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The prototypic arenavirus lymphocytic choriomeningitis virus (LCMYV) is a formidable battle horse for the
study of viral immunology, as well as viral persistence and associated diseases. Investigations with LCMV have
uncovered basic mechanisms by which viruses avoid elimination by the host adaptive immune response. In this
study we show that LCMYV also disables the host innate defense by interfering with beta interferon (IFN-f3)
production in response to different stimuli, including infection with Sendai virus and liposome-mediated DNA
transfection. Inhibition of IFN production in LCMV-infected cells was caused by an early block in the IFN
regulatory factor 3 (IRF-3) activation pathway. This defect was restored in cells cured of LCMYV, indicating that
one or more LCMYV products are responsible for the inhibition of IRF-3 activation. Using expression plasmids
encoding individual LCMV proteins, we found that expression of the LCMV nucleoprotein (NP) was sufficient
to inhibit both IFN production and nuclear translocation of IRF-3. To our knowledge, this is the first evidence
of an IFN-counteracting viral protein in the Arenaviridae family. Inhibition of IFN production by the arenavirus
NP is likely to be a determinant of virulence in vivo.

Arenaviruses merit significant attention both as tractable
model systems to study acute and persistent viral infections
(28, 51) and as clinically important human pathogens, includ-
ing several causative agents of severe hemorrhagic fever,
chiefly Lassa fever virus (LFV) (8, 14). In addition, the proto-
typic arenavirus lymphocytic choriomeningitis virus (LCMV)
has proven to be a Rosetta stone in the fields of viral immu-
nology and pathogenesis (28, 51).

LCMV is an enveloped virus with a bisegmented RNA ge-
nome (8, 25). Each segment, designated L (ca 7.2 kb) and S (ca
3.4 kb), expresses two viral gene products using an ambisense
coding strategy. The S RNA directs the synthesis of the nu-
cleoprotein NP and the glycoprotein precursor GPC. The NP,
the most abundant viral protein, encapsidates viral genomes
and antigenomic replicative intermediates. GPC is posttrans-
lationally cleaved by the cellular subtilase S1P into mature viral
glycoproteins, GP-1 and GP-2 (5, 34). Noncovalently associ-
ated GP-1/GP-2 complexes make up the spikes on the virion
envelope and mediate virus interaction with the host cell re-
ceptor (20). The L segment codes for the virus RNA-depen-
dent RNA polymerase (L) and a small (11-kDa) RING finger
protein called Z that functions as the arenavirus counterpart of
the matrix protein found in many negative-strand RNA viruses
(32, 42). Additional roles of Z in the arenavirus life cycle have
been proposed on the basis of its interaction with several host
cell proteins (8, 25) and its ability to inhibit RNA synthesis
mediated by the virus polymerase (17, 25).

The mechanisms underlying arenavirus hemorrhagic fever
disease are not understood. Individuals succumbing to LF gen-
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erate only minimal or no anti-LFV immune response, while
those recovering from LF disease show evidence of both T-
and B-cell responses against LFV (18, 24). Histological exam-
ination of tissues from LF patients shows minimal cellular
damage and only very modest immune cell infiltrates (44).
These findings suggest that the host’s inability to mount an
effective antiviral immune response contributes to LFV mor-
bidity and lethality. Accordingly, the extent of viremia is a good
predictor for the outcome of LFV infection (18).

