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Arenaviruses include several causative agents of hemorrhagic fever (HF) disease in humans that are associated with high mor-
bidity and significant mortality. Morbidity and lethality associated with HF arenaviruses are believed to involve the dysregula-
tion of the host innate immune and inflammatory responses that leads to impaired development of protective and efficient im-
munity. The molecular mechanisms underlying this dysregulation are not completely understood, but it is suggested that viral
infection leads to disruption of early host defenses and contributes to arenavirus pathogenesis in humans. We demonstrate in
the accompanying paper that the prototype member in the family, lymphocytic choriomeningitis virus (LCMV), disables the
host innate defense by interfering with type I interferon (IFN-I) production through inhibition of the interferon regulatory fac-
tor 3 (IRF3) activation pathway and that the viral nucleoprotein (NP) alone is responsible for this inhibitory effect (C. Pythoud,
W. W. Rodrigo, G. Pasqual, S. Rothenberger, L. Martínez-Sobrido, J. C. de la Torre, and S. Kunz, J. Virol. 86:7728 –7738, 2012). In
this report, we show that LCMV-NP, as well as NPs encoded by representative members of both Old World (OW) and New
World (NW) arenaviruses, also inhibits the nuclear translocation and transcriptional activity of the nuclear factor kappa B (NF-
�B). Similar to the situation previously reported for IRF3, Tacaribe virus NP (TCRV-NP) does not inhibit NF-�B nuclear trans-
location and transcriptional activity to levels comparable to those seen with other members in the family. Altogether, our find-
ings demonstrate that arenavirus infection inhibits NF-�B-dependent innate immune and inflammatory responses, possibly
playing a key role in the pathogenesis and virulence of arenavirus.

Arenaviruses are enveloped viruses with a bisegmented nega-
tive-stranded RNA genome. Each genomic RNA segment

uses an ambisense coding strategy to direct the synthesis of two
viral proteins that are encoded in opposite orientations and sepa-
rated by a noncoding intergenic region (8). The large (L) segment
encodes the viral RNA-dependent RNA polymerase (L protein)
and a small RING protein (Z) that is the arenavirus counterpart of
the matrix (M) protein found in many negative-strand RNA vi-
ruses (13, 66, 88). The small (S) segment encodes the viral glyco-
protein precursor (GPC) and the viral nucleoprotein (NP). NP is
a key component of the viral ribonucleoprotein (RNP) complex
that directs viral RNA synthesis and constitutes the minimal unit
of infectivity (8). GPC is posttranslationally processed by the cel-
lular protease S1P to produce GP-1 and GP-2, which form the GP
glycoprotein complex that makes up the spikes that decorate the
surface of the virion structure and mediate receptor recognition
and cell entry (5, 8).

Arenaviruses cause chronic infections of rodent species with a
worldwide distribution (8). Human infections, which occur via
mucosal exposure to aerosols or by direct contact with infectious
materials, can cause severe disease, including hemorrhagic fever
(HF). Thus, Lassa virus (LASV) and Junin virus (JUNV) are the
causative agents of Lassa fever (LF) and Argentine HF disease,
respectively, which represent significant public health problems
within their geographic regions of endemicity of West Africa
(LASV) and Argentina (JUNV) (8, 55, 68, 95). In addition, evi-
dence indicates that the globally distributed prototypic arenavirus
lymphocytic choriomeningitis virus (LCMV) is a neglected hu-
man pathogen of clinical significance (2, 35, 57) and poses a spe-
cial threat to immunocompromised individuals (16, 64). Public
health concerns posed by arenaviruses are aggravated by the lack
of Food and Drug Administration (FDA)-licensed vaccines and

