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during Systemic Infection and Do Not Affect Viral Replication in the
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ABSTRACT

Successful adaptive immunity to virus infection often depends on the initial innate response. Previously, we demonstrated that
Junin virus, the etiological agent responsible for Argentine hemorrhagic fever (AHF), activates an early innate immune response
via an interaction between the viral glycoprotein and Toll-like receptor 2 (TLR2). Here we show that TLR2/6 but not TLR1/2 het-
erodimers sense Junin virus glycoprotein and induce a cytokine response, which in turn upregulates the expression of the RNA
helicases RIG-I and MDAS5. NF-kB and Erk1/2 were important in the cytokine response, since both proteins were phosphory-
lated as a result of the interaction of virus with TLR2, and treatment with an Erk1/2-specific inhibitor blocked cytokine produc-
tion. We show that the Junin virus glycoprotein activates cytokine production in a human macrophage cell line as well. More-
over, we show that TLR2-mediated immune response plays a role in viral clearance because wild-type mice cleared Candid 1
(JUNV C1), the vaccine strain of Junin virus, more rapidly than did TLR2 knockout mice. This clearance correlated with the gen-
eration of Junin virus-specific CD8* T cells. However, infected wild-type and TLR2 knockout mice developed TLR2-independent
blocking antibody responses with similar kinetics. We also show that microglia and astrocytes but not neurons are susceptible to
infection with JUNV C1. Although JUNV C1 infection of the brain also triggered a TLR2-dependent cytokine response, virus
levels were equivalent in wild-type and TLR2 knockout mice.

IMPORTANCE

Junin virus is transmitted by rodents native to Argentina and is associated with both systemic disease and, in some patients, neu-
rological symptoms. Humans become infected when they inhale aerosolized Junin virus. AHF has a 15 to 30% mortality rate, and
patients who clear the infection develop a strong antibody response to Junin virus. Here we investigated what factors determine
the immune response to Junin virus. We show that a strong initial innate immune response to JUNV C1 determines how quickly
mice can clear systemic infection and that this depended on the cellular immune response. In contrast, induction of an innate
immune response in the brain had no effect on virus infection levels. These findings may explain how the initial immune re-
sponse to Junin virus infection could determine different outcomes in humans.

he Arenaviridae family constitutes a single genus that includes

nearly 30 species, which, based on serologic, phylogenetic, and
geographic differences, can be divided in Old World and New
World arenaviruses (1). The New World arenaviruses can be fur-
ther classified into clades A, B, A/B, and C (2). The Old World and
clade B New World arenaviruses include important human
pathogens. The Old World arenaviruses Lassa virus and Lujo virus
together with the New World arenaviruses Junin virus, Machupo
virus, Guanarito virus, and Sabia virus cause hemorrhagic fever in
humans. Native rodents of the region where hemorrhagic fevers
are endemic are the natural reservoirs of arenaviruses. Infection
occurs when humans come into contact with contaminated urine,
blood, or saliva from carrier rodents through skin abrasions or
aerosol inhalation (3).

Infection with Junin virus, the etiological agent of Argentine
hemorrhagic fever (AHF), has an incubation period ranging from
6 to 12 days (4). During the first week of infection, individuals
develop high fever together with flu-like symptoms that include
headache, myalgia, arthralgia, conjunctivitis, nausea, and diar-
rhea. Hemorrhagic manifestations such as gingival bleeding and
petechia in the oral mucosa as well as in axillary regions may be
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present during the second week of infection. During this time,
neurological manifestations such as mental confusion and a de-
creased reflex response can also become apparent (5). By the third
week of infection, >80% of infected individuals generate a strong
antibody response against Junin virus (6). The humoral response
together with the derepression of cell-mediated immunity leads to
virus clearance (7).

Although there is a prophylactic vaccine against Junin virus,
the live attenuated strain JUNV Cl1 (8), current treatments for
AHEF are limited and consist of the early transfusion of neutraliz-
ing-antibody-containing plasma (6) and ribavirin (9). Ribavirin
has shown mixed efficacy and significant side effects in some in-
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dividuals. Moreover, although treatment with immune plasma
reduces the overall mortality rate, approximately 10% of these
treated patients develop late neurological syndrome (2). Thus,
new treatments for Junin virus and other New World arenavirus
infections are needed.

By understanding the interaction between Junin virus and the
host immune response, it might be possible to design effective
therapeutic agents. The initial targets of Junin virus infection are
believed to be sentinel cells of the immune system, such as mono-
cytes, macrophages, and dendritic cells (DCs) (10, 11). Typically,
innate immune responses to virus infection by sentinel cells are
characterized by the rapid induction of interferons (IFNs) and
cytokines such as tumor necrosis factor alpha (TNF-a). Junin
virus induces IFN-B expression in human macrophages, and
acute infection with Junin virus is characterized by high serum
levels of IFNs and TNF-a, suggesting that innate responses occur
in humans (12-14). The role of these cytokines is to block viral
replication in infected cells and cause neighboring uninfected cells
to acquire an antiviral state, mediated by the expression of inter-
feron-stimulated genes (ISGs). In addition, the expression of cy-
tokines by sentinel cells such as macrophages and DCs plays an
important role in the activation of B and T cells, thereby linking
the innate and the adaptive immune responses needed to clear a
viral infection (15). However, it has also been suggested that many
of the Junin virus disease manifestations are caused by high levels
of cytokines such as IFNs and TNF-« (3, 14, 16).

