 2 h prior to
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FIG. 1. JUNV GP mediates cell entry. (A) JUNV GP causes fusion of mouse cells at low pH. Human 293T or mouse NMuMG cells were
transiently transfected with a JUNV GP expression vector. Forty-eight hours after transfection, cells were treated with pH 7 or pH 5 buffer for 5
min, and 24 h later syncytia were monitored. White arrows point to fused cells. (B) JUNV GP or MMTYV Env pseudotypes bearing a lacZ-marked
MLV genome were used to infect human 293T cells and two different mouse cell lines, NMuMG (mammary epithelial) and NR-9456 (macro-
phage). At 48 hpi, LacZ-forming units per field were counted in 20 different fields. (C) Serial dilutions of JUNV GP pseudotypes bearing a
luciferase-MLV genome were used to infect the same number of mouse (NR-9456) or human (293AD) cells. At 48 hpi, luciferase activity was
measured. RLU, relative light units. Abbreviations: 2X, 2-fold dilution of virus; 4X, 4-fold dilution of virus.

infection with Candid 1. Treatment with BafA blocked the
accumulation of viral RNA (Fig. 3D). Similar results were
obtained when the experiment was performed with BafA-
treated cells infected with JUNV GP pseudotypes (data not
shown). Thus, JUNV entry into mouse cells is via a TfR1-
independent, pH-dependent pathway.

Candid 1 induces innate immune responses in mouse mac-
rophages. Little is known about the early steps in JUNV in-
teraction with macrophages, which are believed to be one of

the initial targets of infection in vivo. To determine if mouse
cells could be used to examine such interactions, we next tested
whether Candid 1 elicited an innate immune response in these
cells. NR-9456 cells were incubated with Candid 1, and the
relative levels of IFN-B and TNF-a RNA were analyzed by
reverse transcription- RT-qPCR at 2 hpi. Both cytokine RNAs
were induced 10-fold, similar to the induction seen by treat-
ment of these cells with the TLR2 ligand PAM (Fig. 4A); the
TLR4 ligand LPS caused about a 100-fold increase in cytokine
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FIG. 2. Candid 1 replicates in mouse cells. (A) Detection of viral
RNA. Monkey (Vero), human (293T), and mouse (NMuMG and
NR-9456) cells were infected at an MOI of 0.1, and at the indicated
times after infection, RNA was harvested and subjected to reverse-
transcription-RT-qPCR. Error bars denote standard deviations of
triplicate samples. (B) Detection of viral protein. The same cells
were infected with an MOI of 0.1, and at 2, 24, and 48 hpi, cell
extracts were made and analyzed by Western blotting using a mono-
clonal antibody that detects JUNV NP. (C) The cells were also
analyzed with the same anti-NP monoclonal by indirect immuno-
fluorescence at 48 hpi.

RNA levels in these cells. This increase in RNA was reflected
in the secreted cytokine protein levels, as determined by
ELISA (Fig. 4B). The increase in TNF-a and IFN-B8 RNA
levels was rapid, peaking at about 2 h after virus infection, long
before virus replication (Fig. 4C). Indeed, Candid 1 induced
IFN-B and TNF-a expression in ribavirin-treated cells or in
cells incubated with UV-inactivated virus (Fig. 4D). The LPS
was completely abrogated by the antagonist polymyxin B,
which had no effect on Candid 1 induction, showing that the
virus preparations were devoid of LPS and that the response
was directed to virus (Fig. 4D). Additionally, treatment of cells
with BafA did not reduce the ability of Candid 1 to induce
TNF-a and IFN-B (Fig. 4D), further demonstrating that rep-
lication was not required.

One consequence of innate immune signaling, particularly
through type I interferons, is induction of interferon-respon-
sive genes (ISGs). Two RNA helicase cytoplasmic sensors,
RIG-I and MDAS, are included among these ISGs, and it has
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been shown that the JUNV Z protein counteracts RIG-I (19).
To determine if Candid 1 mediated induction of either of these
proteins, primary mouse macrophages were incubated with
Candid 1 or LPS for 1 h and then extracts were subjected to
Western blot analysis. Both LPS and Candid 1 induced expres-
sion of both helicases (Fig. 4E); in the case of MDAS, we also
observed cleavage of the upregulated protein (Fig. 4E, multi-
ple arrows), as has been previously reported (33). Polymyxin B
completely abrogated the response to LPS but had no effect on
induction by Candid 1, again demonstrating that this response
was not due to LPS contamination of the virus preparation.