current antiarenavirus therapy being limited to an off-label use of
the nucleoside analog ribavirin that is only partially effective and
associated with significant side effects (37, 56, 60, 76, 83, 94).
Therefore, it is important to develop novel and effective antiviral
strategies to combat human-pathogenic arenaviruses. Morbidity
and mortality associated with LASV infection, and other HF arena-
virus infections, have been associated with the failure of the host’s
innate immune response to restrict virus replication and to facil-
itate the initiation of an effective adaptive immune response (55).
Likewise, chronic infection of the prototypic arenavirus LCMV in
mice, the natural reservoir of LCMV, has been shown to be asso-
ciated with only a very modest increase in production of type I
interferon (IFN-I), despite levels of viral RNA being readily de-
tected in most tissues and cell types of the infected host. These
findings suggest a virus’s ability to counteract the activity of host
pattern recognition receptors (PRRs) that sense the presence of
viral RNA (78). Accordingly, the arenavirus NP has been shown to
inhibit the host’s IFN-I response via an early blockade in the IFN-I
regulatory factor 3 (IRF3) activation pathway, thereby inhibiting
IFN-I production and subsequent induction of IFN-I-stimulated
genes (ISGs) (54). The anti-IFN-I activity of LCMV-NP was
mapped to its C-terminal region (residues 370 to 553), including
the DIEGR motif (amino acid residues 382 to 386) (52). The de-
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termination of the X-ray crystal structure of LASV-NP (23, 73)
identified a 3=-5= exonuclease domain within the C-terminal re-
gion of the protein, with amino acid residues corresponding to
positions D382, E384, D459, H517, and D522 in LCMV-NP con-
tributing to its active site. Mutation-function studies established a
link between the exonuclease and anti-IFN-I activities of
LASV-NP (23, 52, 73). The exact mechanisms by which arenavirus
NPs modulate the IFN-I response still remain unclear, but retinoic
acid-inducible gene I (RIG-I)/melanoma-differentiation-associ-
ated gene 5 (MDA5) pathway-mediated IFN-I production ap-
pears to be involved (97).

Induction of production of the different IFN-I forms upon
viral infection involves multiple transcription factors. Early acti-
vation of the beta IFN (IFN-�) promoter involves the cooperation
of IRF3 with NF-�B and activator protein 1 (AP-1), whereas later
induction of IFN-� forms is mainly dependent on IRF7 and, to a
lesser extent, IRF3 (20, 28, 31). NF-�B comprises a family of tran-
scription factors found ubiquitously in numerous cell types that
play important roles in host inflammatory and immune re-
sponses, cell growth and cell differentiation, and apoptosis (28,
31). Under normal conditions, NF-�B is bound to its inhibitor,
I�B, resulting in its cytoplasmic retention. Activation of NF-�B
signaling requires phosphorylation of I�B by the I�B kinase (IKK)
complex (31, 33). The IKK complex contains two catalytic kinase
components, IKK� and IKK�, as well as a nonenzymatic regula-
tory subunit, NEMO. Two additional members of the family of
IKK kinases (TANK-binding kinase 1 [TBK-1] and IKKε) also
have the potential to stimulate NF-�B signaling (28, 31). Upon
activation, I�B kinase complexes phosphorylate I�B, which is sub-
sequently ubiquitinated and undergoes proteosomal degradation
(1). NF-�B is thereby released and enters the nucleus, where it
stimulates transcription of genes containing NF-�B-binding se-
quence elements in their promoters. NF-�B can be activated by
various stimuli, including tumor necrosis factor alpha (TNF-�)
(28, 31), which is a major proinflammatory cytokine, produced by
a variety of cell types, including macrophages, endothelial cells,
and epithelial cells (89), and with multiple roles in the regulation
of immune response, inflammation, cellular differentiation,
apoptosis, and host antiviral defense (27). TNF-� engagement to
its receptor leads to signaling cascades that activate IKK complexes
(24, 27, 90). NF-�B can also be activated in response to viral in-
fections (14, 91). Because of the importance of NF-�B in the
induction of IFN-I and proinflammatory molecules, many vi-
ruses have developed mechanisms to evade NF-�B activation
(21, 31, 85). Virus-encoded proteins that block NF-�B activa-
tion, including influenza virus nonstructural protein 1 (NS1)
(91), Hantaan virus (HTNV) nucleocapsid protein (N) (86),
and measles virus (MV) V protein (80), have been shown to
enhance viral replication in vitro and in vivo and contribute to
virus pathogenesis (28, 31).