The adaptive immune response provides the host with a
robust and long-term antiviral defense, but it does not reach
full efficacy for days or weeks. In contrast, the host innate
response is elicited very rapidly upon infection and provides
the host with early protection and critically influences the sub-
sequent adaptive immune response (4). The balance between
the quality and magnitude of the host innate immune re-
sponses and the corresponding viral counteracting activities
often influences viral pathogenicity. Type I interferons (IFNs)
play key roles in both the innate and adaptive immune re-
sponse of the host against viral infections (7). Expression of
type I IFN is controlled by latent transcription factors includ-
ing the IFN regulatory factor 3 (IRF-3). Upon activation via
cellular “sensors,” such as Toll-like receptors or cytoplasmic
RNA helicases (49), IRF-3 becomes phosphorylated and un-
dergoes homodimerization and nuclear translocation (38).
Once in the nucleus, IRF-3 interacts with IRF-3-responsive
promoters and the transcriptional coactivator histone acetyl-
transferase CBP/p300, leading to the transcription of IRF-
responsive genes, and together with NF-kB and AP-1, IRF-3
also promotes transcription of beta IFN (IFN-B). The mecha-
nisms by which viruses activate the IkB kinases and TANK-
binding kinase 1 that activate IRF-3 are little understood, but
double-stranded RNA (dsRNA) generated during viral infec-
tion is thought to be one of the main elements responsible for
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the transcriptional induction of type I IFNs. Recently, the
cytoplasmic RNA helicases retinoic acid inducible gene I
(RIG-I) and melanome differentiation-associated gene 5 have
been proposed to bind to viral dSRNA, resulting in activation
of the IRF-3 kinases. Binding of RIG-I to dsRNA stimulates
its ATPase/helicase activity, resulting in exposure of its N-
terminal caspase recruitment domain (CARD), which recruits
other cellular factors including IPS-1, also known as VISA,
CARDIF, and MAVS (mitochondrial antiviral signaling pro-
tein) (19, 26, 39, 47), thus leading to the activation of the IRF-3
kinases and production of IFN-«/B. Secreted IFN-B binds to its
cell surface receptor and activates the JAK/STAT signaling
pathway, leading to transcription activation of IFN-stimulated
genes (ISGs), including those with antiviral activities like PKR
and Mx. Many viruses have developed mechanisms that antag-
onize the IFN response by inhibiting IFN induction, its signal-
ing, or both (46). Here we show that LCMV NP blocks the
nuclear translocation and transcriptional activity of IRF-3,
which results in a robust inhibition of type I IFN production.
This IFN-counteracting activity of the arenavirus NP may con-
tribute to the failure of the host innate antiviral response to
control the multiplication of pathogenic arenaviruses.

MATERIALS AND METHODS

Cells and viruses. BHK-21, 293T, and Vero cells were maintained in Dulbecco
modified Eagle medium supplemented with 10% fetal bovine serum and peni-
cillin/streptomycin. A549 cells and A549/LCMV-Pi cells (A549 cells persistently
infected with LCMV) were maintained in Dulbecco modified Eagle medium with
10% fetal bovine serum and penicillin/streptomycin. LCMV titers were deter-
mined by plaque assay on Vero cells as described previously (10). Sendai virus
(SeV) and Newcastle disease virus (NDV) expressing green fluorescent protein
(GFP) (NDV-GFP) were grown in 10-day-old embryonated eggs (3, 31). Vesic-
ular stomatitis virus (VSV) expressing GFP (VSV-GFP) was grown in BHK-21
cells (41).

Plasmids. pHISG54-GFP/CAT, pIFNB-GFP/CAT, pHISG54-RFP/CAT, and
pIFNB-RFP/CAT express the green fluorescent protein or the monomeric red
fluorescence protein (RFP) cDNA (9) fused to chloramphenicol acetyltrans-
ferase (CAT) under the control of the interferon-stimulated gene 54 (ISG54) or
IFN-B promoters. These plasmids were made by introducing the GFP or RFP
open reading frame upstream of the CAT open reading frame in pHISG54-CAT
(6) or pIFNB-CAT (45). p5S5C1B-FF has been described previously (48). Plas-
mids pC-L, pC-NP, pC-Z, and pC-GP expressing the polymerase (L), nucleo-
protein (NP), Z and glycoprotein (GP) of LCMV-ARM, respectively, have been
described previously (32). pEGFP-C1-hIRF3 and pCAGGs firefly luciferase
expression plasmid have been described previously (2). pC-IRF3(DN) expresses
a dominant-negative form of IRF-3 (AN IRF-3) corresponding to an N-terminal
truncation of 133 residues that was generated by PCR using as a template
pCAGGs IRF-3 (2). Plasmids expressing influenza A/PR/8/34 virus NS1 (3) and
Nipah virus W (31) have been described previously.