Thus, Candid 1 interaction with macrophages induces innate
immune responses that are independent of viral infection and
replication.

Early innate responses are mediated by TLR2 and JUNV
GP. As discussed above, there are a number of cellular sensors
of viral PAMPs. Since infection was not required for Candid
1-mediated innate immune responses, it was unlikely that
cytoplasmic RNA helicases, such as RIG-I or MDAS, were
responsible, as these are believed to be dependent on viral
replication (31). We thus tested a series of immortalized
macrophage cell lines (TRIF, MAL, TLR2, and TLR4) or
primary macrophages (C57BL/6 [TLR2, TLR4, Myd88] and
C3H [TLR2, TLR4, TLR2/4]) derived from different TLR
pathway KO mice (50, 51). Only TLR2-, MAL-, or MyD&88-
deficient cells consistently showed no induction of cytokine
RNA (Fig. 5A and B, 6A and B, and data not shown) or
protein (Fig. 5C and 6C and data not shown). The stimulation
occurred with cells from TLR2 knockout mice from either the
C57BL/6 or C3H background, indicating that Candid 1 was
indeed sensed by this receptor and not by TLR4.

Since TLR2 is present on the cell surface and activation by
Candid 1 did not require infection, we tested the possibility
that a viral protein might be responsible for the TLR2 effect.
We prepared VLPs containing the JUNV nucleoprotein and Z
proteins with no glycoprotein or the Parodi or Candid 1 gly-
coprotein (Fig. 7A and B). The VLPs were used to infect wt,
TLR2/~ or TLR4™/~ immortalized macrophages, and at 2
hpi, cytokine RNA levels were measured. Candid 1, as well as
the VLPs pseudotyped with either the Parodi or Candid GP,
induced IFN-B (Fig. 7C) and TNF-a (Fig. 7D) RNA levels in
a TLR2-dependent manner; activation of TLR4 '~ cells was
similar to that in wild-type cells. In contrast, VLPs lacking the
viral glycoprotein did not induce cytokine RNA.

These data suggest that JUNV GP present on the surface of
a virion acts as a TLR2 ligand and induces early innate im-
mune responses to the virus. Moreover, these data suggest that
the amino acid changes in the Candid 1 GP that occurred
during its attenuation did not alter its ability to stimulate an
innate immune response by macrophages.

DISCUSSION

Much has been learned from the study of virus infection of
model organisms, particularly those with well-studied genetics
and the ability to modify genes. Because of the plethora of
inbred strains and genetically modified mice, here we investi-
gated whether mice could be used to study Junin virus infec-
tion. Previous studies had indicated that Old World rodents,
such as the Mus species, were refractory to infection by the
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bars denote standard deviations of triplicate samples.

clade B New World arenaviruses because of polymorphic dif-
ferences in the GP-binding region of TfR1, which has been
identified as an entry receptor (1, 2, 20, 44). However, here we
showed that mouse cells are susceptible to infection by Junin
virus pseudotypes, and moreover, were productively infected
with an attenuated strain of the virus, Candid 1. Although the
viral glycoprotein was required for the virus to enter mouse
cells, infection did not rely on mouse TfR1, indicating that an
additional receptor on mouse cells mediates entry. There is
precedence for the use of multiple receptors by arenaviruses.
For example, the Old World arenavirus LCMV uses both
a-dystroglycan-dependent and -independent pathways for in-
fection (52). Indeed, other studies have also indicated that
pathogenic NWAs may use additional receptors on human
cells (2, 20). It remains to be determined whether such an
additional receptor(s) exists on human cells and whether it is
the same as the mouse entry receptor.