The HF arenaviruses LASV and JUNV have been shown to
inhibit IFN-I and cytokine production, including production of
TNF-�, which is controlled by NF-�B (4, 22, 47), suggesting that
activation of the NF-�B pathway may be impaired during HF
arenaviral infections and that the host’s inability to mount an
effective inflammatory response may contribute to the pathogen-
esis of HF arenaviruses. In this work, we provide experimental
evidence, for the first time, that NF-�B nuclear translocation and
transcriptional activity are inhibited during LCMV infection. Fur-
thermore, we show that expression of LCMV-NP alone is suffi-

cient to inhibit both nuclear translocation and transcriptional ac-
tivity of NF-�B in a dose-dependent manner. The NP’s inhibitory
effect on NF-�B activity was shared by other representative mem-
bers within the Arenaviridae family, with the exception of TCRV.
Our mutation-function studies discovered that the same domains
and amino acid residues are involved in the NP’s ability to inter-
fere with both the IFN-I response and the activation of NF-�B,
suggesting a common inhibitory mechanism to mediate efficient
evasion of the host IFN-I and inflammatory responses, which may
contribute to the failure of the host to control virus multiplication.

MATERIALS AND METHODS
Cell lines and viruses. Human embryonic kidney epithelial (293T) cells
(ATCC CRL-11268), human lung epithelial (A549) cells (ATCC CCL-
185), baby hamster kidney fibroblast (BHK-21) cells (ATCC CCL-10),
and African green monkey kidney epithelial (Vero) cells (ATCC CCL-
81) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% heat-inactivated fetal bovine serum (FBS),
supplemented with L-glutamine (2 mM), penicillin (100 units/ml),
and streptomycin (100 �g/ml). BHK21 cells constitutively expressing
LCMV-NP with a hemagglutinin (HA) tag (54) were generated as de-
scribed previously (51, 75).

Stocks of wild-type LCMV (Armstrong strain [ARM]) and Tacaribe
virus (TCRV) were prepared as described previously (53, 63, 75). Recom-
binant LCMV carrying a replacement of an aspartic (D) with an alanine
(A) at position 382 of NP, rLCMV/NP* D382A, has been described pre-
viously (52). High-titer stocks of rLCMV/NP* D382A were generated in
BHK-21 cells constitutively expressing LCMV-NP. Wild-type LCMV and
rLCMV/NP* D382A titers were determined by using a focus-forming-
unit (FFU) assay and Vero cells with LCMV-NP monoclonal antibody
1.1.3, as described previously (63, 75). TCRV was produced and titrated as
described previously (53). All viral infections were performed and main-
tained in a mixture (1:1) of Opti-MEM I and the corresponding complete
medium. Sendai virus (SeV), Cantell strain, was grown in 10-day-old
embryonated eggs, as described previously (39, 54).

Plasmids. The pNF-�B-Fluc reporter plasmid (89) and the pCAGGs
green fluorescent protein-p65 (GFP-p65) vector (86) have been previ-
ously described and were kindly provided by Adolfo Garcia-Sastre and
Megan Shaw, respectively. Hemagglutinin (HA)-tagged wild-type ver-
sions of lymphocytic choriomeningitis virus (LCMV), Lassa virus
(LASV), Whitewater Arroyo virus (WWAV), Pichinde virus (PICV),
Junin virus (JUNV), Machupo virus (MACV), Tacaribe virus (TCRV),
and Latino virus (LATV) arenavirus NPs have been previously described
(53). LCMV-NP C-terminal (�C5, �C10, �C20, and �C200) and internal
(�DIEG) deletions and single amino acid replacements with alanine (A)
in the DIEGR motif (D382A, I383A, E384A, G385A, and R386A) were also
previously described (52). Residues on LCMV-NP corresponding to the
3=–5= exonuclease catalytic site that do not overlap the DIEGR motif
(D459, H517, and D522) (23, 73) were replaced with alanine (A) by site-
directed mutagenesis (Stratagene) in the pGEM-T vector (Promega) and
subcloned into pCAGGs HA-COOH to generate C-terminal HA-tagged
versions (61, 63).

pCAGGs plasmids expressing influenza A/PuertoRico/8/34 virus NS1,
LCMV-Z, and LCMV-, LASV-, JUNV-, and TCRV-NPs fused to the mo-
nomeric red fluorescent protein (mRFP) were generated by subcloning
the corresponding open reading frames into a modified pCAGGs multiple
cloning site (MCS) expressing mRFP (pCAGGs mRFP). pCAGGs mRFP
contains two flanking MCSs allowing N-terminal and C-terminal fusions
to mRFP, as described for pCAGGs GFP (51).