We previously showed that vaccine strain JUNV C1 as well as
pseudoviruses bearing the glycoprotein complex (GPC) of the
pathogenic Parodi strain induce the production of IFN- and
TNF-a in mouse macrophages through a Toll-like receptor 2
(TLR2)-dependent mechanism and that this induction occurs
prior to virus replication (17). Here we further investigated the
mechanism by which the GPCs of both JUNV C1 and the Parodi
strain activate the innate immune response in macrophages and
determined the signaling pathways used for this activation after
interaction with TLR2. In addition, we assessed the role of the
innate immune response in the subsequent activation of CD8™ T
cell and antibody responses against JUNV Cl1 infection in mice.
We show that JUNV Cl interacts with the TLR2/TLR6 complex
and that this in turn triggers a series of signaling events leading to
the activation of the transcription factors NF-kB and AP-1. We
also demonstrate that prior activation of the TLR2-mediated in-
nate immune response is necessary for mice to have an effective
CD8™ T cell response against JUNV C1. However, the humoral
response to JUNV C1 did not depend on TLR2, since wild-type
mice as well as TLR2™/~ mice generated blocking antibodies. Fi-
nally, we show that while TLR2-mediated activation is indepen-
dent of the route of JUNV Cl inoculation, the consequences of
this activation differ, namely, resulting in an antiviral cellular im-
mune response only in the periphery.

MATERIALS AND METHODS

Ethics statement. All mice were housed according to the policies of the
Institutional Animal Care and Use Committee (IACUC) of the University
of Pennsylvania. The experiments performed with mice in this study were
approved by this committee (IACUC protocol number 803700).

Cell lines and virus. Vero cells; 293T cells; mouse macrophage cell
lines NR-9456 (wild type [WT]), NR-9457 (TLR2 /7)), M@ TLR1 /~,M¢
TLR6 /", and Mg TLR7 /~; and mouse microglial cell lines NR-9460
(WT) and NR-9904 (Mal/MyDSSf/f) were cultivated in Dulbecco’s
modified Eagle medium (DMEM; Invitrogen) supplemented with glu-
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tamine, sodium pyruvate, 5% fetal bovine serum (FBS), and penicillin-
streptomycin. The human monocyte cell line THP-1 was cultured in
RPMI medium (Invitrogen) supplemented with glutamine, 5 wM -mer-
captoethanol, 10% fetal bovine serum, and penicillin-streptomycin.
JUNV C1 was propagated in and titers were determined on Vero cells as
described previously (17). The TLR1™/~, TLR6 /", and TLR7 /™ mac-
rophage cell lines were kindly provided by Kate Fitzgerald, and JUNV C1
was kindly provided by Robert Tesh. Lymphocytic choriomeningitis virus
(LCMV) (Armstrong) was provided by John Wherry. Vesicular stomatitis
virus (VSV)-mCherry pseudotypes bearing the JUNV CI and Parodi
GPCs were generated by transfecting 293T cells with plasmids expressing
the corresponding Junin virus GPCs, and at 24 h posttransfection, cells
were infected with replication-competent VSV-mCherry lacking GPC (a
kind gift from Paul Bates). At 16 h postinfection (hpi), supernatants were
harvested, and pseudotype titers were determined on Vero cells.

Mice and generation of primary macrophage cultures. C57BL/6
mice were obtained from the National Cancer Institute (Frederick, MD)
and were bred at the University of Pennsylvania. MyD88_/ -, TLR2™/~,
and TLR4 ™'~ (C57BL/6 background) mice were originally obtained from
Shizuo Akira and Douglas Golenbock and have been bred at the Univer-
sity of Pennsylvania since 2000. Primary bone marrow-derived macro-
phages were isolated from the hind limbs of 8- to 10-week-old mice.
Macrophages were seeded into 10-cm untreated dishes in DMEM supple-
mented with 10% FBS, 20% macrophage colony-stimulating factor (M-
CSF) derived from 1929 cells, sodium pyruvate, HEPES, and antibiotics.
Cells were harvested at 7 days, and 1 X 10° cells/well were seeded into a
6-well plate for infection assays.

JUNV Cl infection of mouse and human macrophages and treat-
ment with TLR agonists. Mouse macrophages were infected with JUNV
C1 at a multiplicity of infection (MOI) of 1, and after adsorption for 60
min at 37°C, unbound virus was washed off with phosphate-buffered
saline (PBS), and cells were maintained in DMEM supplemented with 5%
FBS. Cells were treated with the TLR agonists Pam3CSK4 (PAM)
(TLR1/2; 100 ng/ml), FSL-1 (TLR2/6; 100 ng/ml), R848 (TLR7; 1 p.g/ml),
lipopolysaccharide (LPS) (TLR4; 100 ng/ml), and the LPS antagonist
polymyxin B (50 pg/ml; Invivogen). THP-1 cells were differentiated into
macrophages by treatment with 200 wM phorbol-12-myristate acetate
(PMA; Sigma) for 24 h. Cells were washed with PBS, fresh RPMI medium
was added, and cells were incubated at 37°C for 72 h. Cells were then
infected with JUNV CI as described above for mouse macrophages.

Quantification of virus isolated from organs. Eight- to ten-week-old
mice were infected by intraperitoneal (i.p.) (1 X 10° PFU) or intracranial
(i.c.) (1 X 10* PFU) inoculation of JUNV CI; control mice received sham
inoculations. At 1 week postinfection, spleens and brains from the i.p. and
i.c. injected mice, respectively, were collected in PBS and homogenized by
Dounce homogenization with the plunger of a 1-ml syringe. The homog-
enate was clarified by centrifugation at 4°C, and the supernatants were
collected and stored at —70°C. Viral titers were quantified by plaque as-
says, as described previously (17). A portion of the homogenate was
treated with RNAlater (Ambion), and RNA from spleens and brain were
isolated by using an RNeasy kit (Qiagen) or TRIzol reagent (Ambion),
respectively, according to the manufacturers’ instructions.