Interestingly, several recent studies showed that JUNV is
pathogenic in newborn or IFN receptor-deficient adult mice (5,
6, 32). Thus, even though entry into mouse cells is TfR1 inde-

pendent, the virus is still able to cause disease similar to that
seen in humans. Although JUNV Candid 1 infection did not
depend on mouse TfR1, it appeared to utilize a similar if not
identical entry pathway. It is well known that JUNV infection
is dependent on the low pH of the acidic endosome, where it
is believed that the decrease of pH in this compartment causes
a conformational change in JUNV glycoprotein that allows the
fusion of the viral envelope with the endosomal membrane and
the subsequent release of the viral genome into the cytoplasm.
We showed here that infection of both mouse and human cell
lines was blocked by BafA. Thus, although the entry receptor
on mouse and human cells may be different, the postreceptor
steps are likely to be the same, and the study of Candid 1
infection of mouse cells is likely to be informative about these
steps.

Many, but not all, NWAs use their host TfR1 orthologs as
entry receptors, including the Tacaribe and Ampari viruses,
and substitution of specific sequences in the human TfR1 with
those found in the virus’ natural host are sufficient to change
their species-specific tropism (2). There have been suggestions
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control.

that the nonpathogenic Tacaribe and Ampari viruses that use
their host species but not human TfR1 for entry might jump
species by changing their glycoproteins (15). Thus, it appears
that Candid 1 did not adapt to using the mouse TfR1 for entry
during the attenuation process, where there was selection for
infection of mice. This attenuation resulted in four amino acid
changes at the carboxyl terminus of GP1 and two more are at
the carboxyl terminus of GP2, as well as 6 additional nonsyn-
onymous changes in the L protein (24, 25). In our studies,
Candid 1 infected mouse cells by a TfR1-independent mech-

anism while maintaining its requirement for TfR1 on human
cells (Fig. 3C). Thus, the six amino acid changes in the Candid
1 glycoprotein did not result in a change in tropism from the
as-yet-unidentified mouse cell receptor to mouse TfR1. Al-
though many NWAs use TfrR1 as an entry receptor, the non-
pathogenic NWA Whitewater Arroyo virus uses neither a-dys-
troglycan nor TfR1 for entry (47). Future work will address
whether the arenaviruses use the same alternate receptor on
mouse cells and whether JUNV infection of human cells can
also occur via a TfR1-independent pathway.
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Our results also showed that Candid 1 is capable of produc-
tively infecting mouse macrophages, which is important for
developing an experimentally tractable model for studying in
vivo infection by pathogenic NWAs like Junin virus. It has been
reported that during JUNV infection, macrophages and den-
dritic cells are the initial sites of viral replication (9, 27) and are
involved in spreading the virus to other tissues (36). It has been
suggested that this initial infection of macrophages might be
responsible for the source of the elevated cytokine levels seen
during Junin virus infection (30, 37, 39). Indeed, we showed
here that Candid 1 induced production of IFN-B and TNF-«
and that this induction was strongest between 2 and 4 hpi. As
a result, these cytokines activated other downstream genes
known as ISGs, which in this study were represented by RIG-I
and MDAS.

Activation of the innate immune response did not rely on
productive infection by Candid 1, since ribavirin or BafA treat-
ment of cells or UV irradiation of virus, all of which block

JUNIN VIRUS INFECTS MICE 11065

Candid 1 replication, still resulted in a cytokine response in
mouse macrophages. This indicates that induction of the in-
nate immune response occurs early in the virus infection path-
way and perhaps prior to viral internalization. We thus tested
whether any of the TLRs could sense Candid 1 and activate the
innate immune response. By assessing the accumulation of
cytokines after infection of immortalized and primary macro-
phages from which several TLR components have been deleted,
we demonstrated a role for TLR2 in sensing Candid 1. Indeed, we
found that loss of TLR2, Mal, or Myd88, but not TLR4 or TRIF,
resulted in abrogation of the response to Candid 1. This is inter-
esting in light of recent reports that LCMYV also activates sentinel
cells via TLR2 (59, 60), which may indicate a common innate
immune response to arenaviruses.