Persistent infection of A549 cells with LCMV and ribavirin treatment. To
generate AS49/LCMV-Pi cells, we infected A549 cells with LCMV-ARM (mul-
tiplicity of infection [MOI] of 0.1). At 72 h postinfection (p.i.), we subcultured
the cells to generate A549/LCMV-Pi pl. After two additional passages, A549/
LCMV-Pi p3 contained a majority of cells that expressed viral antigens (>95%),
as determined by immunofluorescence (IF), and harbored infectious virus
(>90%), as determined by infectious center assay (11). A549/LCMV-Pi cells
were cured of LCMV infection by treatment with ribavirin (RB) as described
previously (10, 36).

Quantitative reverse transcription-PCR (qRT-PCR) analysis. RNA was iso-
lated from A549 cells or A549/LCMV-Pi cells by TRIzol following the manu-
facturer’s conditions (Invitrogen) at 24 h postinfection or post-IFN treatment.
RNA (100 ng) was used to measure mRNA levels of MxA, IFN-B, IFI56, and
actin by using specific primers (see the legend to Fig. 2) and SYBR green in an
ABI7900 HT instrument as described previously (50).

Immunofluorescence. SeV-infected cells were fixed in 2.5% formaldehyde and
permeabilized with 0.1% NP-40. Cells were incubated with SeV monoclonal
antibodies 11F3 and S5F5 (1 pg/ml) (gift from C. Lopez) for 1 h, followed by
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FIG. 1. Induction of type I IFN is inhibited in A549/LCMV-Pi cells.
(A) Persistence of LCMV in A549 cells. A549 cells were infected with
LCMV (MOI of 0.1), and 72 h later, cells were subcultured to establish a
persistently infected line (A549/LCMV-Pi). (i) Numbers of cells express-
ing viral antigen and harboring infectious virus in A549/LCMV-Pi cells
were assessed by IF and infectious center assay, respectively. The percent-
age of infectious centers (IC) was determined as described previously
(11). (ii) Levels of viral RNA were determined by Northern blotting using
a NP probe to detect S RNA (replication) and NP mRNA (transcription).
MB, methylene blue staining of the membrane to detect 28S rRNA.
(B) A549 or AS49/LCMV-Pi cells were mock transfected (Tx —) or
transfected (Tx +) with 2 pg of empty pC plasmid (2, 32). Twenty-four
hours posttransfection, cells were infected with NDV-GFP (MOI of 2)
(+), and at 24 h p.i., GFP expression was assessed. For a control, A549
cells were treated with 500 IU/ml of human IFN-B (hulFNB) (+).
(C) Vero cells treated (12 h) with TCS from A549 cells or A549/LCMV-Pi
cells that had been mock transfected or transfected with empty plasmid.
Treated Vero cells were infected with VSV expressing GFP (MOI of 1).
TCS from A549 cells treated with human IFN- were used as controls.
Dilut, dilutions. (D) Cells cured of LCMYV infection restored their ability
to produce type I IFN in response to LF-mediated DNA transfection. (i)
Characterization of cells cured of LCMV infection by RB treatment. Ag
+, antigen positive. (ii) A549, A549/LCMV-Pi, and RB-treated A549/
LCMV-Pi were mock transfected or transfected with empty plasmid.
Sixteen hours after transfection, cells were infected with NDV-GFP (MOI
of 2), and GFP expression was determined at 24 h p.i. UNF, uninfected.

incubation with a fluorescein isothiocyanate (FITC)-conjugated anti-mouse an-
tibody (DAKO Laboratories) (1:100 in 1% bovine serum albumin) for 30 min.
Detection of LCMYV antigens by IF was done using a guinea pig serum to LCMV
as described previously (7). Samples were mounted using Mowiol and analyzed
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FIG. 2. SeV-mediated activation of an ISRE promoter, as well as
induction of IFN and ISGs, but not the IFN-B induced antiviral state,
are inhibited in A549/LCMV-Pi cells. (A) A549 and A549/LCMV-Pi
cells were transfected with 1 pg of the ISRE-CAT reporter plasmid
(+). After transfection, cells were mock infected (—) or infected with
SeV (+). Twenty-four hours later, cell lysates were prepared for CAT
assays. (B, C) A549, A549/LCMV-Pi, and RB-cured A549/LCMV-Pi
cells were mock infected (—) or infected with SeV (+). At 24 h p.i.,
total RNA was isolated and quantitative RT-PCR was performed by
using specific primers (shown below) to determine the levels of IFN-B
mRNA (B), as well as MxA, IFI56K, and RIG-I mRNA (C). (D) Per-
sistence of LCMV in A549 cells does not prevent the type I IFN-
induced antiviral state. A549 and A549/LCMV-Pi cells were treated
with human IFN-B (hulFNB) (0, 10, 100, and 1,000 U/ml). Twenty-four
hours after IFN treatment, total RNA was isolated and mRNA levels
for MxA and IFI56K were determined by qRT-PCR. RT was done
using random hexamers as primers. The gene-specific primers used for
qPCR were as follows: IFN-B (sense, 5'-GTCAGAGTGGAATC
CTAAG-3'; antisense, 5'-ACAGCATCTGCTGGTTGAAG-3"); Mx1
(sense, 5'-CGTGGTGATTTAGCAGGAAG-3'; antisense, 5'-TG
CAAGGTGGAGCGATTCTG-3"); RIG-I (sense, 5'-AAAGCCTTG
GCATGTTACAC-3'; antisense, 5'-GGCTTGGGATGTGGTCTACT-
3"); IFIS6K (sense, 5'-TCGGAGAAAGGCATTAGATC-3'; antisense,