RNA analysis. Total RNA isolated from cell lines and mouse organs
was reverse transcribed into cDNA by using the Quantitech reverse tran-
scription kit (Qiagen) according to the manufacturer’s specifications.
JUNV C1, IEN-B, and TNF-a RNAs were quantified by real-time quan-
titative PCR (RT-qPCR) using a 7800HT sequence detector system (Ap-
plied Biosystems). Specific primer pairs to detect the S segment of JUNV
C1 (5'-GGGGCAGTTCATTAGCTTCATGC-3" and 5'-CAAAGGTAGG
TCATGTGGATTGTTGG-3"), mouse IFN-B (5'-AAGAGTTACACTGC
CTTTGCCACT-3" and 5'-CACTGTCTGCTGGTGGAGTTCATC-3'),
mouse TNF-a (5'-GCCACCACGCTCTTCTGTCT-3" and 5'-GGTCTG
GGCCATAGAACTGATG-3'), and human TNF-a (5'-CCCAGGCAGT
CAGATCATCTTC-3" and 5'-GCTGGTATCTCTCAGCTCCA-3") were
used. All RNA quantifications were normalized to values for glyceralde-
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hyde-3-phosphate dehydrogenase (GAPDH) (5'-CCCCTTCATTGACC
TCAACTACA-3" and 5'-CGCTCCTGGAGGATGGTGAT-3"). For each
primer pair, a no-template control was included, and each sample was run
in triplicate. The Power Sybr green PCR kit (Applied Biosystems) was
used to perform all RT-qPCR amplifications. The amplification condi-
tions 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.

Measurement of anti-Junin virus in vivo CD8* T cell responses.
Eight- to ten-week-old mice were infected i.p. with 1 X 10° PFU of JUNV
C1 or with 2 X 10° PFU of LCMV (Armstrong). One week after infection
of mice, peripheral blood mononuclear cells (PBMCs) were obtained and
costained with allophycocyanin-conjugated anti-CD8 antibody (BD Bio-
sciences) and with NP, ,,,—phycoerythrin (PE)-labeled major histo-
compatibility complex (MHC) tetramers, kindly provided by Kate Mans-
field, Douglas Dolfi, and John Wherry. Cells were analyzed by using a
multicolor Calibur flow cytometer (BD Biosciences).

Antibody neutralization assay. Mice infected with JUNV C1 or
LCMYV were bled at 2 weeks postinfection, and serum was stored at —70°C
until use. 293T cells were seeded at 2.5 X 10* cells/well in a 96-well plate,
and 2.5 X 10> PFU of JUNV C1 was added to serial dilutions of the serum
(1 X10" " to 1 X 10~°). The serum-JUNV C1 mixture was added to cells,
and 2 days after infection, the cells were fixed for 10 min with 2% para-
formaldehyde, permeabilized in blocking buffer (PBS, 2% bovine serum
albumin [BSA], 0.1% Triton X-100), and stained for virus with a mono-
clonal antibody specific for Junin virus nucleoprotein (NP) (SA02-BG12;
BEI Resources), Alexa Fluor 488-coupled anti-mouse secondary antibody
(Invitrogen), and 4',6-diamidino-2-phenylindole (DAPI) (Sigma). The
plates were imaged with the 20X objective of an ImageXpress microscope
(Molecular Devices). Nine random images were acquired per well in both
the DAPI and 488-nm channels. The percentages of infection and DAPI-
positive cells were calculated by using automated image analysis software
(MetaXpress; Leica). In the absence of neutralizing serum, approximately
20% of the cells were infected; this proportion of infected cells was con-
sidered 100% infectivity. To determine the percent infection in the pres-
ence of neutralizing serum, the number of infected cells was divided by the
average number of infected cells from nine random fields infected in the
absence of neutralizing serum.

Western blot analysis. Protein extracts were prepared from primary
macrophages that had been previously treated with TLR agonists or in-
fected with JUNV C1 in the presence or absence of the MEK1/2 inhibitor
UO126 (10 pM 1 h prior to infection; Cell Signaling). RNA helicases were
detected by using rabbit polyclonal antibodies specific for RIG-I (catalog
number 4520; Cell Signaling) and MDAS5 (catalog number ALX-210-352-
R100; Enzo Life Sciences). Rabbit polyclonal antibodies were used to de-
tect total (catalog number sc-372; Santa Cruz Biotechnology) and phos-
phorylated (catalog number 3039; Cell Signaling) forms of NF-«B.
Different sets of antibodies were also used to detect total and phosphory-
lated forms of Erk1/2 (catalog numbers 9102 and 9106, respectively; Cell
Signaling).

ELISAs. Primary macrophages were treated with 10 uM the MEK1/2
inhibitor UO126 for 1 h. UO126-treated and untreated macrophages were
incubated with 100 ng/ml LPS or infected with JUNV C1 at an MOI of 1.
Cell supernatants were collected 6 h after infection with JUNV C1 or
treatment with LPS. TNF-a was quantified from the medium by using the
Quantikine enzyme-linked immunosorbent assay (ELISA) kit against
mouse TNF-a (R&D Systems), according to the manufacturer’s specifi-
cations.

Mouse brain sections and staining. Four-week-old mice (6 WT and 4
TLR2 ™/~ mice) were inoculated i.c. with JUNV C1 (1 X 10* PFU), and
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infection was allowed to progress for 1 week. Mice were sacrificed and
perfused twice, once with ice-cold PBS and then with 4% paraformalde-
hyde. The brains were dissected and fixed in 4% paraformaldehyde for 24
h. Five-micrometer brain sections were treated with 9.4% citrate-based
antigen unmasking solution (Vector Laboratories) and heated in a pres-
sure cooker at 120°C for 10 min. Excess unmasking solution was removed
by placing the samples under running water, followed by a 30-min incu-
bation in PBS-0.5% Triton X-100 to permeabilize the tissue, and the
slides were then incubated for 30 min in blocking solution (PBS, 0.5%
Tween 20, and 10% normal goat serum). Slides were incubated overnight
at 4°C in blocking solution containing monoclonal antibody NA05-AG12
(BEI Resources) to detect Junin virus NP together with an antibody spe-
cific for glial fibrillary protein (GFAP) (astroglia) (catalog number Z0334;
Dako), ionized calcium binding adaptor molecule 1 (Iba-1) (microglia)
(catalog number 019-19741; Wako), or neuronal nuclei (NeuN) (neu-
rons) (catalog number ABN78; Millipore) to distinguish different brain
cell types. After removal of the excess primary antibody with PBS-0.5%
Tween 20, brain tissue was incubated with antibodies against mouse and
rabbit antibodies labeled with the florescent markers Alexa 488 and Alexa
594, respectively. Coverslips were mounted onto the samples by using
Vectashield (Vector Laboratories), and samples were observed under a
fluorescence microscope (EFD-3; Nikon). For each brain, 10 sections at
15-pm intervals were stained with anti-Junin virus NP and either Iba-1,
GFAP, or NeuN (approximately 3 sections for each marker).