NF-�B reporter assays. SeV or TNF-� induction of the NF-�B-de-
pendent reporter plasmid pNF-�B-Fluc was done as described previously
(86). Briefly, 105 293T cells (12-well-plate format) were cotransfected in
suspension using calcium phosphate (Stratagene) with 500 ng of pNF-�B-
Fluc and the indicated dose of pCAGGs protein expression plasmids,
along with 50 ng of an expression plasmid encoding Renilla luciferase
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(RL) under the control of a simian virus 40 promoter (pSV40-RL) to
normalize transfection efficiencies. The total amount of plasmid in each
transfection was kept constant by adjusting with empty pCAGGs MCSs.
All NF-�B reporter assays were performed in triplicate. For viral infec-
tions, 24 h posttransfection (p.t.), cells were mock or SeV infected (mul-
tiplicity of infection [MOI] � 3) for 1 h at room temperature in 1�
phosphate-buffered saline (PBS). For TNF-�-mediated NF-�B-activa-
tion experiments, cells were treated 24 h p.t. with the indicated doses of
recombinant human TNF-� (BD Biosciences) for 4 h at 37°C. In both
cases, cell lysates were prepared 16 to 18 h posttreatment to determine
luciferase reporter activities and protein expression. Luciferase activities
were determined using a Promega dual-luciferase reporter assay and a
Lumicount luminometer (Hewlett Packard) (63). Reporter gene activa-
tion was calculated as fold induction (activation) over the level seen with
a noninduced, empty pCAGGs MCS-transfected control. Protein expres-
sion was determined by Western blotting.

Nuclear translocation of NF-�B. (i) Nuclear translocation of GFP-
p65. 293T cells (104) were cotransfected in suspension using calcium
phosphate with 2 �g of the pCAGGs GFP-p65 and 2 �g of the indicated
arenavirus (NP and Z) or influenza virus NS1 HA- or mRFP-tagged
pCAGGs expression plasmids and plated onto poly-D-lysine-coated tissue
culture plates. pCAGGs HA-COOH and pCAGGs mRFP plasmids were
used as negative controls. At 24 h p.t., cells were infected with SeV (MOI �
3), and at 12 to 16 h postinfection (p.i.), subcellular localization of GFP-
p65 was determined. For HA-tagged versions, cells were fixed with 0.2%
(vol/vol) glutaraldehyde containing 2.5% (vol/vol) formaldehyde–1�
PBS for 10 min at 4°C and permeabilized using 0.1% (vol/vol) Triton
X-100 –1� PBS for 10 min at room temperature. Cells were washed with
1� PBS and blocked with 5% (wt/vol) bovine serum albumin (BSA)–1�
PBS at 4°C before immunostaining was performed.

(ii) Nuclear translocation of endogenous p65 subunit of NF-�B.
A549 cells (104) at subconfluence were mock or LCMV (MOI � 10) in-
fected for 90 min at 37°C. At 24 h p.i. with LCMV, cells were mock or SeV
infected (MOI � 3) or treated with TNF-� (50 ng/ml). At the indicated
times postinfection with SeV or 4 h posttreatment with TNF-�, cells were
fixed with 4% (vol/vol) formaldehyde–1� PBS for 15 min at room tem-
perature, permeabilized with 0.1% (vol/vol) Triton X-100 –1� PBS for 10
min at room temperature, and washed with 1� PBS. Cells were blocked
overnight at 4°C with 10% (vol/vol) normal goat serum in 5% (wt/vol)
BSA blocking solution before immunostaining.