J. VIROL.

by fluorescence microscopy, and images were digitized using Adobe Photoshop
and Canvas software.

NDV-GFP assay for inhibitors of IFN signaling. Vero cells were transfected
with 2 pg of the indicated expression plasmids using Lipofectamine (LF) 2000
(Invitrogen). Fourteen hours later, cells were treated (1,000 IU/ml) with human
IFN-B (Calbiochem) for 24 h and then infected with NDV-GFP (MOI of 2), and
16 h later, GFP expression was examined by fluorescence microscopy (27).

Nuclear translocation of IRF-3. Vero cells were transfected with 1 ug of
pEGFP-C1-hIRF3 (1 pg) together with the indicated expression plasmids (2 wg
each) using LF 2000 (2). Fourteen hours later, cells were washed twice with
phosphate-buffered saline and infected with SeV for 1 hour at 37°C. After
removal of virus inoculum, fresh medium was added, and nuclear translocation
of IRF-3 was visualized by epifluorescence at 12 to 16 h p.i.

Reporter assays. 293T cells were cotransfected by calcium phosphate with 0.5
ng of GFP/CAT or RFP/CAT reporter plamids and 4 pg of the indicated
expression plasmids together with a luciferase-expressing plasmid (1 pg). Four-
teen hours later, cells were washed with phosphate-buffered saline and infected
with SeV. At 24 h p.i., GFP or RFP expression was detected by epifluorescence
and cell lysates were prepared for luciferase and CAT assay. CAT activity was
normalized using luciferase values. The same protocol was used to transfect 293T
cells with the IRF3 promoter reporter plasmid, pSSCIB-FF, but using as a
control an expression plasmid encoding Renilla luciferase under a simian virus 40
promoter. For reporter assays in A549 cells, transfections were done using the
Amaxa nucleofection technology. A549 cells (10° cells) in 100 .l of solution T
(nucleofector kit) were mixed with plasmid DNA (2 pg), and nucleofection was
done using program A-31 in an Amaxa Nucleofector apparatus.

NDV-GFP and VSV-GFP bioassays. Supernatants from transfected or virus-
infected cells or cells both transfected and infected with virus were inacti-
vated for 10 min under UV light and added to fresh Vero cells. Sixteen hours
later, cells were infected with NDV-GFP (MOI of 2) or VSV-GFP (MOI of
2), and at 24 h p.i., GFP expression was monitored by epifluorescence. As
positive controls, we used Vero cells treated with the indicated amounts of
IFN-B. The assay was validated by examining the effect of a sheep polyclonal
antibody against human IFN-B (Biomedical Laboratories) (dilution of 1/100)
in control experiments.