Statistical analyses. Statistical analyses were done by using Prism soft-
ware. Methods used to calculate P values are described in the figure leg-
ends.

RESULTS

TLR2 recognition of Junin virus GPC leads to activation of the
NF-kB and MAPK pathways. Previously, we showed that TLR2 is
important for the recognition of Junin virus by mouse macro-
phages and that these cells produced increased levels of TNF-a
and IFN-B in response to the viral GPC (17). TLR2 signals
through both the NF-kB and mitogen-activated protein kinase
(MAPK) pathways, leading to the activation of the transcription
factors NF-kB and AP-1, which are required for the expression of
cytokines such as TNF-a (18). We first investigated whether
JUNV Cl1 activated the NF-kB and MAPK pathways and if signal-
ing occurred exclusively through TLR2. To test NF-kB activation,
we incubated primary mouse macrophages with JUNV C1, and at
2 hpi, protein extracts were analyzed by Western blotting, using an
antibody specific for the activated phosphorylated form of NF-kB
(p65). In WT and TLR4 /" but not TLR2 ™/~ macrophages,
JUNV C1 caused NF-«kB phosphorylation, the TLR2 and TLR4
ligands PAM and LPS induced phosphorylation only in cells bear-
ing these receptors, and the LPS antagonist polymyxin B abro-
gated LPS- but not JUNV Cl-mediated phosphorylation of NF-
kB, demonstrating that the virus-mediated effect was not due to
LPS contamination (Fig. 1A). Western blot analysis for phosphor-
ylated Erk1/2 gave similar results: Erk1/2 became phosphorylated
in WT and TLR4 ™/~ but not in TLR2 ™/~ macrophages (Fig. 1B).
Erk1/2 phosphorylation was abrogated when cells were treated
with the MAPK inhibitor UO126 1 h prior to infection with JUNV
Cl (Fig. 1B).

We also examined the effect of UO126 on the TLR2-dependent
increase in IFN-B and TNF-a levels. UO126 completely blocked
the induction of TNF-« and IFN-B RNA (Fig. 1C and D) and
protein (Fig. 1E) production, most likely due to the lack of Erk1/2
phosphorylation and subsequent AP-1 activation (19). UO126
also blocked LPS-mediated Erk1/2 phosphorylation and TNF-o
and IFN-B production by WT and TLR2 /'~ cells (Fig. 1B to E).
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FIG 1 JUNV Cl-mediated activation of the NF-«kB and Erk1/2 pathways is dependent on TLR2 signaling. (A) Primary macrophages with deletions in TLR genes
were infected with JUNV C1 or treated with LPS, LPS plus polymyxin B (Pmx), or PAM, and at 2 hpi, protein lysates were prepared and analyzed by Western
blotting, using antibodies against total and phosphorylated (p-Ser486) NF-kB (p65). (B) Primary macrophages were treated with UO126 for 1 h, followed by
infection with JUNV C1 or LPS. At 2 hpi, cell extracts were analyzed for phosphorylated Erk1/2 by Western blotting. (C and D) At 2 hpi, RNA was isolated from
cells treated as indicated, and IFN-$ (C) and TNF-a (D) RNA levels were quantified by RT-qPCR. (E) Supernatants from the same cells were used to quantify
TNF-a levels by ELISA. The bar graphs represent the averages and standard deviations from three technical replicates. These experiments were performed twice,

with similar results.

Together, these data suggest that JUNV Cl activates both NF-kB
and MAPK pathways via TLR2.

We showed previously that expression of the RNA helicases
RIG-I and MDAS5 was upregulated by JUNV C1 independent of
virus replication (17). To determine if this upregulation was a
secondary effect of TLR2-mediated cytokine production, we ex-
amined the levels of these RNA helicases in primary macrophages