We also found that the glycoprotein was the PAMP-contain-
ing molecule responsible for inducing a TLR2-dependent cy-
tokine response. We observed that, similar to Candid 1, VLPs
bearing the glycoprotein of the Parodi or Candid 1 strain of
JUNV induced IFN-B and TNF-a in wild-type macrophages
but not in TLR2 KO macrophages. On the other hand, mac-
rophages were not responsive when incubated with VLPs lack-
ing glycoproteins. Our findings add to the list of different viral
protein components responsible for activating the innate im-
mune response via TLRs found on the cell surface, including
cytomegalovirus glycoproteins (11), herpes simplex virus gB,
gD, and gHg proteins (48), measles hemaglutinin (10), respi-
ratory syncytial virus F protein (35), mouse mammary tumor
virus envelope (46) and VSV G protein (22). Initially, we
expected that TLR3 or TLR7 would be responsible for sensing
Candid 1, since these molecules interact with dsRNA and
ssSRNA, respectively, both of which are generated during virus
infection (8, 16). However, Candid 1 still caused induction of
IFN-B and TNF-a in TRIF KO macrophages, the cytoplasmic
mediator of TLR3 signaling (Fig. 5). While we did not formally
test the role of TLR7, which uses Myd88 as a downstream
effector molecule in the innate immune response, there was no
residual activation of the cytokine response in either primary
or immortalized TLR2 KO macrophages. Additionally, sensing
by this endosomal molecule most likely would require viral
replication, while here we examined the early replication-in-
dependent response.

It has been proposed that JUNV causes pathogenesis by
initiating a cytokine storm in highly activated sentinel cells
(21). Our results did not show a robust and sustained expres-
sion of IFN-B and TNF-qa, but rather a rapid cytokine induc-
tion when Candid 1 or nonreplicating VLPs bearing JUNV GP
came into contact with macrophages. It is possible that since
Candid 1 is a nonpathogenic, attenuated strain of JUNV, it
does not stimulate macrophages as efficiently as pathogenic
strains of JUNV. However, the amino acid differences between
the Parodi and Candid 1 glycoproteins do not appear to change
TLR2 recognition, since innate immune responses in macro-
phages were equally induced by VLPs bearing either the
pathogenic or nonpathogenic glycoproteins. It is also possible
that Candid 1 less efficiently infects cells than Parodi due to
changes in the glycoprotein or that it has a replication defect
and viral RNA is not synthesized as efficiently due to L protein
alterations. If this is the case, fewer viral particles would be
made, and there would be decreased cytokine production be-
cause fewer sentinel cells would be activated. For example,



11066 CUEVAS ET AL.

>

1.E+03 7

1.E+02

1.E+01

1.E+00

IFN-B fold increase

1.E-01

wt MyD88-/-  TLR2-/- TLR4-/-

o

1.E+03 1

1.E+02

1.E+01

1.E+00

TNF-a fold increase

1.E-01

wt

MyD88-/-

TLR2-/- TLR4-/-

C 4000 1

3500 1

Owt

BTLR2-/-
"DTLR4-/-
50 g
40 1
30 1
20

W
(=]
[=]
o

A

TNF-a pg/ml

Mock  JUNV JVPmxB PAM LPS

1.E+03

1.E+02

1.E+01

1.E+00

1.E-01

1.E+03

1.E+02

1.E+01

1.E+00

1.E-01

_n
2

TNF-a pg/ml

=y

J. VIROL.

O mock
BIUNV
oV Pmx
Opam

BLps

wt TLR2&4-(- TLR2-/- TLR4-/-

DMock

BIiuny
oV Pmx
Opam
BLprs

wt TLR2&4-/- TLR2-/- TLR4-/-
10wt 3
200 {BTLR28A-/-
BTLR2-/-
900 {DTLRA-/-
600 4
“1  fnlln
0 T T T T
Mock JUNV IV Pmix PAM LPS

FIG. 6. Primary mouse macrophages respond to Candid 1 through TLR2. Bone marrow-derived macrophages from different TLR KO
C57BL/6 (A, B, and C) and C3H (D, E, and F) mice were infected with Candid 1. At 2 hpi cells were harvested to isolate RNA and quantify
IFN-B (A and B) and TNF-a (B and E) by RT-qPCR. At 6 hpi medium from infected cells was collected to quantify TNF-a levels by ELISA
(C and F). Error bars denote standard deviations of triplicate samples. *, P < 0.05; NS, no statistically significant difference based on 2-sided

Student’s ¢ test.

there are reports that attenuation of measles virus (54) and
Newcastle disease virus (17) are associated with transcriptional
and replication impediments, and a recent study comparing
nonpathogenic Tacaribe virus replication in human macro-
phages showed that it was attenuated compared to Junin virus
(28). In contrast to the work presented here, the other study
found that Tacaribe virus, but not Junin virus, induced an
innate immune response in human macrophages. However, in
addition to using human rather than mouse macrophages, that
study examined cytokine induction 4 days postinfection, which
would be dependent on viral replication.