RESULTS

Effect of LCMYV infection on the cell antiviral state induced
by liposome-mediated DNA transfection. To investigate
whether LCMV could inhibit the type I IFN response, we used
an NDV-GFP complementation assay based on the ability of
Lipofectamine/DNA transfection (Tx) to induce a robust IFN-
mediated antiviral state in several cell lines, which prevents
replication of NDV-GFP (30, 31). For these studies we use
A549 cells derived from a human lung adenocarcinoma, as
these cells are widely used to study virus-IFN interactions and
support long-term LCMV persistent infection (A549/LCMV-
Pi) (Fig. 1A). Both nontransfected and LF/DNA-transfected
AS549/LCMV-Pi cells supported similarly high levels of NDV-
GFP multiplication (Fig. 1B), whereas as predicted, LF/DNA
transfection of A549 cells induced an antiviral state that pre-
vented NDV-GFP replication (Fig. 1B). This suggested that
the type I IFN response induced by LF/DNA transfection was
blocked in A549/LCMV-Pi cells. Accordingly, treatment of
Vero cells with tissue culture supernatant (TCS) from LF/
DNA-transfected A549 cells induced an antiviral state that
inhibited VSV-GFP replication (Fig. 1C). In contrast, treat-
ment of Vero cells with TCS from transfected A549/LCMV-Pi
cells or nontransfected A549 or A549/LCMV-Pi cells did not

5'-GACCTTGTCTCACAGAGTTC-3"); and actin (sense, 5'-ACTG
GAACGGTGAAGGTGAC-3'; antisense, 5'-GTGGACTTGGGA
GAGGACTG-3).
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FIG. 3. LCMV NP inhibits SeV-mediated activation of IFN-B, ISRE, and IRF promoters. Cells (293T) were cotransfected (+) with 0.5 ng of
the different reporter plasmids, together with 4 pg of the indicated LCMV expression plasmids, and 24 h later, cells were mock infected (—) or
infected with SeV (+). CAT (A and B), luciferase (C), and GFP (D and E) expression was determined 24 h p.i.

inhibit VSV-GFP multiplication (Fig. 1C). Treatment with
sheep serum to human IFN-B eliminated the VSV inhibitory
activity associated with the TCS from transfected A549 cells
(not shown). Moreover, A549/LCMV-Pi cells cured of LCMV
by treatment with ribavirin (Fig. 1D, panel i) recovered the
ability to create an antiviral state in response to LF/DNA
transfection (Fig. 1D, panel ii).

Effect of LCMV persistence on SeV-mediated activation of
an ISRE promoter and production of IFN-f3 and ISG mRNAs.
We next investigated whether LCMV persistence interfered
with IFN-B production triggered by SeV infection. For this, we
used a nucleofection protocol, which does not induce an IFN
response, to transfect A549 and A549/LCMV-Pi cells with
plasmid pHISG54-CAT. At 24 h posttransfection, we infected
the cells with SeV to cause IRF-3 activation and subsequent
induction of type I interferon-responsive element (ISRE) pro-
moters, and at 24 h p.i., we prepared cell lysates for CAT
activity. SeV-mediated activation of the ISRE promoter was
blocked in A549/LCMV-Pi cells (Fig. 2A). Both A549 and
AS549/LCMV-Pi cells were equally susceptible to SeV infection
(data not shown), indicating that the inhibition of the ISRE
promoter was not due to reduced levels of SeV replication in
AS549/LCMV-Pi cells.

We next used qRT-PCR to determine mRNA levels of
IFN-B (Fig. 2B) and ISGs MxA, IFI56K, and RIG-I (Fig. 2C)
in A549 and A549/LCMV-Pi cells upon SeV infection. As
predicted, SeV-infected A549 cells showed upregulation of
these mRNAs. In contrast, induction of these mRNAs was
drastically reduced in A549/LCMV-Pi cells, whereas normal
levels of SeV induction of ISGs were restored in AS549/
LCMV-Pi cells cured of LCMV by RB treatment. A549/
LCMV-Pi cells exposed to exogenous IFN-B exhibited in-

creased levels of MxA and IFIS6K mRNAs (Fig. 2D),
indicating that LCMV persistence does not prevent the type I
IFN signaling but rather blocks production of endogenous
IFN-B in response to infection.