after infection with JUNV Cl1 for 2 and 24 h. At 2 hpi, low-level
induction of RIG-1 and MDAS5 was detected (Fig. 2A), while at 24
hpi, there were increased expression levels of both RNA helicases
in WT and TLR4 ™/~ macrophages (Fig. 2B). However, RIG-I in-
duction was not observed in TLR2 ™/~ macrophages, and MDA5
showed only slight upregulation compared to WT or TLR4 ™/~
macrophages (Fig. 2B). The TLR2 and TLR4 ligands PAM and LPS
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FIG 2 Upregulation of RIG-I and MDAS5 expression by JUNV C1 is TLR2 dependent. RIG-I and MDA?5 levels were analyzed by Western blotting of extracts from
primary macrophages infected with JUNV C1 or treated with LPS, LPS plus polymyxin, or PAM. (A) Primary macrophages derived from wild-type mice were
infected with JUNV Cl1, and at 2 hpi, protein lysates were analyzed by Western blotting, using antibodies against RIG-I and MDAS5. (B) JUNV Cl-infected
macrophages derived from wild-type, TLR2™/~, and TLR4 ™/~ mice were harvested at 24 hpi, and the proteins were analyzed by Western blotting with antibodies
against RIG-I and MDAGS. A cellular protein that is detected nonspecifically by the MDAS5 antibody was used as a loading control. Shown below the lanes are the
relative levels of protein in each sample relative to levels in mock-treated cells. Quantification of RIG-Iand MDAD5 levels was done by using Image] software. These
experiments were done twice, with similar results.
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FIG 3 Mouse macrophages sense Junin virus GPC through TLR2/6 heterodimers. (A to E) Mouse macrophage cell lines with deletions in different TLR genes
were infected with JUNV C1 or treated with various TLR agonists (A to C) or infected with VSV pseudotypes bearing JUNV C1 GPC, Parodi GPC, or no GPC
(Bald) (D and E). At 2 hpi, RNA was isolated, and IFN-f3 (A and D) and TNF-a (B and E) levels were quantified by RT-qPCR. At 6 hpi, medium from infected
cells was collected and TNF-a levels were quantified by ELISA (C). The bar graphs represent the averages and standard deviations from three technical replicates.
These experiments were performed three times independently, with similar results. (F) THP-1 human monocytes treated with PMA to induce macrophage
differentiation were infected with JUNV C1. At 2 hpi, TNF-a RNA levels were quantified by RT-qPCR. Shown are data from duplicate experiments performed
in triplicate under each condition. (G) PMA-differentiated macrophages were infected with VSV pseudotypes bearing JUNV C1 GPC, Parodi GPC, or no GPC,
and TNF-a RNA levels were measured at 2 hpi. Each bar represents the average and standard deviation of data from an experiment performed in triplicate.

induced upregulation of RIG-I and MDA5 only in cells bearing
these receptors. We also incubated macrophages with JUNV C1
and LPS in the presence of polymyxin B; only LPS- and not JUNV
Cl-mediated activation of RNA helicases was abrogated by poly-
myxin B. These data suggest that the increased cytokine levels
produced as a result of TLR2 activation were required for initial
induction of RIG-I and MDA5 expression.

Junin virus is recognized by TLR2/6 heterodimers. TLR2
forms homo- and heterodimers with TLR1 and TLR6 and is able
to discriminate between different pathogen-associated molecular
patterns depending upon such associations. For instance, TLR1/2
heterodimers sense triacylated lipopeptides, while TLR2/6 com-
plexes recognize diacylated lipopeptides (20, 21). To determine
whether TLR2 heterodimerizes with TLR1 or TLR6 to sense Junin
virus, we incubated WT or knockout mouse macrophage cell lines
(TLR1, -2, -6, or -7) with JUNV CI and quantified TNF-« and
IFN-B RNA levels by RT-qPCR (Fig. 3A and B) and TNF-a pro-
tein levels by ELISA (Fig. 3C). JUNV CI induced TNF-a expres-
sion/release in TLR1 ™/~ but not TLR6 '~ macrophage cells (Fig.
3A and C). IFN-3 RNA expression was also induced by JUNV C1
in TLR1 /™ but not TLR6 '~ cells (Fig. 3B). Polymyxin B treat-
ment abrogated the LPS response but did not affect JUNV Cl1-
mediated cytokine induction. As controls, we treated macro-
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phages with PAM and FSL-1, which are ligands for TLR1/2 and
TLR2/6, respectively. As expected, TLR6 '~ macrophages were
activated only by PAM and not by FSL-1 (Fig. 3A and C), and
IEN-B production was highly induced by FSL-1 in TLR1 /"~ mac-
rophages (Fig. 3B). However, there was low-level induction of
TNF-a in TLR1 /™ cells treated with PAM, which is likely due to
TLR2 homodimer formation (according to the manufacturer’s
specification sheet). TLR2 /" cells did not respond to JUNV C1 or
to the ligands PAM and FSL-1 (Fig. 3A to C).

JUNV C1 has a single-stranded RNA genome and could poten-
tially activate cytokine production via the single-strand RNA sen-
sor TLR7. TNF-a and IEN-B RNA levels produced by TLR7 '~
cells in response to JUNV C1 were similar to those produced by
WT macrophages; these cells did not respond to the TLR7 ligand
R848 (Fig. 3A and B). Although the amount of TNF-a protein in
the medium was almost 10 times lower than that that in WT cells,
this was also the case for TLR7 '~ cells treated with PAM and
FSL-1, indicating a general lower-level response to TLR2 ligands
by this cell line (Fig. 3C). These results suggest that TLR2 and
TLR6 form a complex that senses Junin virus in mouse macro-
phages and that JUNV Cl is not recognized by TLR7.

The JUNV CI (attenuated) and Parodi (pathogenic) GPCs dif-
fer by 6 amino acids (22). We showed previously that the 2 GPCs

jviasm.org 7707


http://jvi.asm.org

Cuevas and Ross

had the same effect on TLR2-mediated induction of cytokines
(17). To confirm that both GPCs were sensed by TLR2/TLR6 het-
erodimers, we also infected the macrophage lines with Junin virus
GPC-VSV pseudotypes. Similar to replication-competent JUNV
C1, the Parodi GPC pseudotypes showed no induction of IFN-3
and TNF-a in TLR2™'™ or TLR6 '™ cells, and levels of cytokine
production induced by JUNV C1 and Parodi pseudotypes were
similar in wild-type and TLR1 = macrophages (Fig. 3D and E).
These results show that the JUNV C1 vaccine and Parodi patho-
genic GPCs are sensed by TLR2/6 heterodimers and that both
GPCs elicit the same cytokine response.