Immunofluorescence microscopy. For detection of HA-tagged pro-
teins, cells were incubated with an anti-HA polyclonal antibody (Sigma)
diluted in 5% (wt/vol) BSA blocking solution for 1 h at 37°C. Cells were
then washed 3 or 4 times with 1� PBS and then incubated with Rhod-
amine-red-conjugated anti-rabbit immunoglobulin G (IgG) (H�L)
(Jackson ImmunoResearch), and 4=,6=-diamidino-2-phenylindole (DAPI;
Research Organics) for cellular nucleus staining, in blocking solution for
30 min at 37°C. For the quantification of the nuclear translocation of
NF-�B, HA- and mRFP-positive cells (indicative of protein expression)
were considered.

For the detection of endogenous NF-�B, A549 cells were incubated
with anti-p65 polyclonal antibody (Santa Cruz Biotechnology Inc.) and
anti-LCMV NP monoclonal antibody 1.1.3 diluted in 5% (wt/vol) BSA
blocking solution for 1 h at 37°C. After incubation, cells were washed 3 or
4 times with 1� PBS and incubated with anti-rabbit IgG Alexa Fluor 488
(Molecular Probes), anti-mouse IgG Texas Red (Jackson Immuno-
Research), and DAPI for cellular nucleus staining and diluted in blocking
solution for 30 min at 37°C. Cells were washed 3 or 4 times with 1� PBS.
For the LCMV and SeV coinfections, indirect immunofluorescence assays
were performed using anti-SeV monoclonal antibodies (54) and anti-
LCMV guinea pig polyclonal antibody (75). To calculate percent GFP-p65
or endogenous p65 nuclear translocation, a total of 100 to 150 cells in 3 or
4 nonoverlapping fields were counted under �20 magnification, in mul-
tiple-replicate wells. Representative images of independent transfections

or infections were colored using the Adobe Photoshop CS4 (version 11.0)
software program.

Protein gel electrophoresis and Western blot analysis. Proteins (100
�g) from total cell lysates were resolved by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and electrotransferred onto
nitrocellulose membranes (Bio-Rad). After blocking in 10% (wt/vol)
nonfat dry milk for 3 or 4 h at room temperature, membranes were incu-
bated with anti-HA (Sigma) or anti-GAPDH (anti-glyceraldehyde-3-
phosphate dehydrogenase; AbCam) polyclonal antibodies overnight at
4°C. After 4 or 5 washes with 1� PBS containing 0.1% (vol/vol) Tween 20,
the membranes were incubated for 1 h at room temperature with a horse-
radish peroxidase (HRP)-conjugated anti-rabbit immunoglobulin IgG
secondary antibody (GE, Amersham Biosciences). Protein bands were
visualized using a chemiluminescence detection kit (SprayGlo) and auto-
radiography films (Denville Scientific Inc.) according to manufacturer’s
instructions. Protein band intensities were quantified using ImageJ 1.45
software (NIH). To assess the relative amount of protein loaded for each
sample, the GAPDH band intensity in the first lane was assigned a value of
100% and used to normalize the GAPDH band intensities in the remain-
ing lanes. TNF-�-induced nuclear translocation of p65 in mock- and
LCMV-infected cells was also examined by Western blot analysis of cyto-
plasmic and nuclear lysates as described previously (59).

Statistical analysis. Determinations of means and standard deviations
(SD) and two-tailed, paired Student’s t tests were performed using Mi-
crosoft Excel software. A P value of less than 0.05 was considered statisti-
cally significant.

RESULTS
Effect of LCMV infection on NF-�B-mediated transcriptional
activation. To assess whether LCMV infection could interfere
with NF-�B activation, we transfected LCMV- and mock-infected
control 293T cells with a plasmid expressing the Firefly luciferase
(Fluc) reporter gene under the control of an NF-�B-dependent
promoter (pNF-�B-Fluc), together with a plasmid expressing the
Renilla luciferase (RL) reporter gene under the control of a simian
virus 40 promoter (pSV40-RL) (54). At 24 h p.t., we either super-
infected the cells with SeV (MOI � 3) for 16 to 18 h or treated
them with TNF-� (50 ng/ml) for 4 h at 37°C. After SeV infection
or TNF-� treatment, we determined levels of luciferase activities
in cell lysates. We used levels of RL activity to normalize transfec-
tion efficiencies, whereas we assessed NF-�B activation based on
levels of Fluc (54) (Fig. 1). Infection with LCMV had a strong
inhibitory effect on SeV-induced NF-�B-mediated transcrip-
tional activation (5-fold reduction). In contrast, LCMV infection
caused only a very modest, although statistically significant, de-
crease in TNF-�-induced NF-�B-mediated transcriptional activa-
tion (2-fold reduction) (Fig. 1A). Numbers of LCMV-infected
cells (Fig. 1B) and production of infectious progeny LCMV (Fig.
1C) were not significantly affected by either SeV infection or treat-
ment with TNF-�.