Effects of individual LCMV polypeptides on SeV-induced
activation of IFN-$ and ISRE promoters. To determine
whether a specific LCMV gene product was responsible for the
inhibition of IFN-B production in A549/LCMV-Pi cells, we
transfected 293T cells with plasmids expressing each of the
LCMYV proteins individually together with pIFNB-GFP/CAT
or pHISG54-GFP/CAT reporter plasmid. Transfections were
done using CaPO,, which does not induce IFN-B production
and the subsequent antiviral state (23). We used transfection
of the influenza A virus NS1 as a control of a gene that
effectively inhibits the activation of these two promoters.
Twenty-four hours after transfection, cells were mock or SeV
infected, and at 24 h p.i., cells were analyzed for CAT activity
(Fig. 3A and B) and GFP expression by epifluorescence (Fig.
3D and E). Cells transfected with pC plasmids expressing
LCMYV Z, GP, or L protein did not block SeV-mediated acti-
vation of the IFN-B or ISRE promoters. In contrast, expres-
sion of LCMV-NP protein blocked the activation of these two
promoters to levels similar to those of the influenza A virus
NS1 protein. We confirmed the expression and function of
LCMYV Z, GP, and L proteins by Western blotting and pro-
duction of virus-like particles in an LCMV minigenome rescue
assay (32), respectively (not shown).

LCMV-NP and NS1, as well as a dominant-negative form of
IRF-3, exhibited a similar inhibitory activity on the expression
of a luciferase reporter gene under an IRF-3-dependent pro-
moter (p5S5C1B-FF luc) (Fig. 3C). Influenza virus NS1 and
LCMV NP did not inhibit SeV multiplication (data not



9196 MARTINEZ-SOBRIDO ET AL.

A pCE +
pC-NSI = E + -
pC-NP - - - +
SeV
=
0
=9
Lo
=L
o
%
w
g0
2f
o
B 125 50017
1001 400 1
. =
<E 38
<.3§ 754 4 S 300
a LT
EE =
Mmoo e
= Lo
EE 501 G 200 1
25 100 4
0 0
pC E E NS1 NP E E NS1 NP
SeV - + + + - o+ + o+

FIG. 4. SeV-mediated activation of IFN-B and ISRE promoters is
inhibited in LCMV-NP-transfected cells. 293T cells were transfected
as described in the legend to Fig. 3, but using the monomeric red
fluorescence protein fused to CAT under the IFN-B (IFN-B mRFP-
CAT) or ISRE (ISRE mRFP-CAT) promoter. Twenty-four hours
later, cells were mock infected (—) or infected with SeV (+), and 16 h
later, activation of the reporter promoters was assessed by epifluo-
rescene and CAT assay. (A) Expression of monomeric RFP was ex-
amined by epifluorescence microscopy. (B) Normalized CAT expres-
sion levels are shown as changes in induction compared to the values
obtained for uninfected cells that were transfected with an empty
(E) control plasmid.

shown). These data uncovered NP as the sole virus gene prod-
uct responsible for the IFN antagonist activity in LCMV-in-
fected cells and indicated that LCMV-NP can specifically in-
hibit IRF-3-dependent transcription.

Effect of LCMV-NP on SeV-induced IFN-3 production. To
examine the effect of LCMV NP on transcriptional activation
of endogenous IFN-B, we transfected 293T cells with pIFNf-
RFP/CAT or pHISG54-RFP/CAT alone or together with
pC-NP or pC-NS1. Twenty-four hours later, cells were infected
with SeV, and at 24 h p.i., cells were analyzed for RFP and
CAT expression (Fig. 4A and B, respectively). Both LCMV NP
and influenza virus NS1 gene products inhibited both RFP and
CAT expression with similar efficiencies. Consistent with the
reporter gene expression results, TCS from cells infected with
SeV and transfected with either NS1 or NP had dramatically
reduced levels of IFN compared with SeV-infected and mock-
transfected cells, as determined by their respective effects on
the NDV-GFP bioassay in Vero cells (Fig. 5). Incubation with
sheep anti-human IFN-B polyclonal serum eliminated the in-
hibitory activity in the NDV-GFP bioassay of TCS from cells

J. VIROL.
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FIG. 5. NDV-GFP bioassay. Supernatants from transfected and
infected 293T cells shown in Fig. 4 were treated with UV and added to
fresh Vero cells. Sixteen hours later, cells were infected with the
NDV-GFP (MOI of 2), and at 24 h p.i., GFP expression was detected
by epifluorescence.

transfected with empty plasmid and infected with SeV (data
not shown). Together, these findings indicated that LCMV-NP
inhibited the cellular production of IFN-f in response to SeV
infection.