We also tested whether JUNV C1 or GPC pseudotypes would
elicit a similar cytokine response in human macrophages. THP-1
cells were differentiated to macrophages with PMA, cultured for
72 h in medium without PMA, and then infected with JUNV C1
(MOI = 1). At 2 hpi, TNF-a RNA levels were quantified by RT-
qPCR. Similar to mouse macrophages, JUNV C1 induced TNF-a
RNA expression in human macrophages (Fig. 3F). We also in-
fected human macrophages with VSV pseudotypes bearing the
GPCs of the vaccine and pathogenic strains. Both GPCs induced
TNF-a expression to the same extent, while bald virions had no
effect (Fig. 3G). Thus, human and mouse macrophages respond
similarly to the GPCs of both the pathogenic and vaccine strains of
Junin virus.

TLR2™'~ mice do not clear systemic JUNV Cl1 as rapidly as
WT mice. Previous studies have shown that IFN-o/B/yR ™/~ mice
are more susceptible to Junin virus-associated pathogenesis than
WT mice (23), although the mechanism behind this defect is not
known. To determine whether the lack of JUNV C1/TLR2-medi-
ated cytokine production in TLR2 knockout mice affects the abil-
ity of mice to clear virus, we injected mice i.p. with 1 X 10° PFU of
JUNV CI and analyzed viral RNA levels from spleens at 3, 7, 10,
and 14 days postinfection (dpi). The TLR2 ™'~ mice cleared infec-
tion more slowly than did the wild-type mice, and by 14 dpi, they
still had significantly higher virus loads (Fig. 4A). We further ex-
amined the levels of JUNV Cl1 at the 7-dpi time point with addi-
tional mice; at this time point, viral RNA levels were 3 to 4 times
higher in TLR2™/~ mice than in WT mice (Fig. 4B), and the titers
were 2 logs higher in TLR2™'~ mice than in WT mice (Fig. 4C).
This was not due to an inability of JUNV C1 to replicate in WT
cells, since the kinetics of infection in WT and TLR2 ™/~ macro-
phage cell lines were similar (Fig. 4D). These results showed that
the initial TLR2-mediated innate immune response affected
JUNV C1 replication in vivo but not in vitro.

TLR2 signaling is important for CD8”" T cell but not humoral
responses to JUNV C1. It is well established that innate immune
responses influence subsequent adaptive immune responses to
viruses. Thus, the higher infection levels in the TLR2 knockout
mice could be due to weaker T cell or humoral responses resulting
from the lack of initial cytokine induction. We next tested whether
mice infected with JUNV Cl1 established an antiviral CD8" T cell
response and if this response was diminished in TLR2™'~ mice.
Proliferation of CD8" T cells specific to the peptide spanning
residues 205t0 212 of LCMV NP (NP,¢s ,;,) (YTVKYPNL) can be
detected 1 week after infection of C57BL/6 mice (24). Comparison
of the genome sequences of LCMV and Junin virus showed that
the viruses share the same amino acid residues in their NPs. We
infected mice i.p. with 1 X 10° or 2 X 10° PFU of JUNV Cl1 or
LCMV, respectively, and at 7 dpi, CD8" T lymphocytes isolated
from peripheral blood were stained with NP,q; ,,, tetramers.
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While infection of WT or TLR4 ™/~ mice caused a 9-fold increase
in the average percentage (Fig. 5A) or number (Fig. 5B) of CD8™"
T cells/ml, in TLR2™/~ mice, JUNV CI induced a more modest
2.5-fold increase in the average percentage of NP,,; ,,,-specific
cells.

We next determined if the humoral immune response was also
dependent on TLR2 signaling. Sera were harvested from mice that
had been infected with JUNV C1 for 2 weeks, and serial dilutions
of the sera were tested for their ability to block JUNV C1 infection
of Vero cells. There were no differences in the neutralizing anti-
body titers of wild-type (Fig. 5C), TLR2'~ (Fig. 5D), and
TLR4 ™/~ (data not shown) mice. These results suggest that al-
though TLR2 activation is necessary for the activation of CD8" T
cells, the antibody response against JUNV C1 does not require this
pathway.

Microglia and astrocytes are infected by JUNV C1 in vivo. In
addition to causing hemorrhagic fever, Junin virus can reach the
central nervous system in animal models and may cause neuro-
logical manifestations in humans (25, 26). Moreover, JUNV C1
was generated by extensive passaging in newborn mouse brain
(27). Previous studies have shown that after intracranial inocula-
tion with the pathogenic Junin virus Gar strain in mice, neurons
and astrocytes not only become infected but also shed viral parti-
cles (27, 28). In addition, other studies have demonstrated that
Junin virus can activate the expression of inducible nitric oxide
synthase (iNOS) in astrocytes (29). To determine which cell type
was infected by JUNV Cl1 in vivo, we performed intracranial inoc-
ulations in mice. One week after infection, brain sections were
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costained with anti-NP, and anti-Iba-1, anti-GFAP, and anti-
NeuN antibodies, to distinguish between microglia, astrocytes,
and neurons, respectively. We found that both microglia (Fig. 6A)
and astrocytes (Fig. 6C) were infected but that no NeuN-positive
cells were stained with anti-Junin virus NP antibody (Fig. 6E).
Similar results were observed for astrocytes and microglia cells in
JUNV Cl-infected TLR2 /™ mice (data not shown).

TLR2isrequired for cytokine induction in brain but does not
affect JUNV C1 infection. Junin virus infection in humans often
results in neuropathology (26), and a recent study suggested that
even JUNV C1 induces pathological changes when injected in-
tracranially into newborn mice (30). First, we assessed whether
microglia cells, the resident macrophages of the brain, had a sim-
ilar cytokine induction response to that of JUNV Cl. Since a
TLR2 ™/~ microglia cell line was unavailable, we tested JUNV C1
cytokine induction in cells lacking the downstream adapter mol-
ecules Mal and MyD88. We quantified IFN-B (Fig. 7A) and
TNF-a (Fig. 7B) RNA levels in microglia cell lines incubated with
JUNV C1. Similar to what was seen with macrophages, JUNV C1
incubation led to increased expression levels of both IFN-3 and
TNF-« in WT but not in Mal/MyD88 '~ microglia cells. These
data suggest that in the context of JUNV C1 infection, microglia
behave similarly to macrophages and could be targets for Junin
virus infection in the brain.