Several studies have shown that arenavirus Z protein and
nucleoprotein can act as antagonists of the antiviral type I
interferon response in part via interaction with RIG-I, al-
though these studies were not done in the context of viral
infection (19, 40, 41, 58). We have shown here that RIG-I and

MDAS5 were induced in response to Candid 1 infection. How-
ever, the TLR2-mediated, GP-dependent response described
here would not be blocked by the viral Z or NP proteins, since
it occurs prior to viral replication. Moreover, as there are no
amino acid changes in the matrix and nucleoprotein between
Parodi and Candid 1, subsequent innate responses that occur
in cells with active viral replication should be blocked during
either Candid 1 or pathogenic JUNV infection (24).

Type I IFN together with other cytokines, such as TNF-q,
play an important role in the induction of antiviral genes as
well as the activation of different immune cells involved in
clearing virus infections. It is also possible that JUNV patho-
genesis could be the result of an inability of the host to activate
an innate immune response against the virus. Since IFN-B and
TNF-« induction were reduced in TLR2 ™/~ macrophages in-
fected with Candid 1, one would expect that in mice lacking



Vor. 85, 2011

No Glycoprotein

Parodi GP

JUNIN VIRUS INFECTS MICE 11067

Candid 1 GP

<
& >
@ x@ R
& & 8
SR N © N N
B AR AR AN <A s
-—p T — Nucleoprotein
q_
RLAG | * —_— Matrix protein
a -Candidl ;
— — Glycoprotein
serum -— il
293T lysate VLPs Virus
C 25 10Mqg wt ? 30 10Mg wt
()
@ 20 @My TLR2-/- § 25 {@Mg TLR2-/-
[ —
5 B Mo TLRA-/- S 20 ™M TLR4-/-
S 45 M TLR4-/ 2 ¢ /
) T 15
s € 40
@ 3
z ° Los
[ =2
=~ 0 F oo
Mock  JUNV  Bald VLP  VLP VLP Mock  JUNV  Bald VLP  VLP VLP
Parodi  Candid Parodi  Candid

FIG. 7. JUNYV glycoprotein is sensed by TLR2 during activation of the innate immune response. (A) 293T cells cotransfected with expression
vectors expressing JUNV FLAG-Z and NP-FLAG together with Parodi GP, Candid 1 GP, or without glycoprotein. At 48 h posttransfection, cells
were indirectly labeled with antibodies against FLAG tag (green) or against JUNV GP (red). (B) Western blot analysis using anti-FLAG antibody
to identify NP and Z from VLPs. Serum from mice immunized with Candid 1 was used to detect GP on the different VLPs. The band in the
untransfected 293T lysates is a background band that is slightly larger than the bona fide GP seen in transfected lysates (indicated by the arrow).
(C and D) Wild-type or TLR2 or TLR4 KO mouse macrophages were infected with bald VLPs or VLPs bearing GP from Parodi and Candid strains
of JUNV. At 2 hpi, RNA was isolated and IFN-B (C) and TNF-a (D) were quantified by RT-qPCR. Error bars denote standard deviations of

triplicate samples.

TLR2 the ability to clear the virus would be hindered. Evi-
dence that supports this hypothesis comes from a study where
IFN-o/B/yR ™/~ mice were shown to be susceptible to JUNV
infection. IFN-o/B/yR ™/~ mice showed gradual weight loss
and viral spread to multiple organs, whereas in wild-type mice
there was weight gain, and no traces of virus could be detected
in the different organs observed (32). Similarly, there is also
evidence that IFNR ™~ mice have difficulty clearing different
viruses, such as LCMV, MCMYV, and vaccinia virus, due to
impaired activation of dendritic cells and natural killer cells
(38).

In summary, we have shown that mice can be used to study
infection by JUNV despite the inability of murine TfR1 to
efficiently support viral entry. Moreover, we have found one
means by which JUNV induces cytokine production. Whether
glycoprotein-TLR2 interactions are the major means by which
cytokines are induced and whether this response plays a role in
viral pathogenesis remain to be determined.
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