Effect of LCMV-NP on nuclear translocation of IRF-3. Nu-
clear translocation is a hallmark of IRF-3 activation. There-
fore, we examined the ability of LCMV-NP to prevent IRF-3
nuclear activation using a GFP-tagged IRF-3 expression plas-
mid. We transfected Vero cells with GFP-tagged hIRF-3 to-
gether with either an empty plasmid or plasmids expressing
LCMV NP, L, GP, or Z protein. Twenty-four hours after
transfection, cells were infected with SeV, and 14 h later GFP-
IRF-3 subcellular localization was examined by fluorescence
microcopy. Cells transfected with empty plasmid and infected
with SeV, but not mock-infected controls, showed a nuclear
localization of GFP-tagged IRF-3. Likewise, cells transfected
with plasmids expressing LCMV L, Z, or GP protein exhibited
IRF-3 nuclear localization upon SeV infection. In contrast,
cells transfected with either LCMV-NP or with influenza virus
NS1 exhibited a severe inhibition of nuclear translocation of
IRF-3 in response to SeV infection (Fig. 6A). SeV-induced
nuclear translocation of IRF-3 was also inhibited in A549/
LCMV-Pi, but not in A549 control, cells (Fig. 6B).

Effects of LCMV gene products on the antiviral state in-
duced by interferon. To examine whether LCMV proteins
could also prevent the antiviral state induced by cell exposure
to IFN, we transfected Vero cells with plasmids expressing
each of the LCMV gene products and examined their effects
on the antiviral state induced upon IFN treatment (Fig. 7). We
selected Vero cells for this assay because they do not produce
IFN but maintain a functional response to exogenously added
type I IFN. For controls, we transfected Nipah W, a well-
known IFN signaling antagonist (40). Twenty-four hours after
transfection, cells were treated with human IFN-B, and 12 h
later, they were infected with NDV-GFP. Replication of NDV-
GFP was monitored by fluorescence microscopy. Proteins that
inhibit IFN signaling, like Nipah W, facilitate replication of the
IFN-sensitive NDV-GFP in the transfected cells. Cells that
were not treated with IFN showed high levels of NDV multi-
plication as assessed by GFP expression. Treatment of non-
transfected cells or cells transfected with empty plasmid with
IFN prior to infection completely inhibited NDV replication.
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FIG. 6. Nuclear translocation of IRF-3 is inhibited in both LCMV-PI and LCMV-NP-transfected cells. (A) Vero cells were cotransfected with
GFP-tagged IRF-3 (1 pg) together with 4 pg of the indicated LCMV expression plasmids. Twenty-four hours later, cells were mock infected or
infected with SeV, and at 16 h p.i. nuclear translocation of GFP-tagged IRF-3 was assessed by epifluorescence. (B) LCMV persistently infected
(LCMV-Pi) and control Vero cells were transfected with GFP-tagged IRF-3, and 24 h later, cells were mock infected or infected with SeV. At 16 h
p.i. we determined the percentage of cells showing nuclear translocation of GFP-IRF3 in mock-infected or LCMV-Pi Vero cells that were also

either mock infected or infected with SeV.

Consistent with previous data, cells expressing Nipah W pro-
moted NDV-GFP replication regardless of IFN treatment.
NDV-GFP replication was inhibited in cells transfected with
each individual LCMV gene product, L, NP, GP, or Z. These
results correlated with our observation that A549/LCMV-Pi
cells were not able to inhibit the antiviral state after treatment
with human IFN-B (data not shown). Together, these findings
indicate that under the experimental conditions assayed, none
of the LCMV individual gene products counteracts the type I
IFN signaling leading to the establishment of an antiviral cell
state.

DISCUSSION

We document here for the first time an arenavirus IFN
antagonist. LCMYV infection impaired the cell’s ability to in-
duce transcriptional activation of the IFN-B promoter in re-
sponse to LF/DNA transfection or SeV infection. This resulted
in highly reduced levels of IFN-f secretion and subsequent low
levels of transcriptional activation of ISGs. This inhibition of
IFN-B induction was mediated by the virus NP (Fig. 3, 4, and
5), which blocked SeV-induced IRF-3 activation (Fig. 6).
IRF-3 is a key transcriptional factor in induction of type I IFN,
and thereby NP-mediated inhibition of IRF-3 activation likely
interferes with IFN-B promoter activation in LCMV-infected
cells. Consistent with an NP-mediated inhibition of IRF-3 ac-
tivation, NP caused transcriptional inhibition of several other
IRF-3-inducible promoters (Fig. 3).