We next monitored the kinetics of JUNV C1 infection in the
brain. Mice received intracranial inoculations of JUNV C1, and at
3,5,7, 10, and 14 dpi, the brains were analyzed for viral RNA and
titers. Viral titers at 7 dpi were about 1 order of magnitude higher
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than the titers at 3 dpi, suggesting active viral replication (Fig. 7C).
By 10 dpi, the average titer was 2 orders of magnitude lower than
that at 7 dpi, and by 14 dpi, no viral particles were detected
(Fig. 7C).

We next examined the innate immune response in the brain in
response to infection and whether, as in the periphery, TLR2 ™/~
mice were defective in their ability to clear JUNV C1. WT and
TLR2 /™ adult mice were inoculated intracranially, and at 5and 7
dpi, RNA isolated from their brains was analyzed for viral and
cytokine RNAs by RT-qPCR. As we saw in the periphery, IFN-3
(Fig. 7D) and TNF-« (Fig. 7E) RNAs were induced to higher levels
in WT than in TLR2 ™/~ mice, demonstrating that there is also an
innate immune response to virus in the brain that depends on
TLR2. JUNV C1 was also detected in the brains of both WT and
TLR2™/~ mice at 5 dpi (Fig. 7F), although in contrast to what was
seen with peripheral infection, there was no significant difference
in levels of infection between WT and TLR2 ™/~ mice.
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DISCUSSION

Here we report that the New World arenavirus Junin virus is
sensed by the TLR2/TLR6 complex in macrophages, resulting in
the early activation of innate immune responses prior to the onset
of virus replication. While other viruses, such as respiratory syn-
cytial virus (31) and hepatitis C virus (32), activate Toll-like re-
ceptor signaling via the TLR2/6 heterodimer complex, previous
studies with the Old World arenavirus LCMV identified TLR2 but
not the particular heterodimer required for activation (33). Im-
portantly, we demonstrate that both attenuated JUNV C1 and
pathogenic Parodi GPCs induce TLR2-mediated signaling, dem-
onstrating that this response is not due to the amino acid changes
in GPC that occurred during attenuation. Additionally, we show
that JUNV C1 induced TNF-a expression in a human macro-
phage cell line, demonstrating that human and mouse cells re-
spond similarly.
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The transcription factors NF-kB and AP-1 both need to become
activated for the transcription of cytokines such as TNF-o. Upon
JUNV Cl-mediated stimulation, TLR2/6 initiates a MyD88-depen-
dent signaling cascade thatleads to the activation of the TAB2-TAK1-
IkB kinase (IKK) complex; this complex is responsible for IkB phos-
phorylation and targeting it for degradation, thereby allowing
translocation of NF-kB into the nucleus. TAK1 is also involved in the
phosphorylation of the MAPK pathway that leads to AP-1 activation
and triggering of downstream gene transcription. Here we showed
that JUNV C1 induced the phosphorylation of both NF-kB and the
Erk1/2 kinase complex upstream of AP-1 shortly after infection and
that this was abrogated in TLR2™/~ macrophages. Moreover, when
we treated cells with the selective MEK1/2 inhibitor UO126, it
blocked JUNV Cl-mediated phosphorylation of Erk1/2 and the pro-
duction of TNF-a and IFN-@ in WT macrophages (Fig. 1C to E).

We also showed that upregulation of the RIG-I and MDA5
RNA helicases depends on TLR2 signaling. Previously, we, as well
as others, showed that levels of both RNA sensors were increased
in macrophages infected with JUNV C1 (12, 17). However,
whether this was the result of direct sensing of incoming viral RNA
or the result of TLR2-mediated signaling was not known. It has
been reported that there is a positive-feedback loop that activates
both RIG-I and MDAS5 transcription upon stimulation with IFN-
o/B that is initially induced when the RNA helicases come into
contact with viral RNA (34, 35). Indeed, a recent study by Huang
et al. suggested that Junin virus-mediated activation of IFN-a ex-
pression and RIG-I RNA requires RIG-I signaling (12); it has also
been suggested that the H5N1 strain of influenza virus (36) and
the DV1 strain of dengue virus (37) upregulate RIG-I and MDA5
RNA levels in a RIG-I-dependent manner in human macrophages
and hepatocytes, respectively. However, here we demonstrate that
the increased expression levels of RIG-I and MDAS5 result from the
cytokine response triggered by Junin virus-mediated stimulation
of TLR2 rather than by direct interaction with the RNA helicases,
at least at the initial stages of infection. This suggests that when
Junin virus is sensed by TLR2, the cytokines have an autocrine/
paracrine effect on the infected cells, leading to the synthesis of
RIG-Iand MDAS. This in turn would activate the feedback loop in
infected cells and explain why Junin virus encodes proteins that
inactivate RIG-I in infected cells (38, 39).