A variety of viruses, including both RNA and DNA viruses,
express gene products that target IRF-3 to inhibit IFN produc-
tion by the infected cells (15). Virus inhibition of IRF-3 can be
achieved by targeting steps downstream of IRF-3 activation, as
well as upstream activators of IRF-3 phosphorylation. For ex-
ample, the P protein of Borna disease virus inhibits IRF-3

phosphorylation by the upstream kinase TANK-binding kinase
1 (43). Likewise, inhibition of the activation of IRF-3 kinases at
the level of the upstream activators IPS-1 and melanome dif-
ferentiation-associated gene 5 has been reported for hepatitis
C virus and paramyxoviruses, respectively (13, 35). The pleth-
ora of strategies used by viruses to counteract IRF-3 activation
likely reflects a key role of IRF-3 in the host innate response to
viruses. We have now extended this concept to the arenavi-
ruses. Additional studies will be needed to determine at what
level LCMV NP inhibits IRF-3 activation. Nevertheless, the
lack of IRF-3 nuclear translocation in the presence of LCMV
NP would suggest the inhibition of upstream processes associ-
ated with IRF-3 phosphorylation. To our knowledge, this is the
first example of a viral nucleoprotein from a negative-strand
RNA virus with IRF-3 inhibitory properties. This observation
is in contrast to the IRF-3 activating properties associated with

=Tx
-IFM +IFN

*N- i
-

FIG. 7. Expression of LCMV proteins does not prevent the antivi-
ral state induced by interferon. Vero cells were transfected with 2 pg
of the indicated expression plasmids, and 24 h later, the cells were
treated with human IFN-B (1000 U/ml). Twenty-four hours after IFN
treatment, cells were infected with NDV-GFP. A negative control
(empty plasmid) and a positive control (Nipah W) were used to vali-
date the assay. Additional controls included Vero cells (top panels) not
treated (—IFN) or pretreated (+IFN) with human IFN-B (1,000
U/ml). —Tx, nontransfected cells.
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ribonucleoprotein complexes of other negative-strand RNA vi-
ruses, such as measles virus and VSV (38, 41).

Type I IFN is strongly induced at early times during LCMV
infection of mice (21, 33). However, this response is thought to
be driven mainly by mechanisms intrinsic to the biology of the
host, whereas LCMV appears to be a poor direct inducer of
type I IFN. The latter may be related to the virus’s ability to
selectively curtail some IFN signaling pathways, including the
IRF-3-dependent type I IFN production upon poly(IC) chal-
lenge (12). We have obtained preliminary evidence of an im-
paired type I IFN production following poly(IC) stimulation in
LCMV-infected mice, which would be consistent with our data
showing a strong NP-mediated inhibition of IRF-3 activation
(Fig. 6). It will be important to determine whether the NP from
different members of the Arenaviridae differ in their ability to
inhibit the induction of type I IFN and whether such differ-
ences are related to virulence. In this respect, LFV, but not the
less pathogenic Mopeia virus, was shown to be an efficient
inhibitor of type I IFN and cytokine production (1, 22, 29).
Inhibition of type I IFN induction is likely to have important
consequences not only for virus evasion of innate immune
responses but also in modulating the quality and magnitude of
the host adaptive immunity (16). A detailed knowledge of
the mechanisms underlying the IFN-counteracting activity of the
LCMV NP will contribute to a better understanding of the
pathogenicity and immunogenicity of arenavirus infections.
We have recently documented the establishment of reverse
genetics procedures for the rescue of infectious LCMV entirely
from cloned cDNAs (37). This development would facilitate
the generation of recombinant LCMV to examine the biolog-
ical implications of the IFN-counteracting activity of NP in the
context of the natural course of both acute and persistent
LCMYV infections. Knowledge derived from such studies may
uncover new insights about arenavirus virulence and could
open new avenues for the generation of highly attenuated
arenaviruses that could be considered as vaccine candidates.
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