Several studies have suggested that pathogenic Junin virus
blocks innate immune responses (38—40). Moreover, Groseth and
colleagues demonstrated previously that pathogenic Junin virus
did not induce an innate immune response in human macro-
phages. However, their study examined cytokine induction at 4
days postinfection and likely depended on viral replication (41),
unlike the responses detected here, which, as we previously
showed, are initiated by initial virion contact with cells (17). We
also showed previously that while JUNV Cl1 replicates in mouse
macrophages, which is similar to what was seen by Groseth et al.
for human macrophages, the cytokine response was not detected
after 24 h, perhaps due to the ability of JUNV CI to block innate
immune responses. Indeed, both Z and NP of New World arena-
viruses have been implicated in the blocking of innate immune
responses (38, 40). Since the sequences of the NP and Z genes of
JUNV C1 are identical to those of pathogenic Junin virus strains
(8, 22, 42), the vaccine strain is likely to also block cytokine re-
sponses after the initiation of virus replication. The results pre-
sented here thus suggest that early IFN induction via TLR2 signal-
ing by either pathogenic Junin virus or the vaccine strain, but not
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an ongoing innate immune response, is important for shaping the
subsequent adaptive immune response. Interestingly, mice lack-
ing type I and type II IEN receptors succumb to pathogenic Junin
virus infection for unknown reasons, although mouse embryonic
fibroblasts derived from these mice are no more infected than WT
cells ex vivo (23). These results agree with studies showing that
both JUNV Cl1 and pathogenic Junin virus are resistant to the
antiviral effects of type I and type II IFNs in cultured cells (12).
Since Junin virus suppresses postreplication but not initial TLR2-
mediated innate responses, our data suggest that the pathogenesis
and inability to control viral replication in IEN receptor (IFNR)-
null mice may be the result of decreased adaptive immune re-
sponses rather than direct effects of the innate immune response
on the virus.

The adaptive response to Junin virus has not been well charac-
terized. However, the Old World arenavirus LCMV has been
extensively used to delineate the immune response against viral
infections in mice. Throughout the first week of infection, LCMV-
specific CD8™ T cells proliferate vigorously; this response peaks at
around 8 days postinfection (43, 44). This population of CD8" T
cells is made up of subsets of cells that recognize distinct peptide
epitopes derived mainly from viral GPC and NP and that exhibit
strong cytotoxic activity against infected cells (45, 46). We saw a
similar induction of Junin virus-specific CD8" T cells at 7 days
after infection with JUNV Cl, suggesting that there are kinetic
similarities in the antiviral responses to both Old and New World
arenaviruses in mice.

Our results suggest that a strong innate immune response is
required for the induction of the adaptive immune response nec-
essary to clear JUNV Cl, since in the absence of TLR2, there was a
decreased virus-specific CD8™ T cell responses and increased sys-
temic infection (Fig. 5C). These findings are supported by several
studies that have demonstrated the importance of type I IFNs in
activating virus-specific CD8" T cell responses and clearance of
LCMYV infection. In acute LCMV infections, the innate immune
response is necessary for virus control. LCMV can induce sentinel
cells to secrete IFN-a and IFN-B (47), which are associated with
the upregulation of interferon-stimulated genes capable of con-
straining LCMV replication, such as ISG15 (48) and viperin (49).
LCMYV also activates sentinel cells, such as DCs, via IFN-o and
IFN-B (50); these DCs then serve as LCMV antigen-presenting
cells (APCs) that produce cytokines that activate LCMV-specific
CD8™ T cells directly, without the participation of helper CD4* T
cells (51). Our results also suggest that JUNV Cl is able to stimu-
late sentinel cells, which in turn could serve as APCs to activate
virus-specific CD8" T cells. It has also been shown that LCMV
induces the production of various chemokines in a TLR2-MyD88/
Mal-dependent manner and that this activation is linked to an
antiviral response (52). Our results also suggest that in the absence
of TLR2, sentinel cells do not produce cytokines that activate the
Junin virus-specific CD8* T cells important for virus clearance.

In contrast, the antibody response to JUNV C1 was not depen-
dent on TLR2 signaling, since sera from infected WT or TLR2 '~
mice equivalently neutralized infection (Fig. 6). Although there
have been numerous reports indicating that TLR signaling plays a
role in antibody production (53-55), it is also known that in the
presence of an adjuvant, B cells become active and secrete anti-
bodies through a TLR-independent mechanism (56) and that
LCMV-induced B cells have a robust antibody response through a
MyD88-independent mechanism that is probably aided by helper
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CD4" T cells (57). Indeed, although TLR2 ™/~ mice had delayed
virus clearance, they were able to control infection, most likely due
to the humoral antibody response. These data may recapitulate
what occurs in humans during Junin virus infection, where the
humoral response is most important for virus clearance. Since the
in vivo studies reported here were all done with attenuated JUNV
Cl1, further experiments are required to determine the role of
TLR2 in host innate and adaptive immune responses to patho-
genic Junin virus in mice.

Because of the neuropathology associated with Junin virus in-
fection, we also investigated whether TLR2-mediated cytokine
signaling had an effect on the brain. We showed that JUNV C1
replicates in the brain and that it infects astroglia and microglia
(Fig. 6A and C). Interestingly, although JUNV CI1 induced higher
cytokine levels in WT mice, unlike the periphery, infection in the
brain was not reduced compared to that in TLR2™/~ mice. The
higher cytokine levels seen in WT mice could play a role in neu-
ropathogenesis; studies to determine this are currently in progress
in our laboratory. Although both pathogenic Parodiand JUNV C1
GPCs induced TLR2 responses in human and mouse macro-
phages similar to those induced by JUNV C1, we cannot rule out
that JUNV C1, which was attenuated from a pathogenic strain of
Junin virus by extensive passage in mouse brains (22), is an
adapted virus that induces TLR2-mediated signaling in this tissue;
studies to address this are ongoing.

In summary, we showed that macrophages sense JUNV C1
through TLR2/6 heterodimers and that this initiates signaling cas-
cades leading to increased transcription levels of IFN-f and
TNEF-a. Secretion of these cytokines likely results in autocrine/
paracrine responses, leading to the production of RNA helicases in
infected as well as neighboring cells. In addition, IFN-B and
TNF-a likely play a role in activating Junin virus-specific CD8* T
cells that have come into contact with viral antigens on APCs and
help reduce virus loads. We are currently working on understand-
ing the different pathways involved in JUNV C1 infection and
what role the inflammatory response against the virus plays in
central nervous system infection. Such studies should provide in-
sights into the different pathologies caused by systemic versus
neurologic Junin virus infection.
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