Effect of LCMV-NP and -Z on NF-�B-mediated transcrip-
tional activation. Both NP (23, 43, 52–54, 73) and Z (15) have
been implicated in the arenavirus’s ability to counteract the host
IFN-I response during infection. We therefore examined whether
the same viral gene products also contributed to the virus’s ability
to interfere with the activation of the NF-�B pathway (Fig. 2A). To
that end, we cotransfected 293T cells with pNF-�B-Fluc together
with HA-tagged LCMV-NP or -Z expression plasmids (53, 66)
and the pSV40-RL plasmid to normalize transfection efficiencies
(54). We used empty pCAGGs MCS expression plasmid as a neg-
ative control and an HA-tagged influenza (A/Puerto Rico/8/34,
H1N1) virus NS1 expression plasmid as a positive control with a
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viral polypeptide that effectively inhibits the activation of NF-�B
(91). At 24 h after transfection, cells were mock or SeV infected to
activate NF-�B. At 16 to 18 h p.i., cells were analyzed for luciferase
activities (Fig. 2Ai) and for protein expression by Western blotting
(Fig. 2Aii). SeV infection strongly induced NF-�B-dependent re-
porter gene expression in cells transfected with empty or LCMV-
Z-expressing pCAGGs plasmids. In contrast, expression of
LCMV-NP or influenza virus NS1 resulted in similar levels of
inhibition of the NF-�B promoter by SeV infection. All three HA-
tagged viral proteins were expressed to similar levels.

We also examined the effect of TNF-� treatment in cells trans-
fected with pNF-�B-Fluc and LCMV-NP or influenza virus NS1
(Fig. 2B). TNF-� treatment strongly induced NF-�B-dependent
reporter gene expression in cells transfected with empty pCAGGs.
In contrast, expression of LCMV-NP or influenza virus NS1 re-
sulted in inhibition of activation of the NF-�B promoter by
TNF-� treatment, but LCMV-NP was significantly less efficient
than influenza virus NS1 in preventing NF-�B activation by
TNF-� treatment (Fig. 2Bi). NP and NS1 were readily detected by
Western blotting (Fig. 2Bii), indicating that it was unlikely that
differences in the magnitude of the inhibition of NF-�B activation
were due to differences in expression levels of the different viral
proteins. These results suggested that LCMV-NP’s ability to inter-
fere with NF-�B activation is influenced by the type of the stimu-
lus used for activation of the NF-�B pathway.

To further confirm this inhibitory effect of LCMV-NP on
NF-�B and determine whether it was dose dependent, we cotrans-
fected 293T cells with 10-fold-increasing amounts of LCMV
NP-HA expression plasmids and the pNF-�B-Fluc reporter plas-
mid. We included the pSV40-RL plasmid to normalize transfec-
tion efficiencies (Fig. 2C). At 24 h p.t., cells were infected with SeV
(MOI � 3), and at 16 to 18 h p.i., cell extracts were prepared for
luciferase assays (Fig. 2Ci) and for protein detection by Western
blotting (Fig. 2Cii). LCMV-NP exhibited an inhibitory effect on
SeV-induced activation of NF-�B reporter gene expression in a
dose-dependent manner.

Effects of NPs from representative Old World (OW) and New
World (NW) arenaviruses on NF-�B-mediated transcriptional
activation. Our initial findings with LCMV-NP led us to examine
the ability of other arenavirus NPs, including those of the OW
arenavirus LASV and representative NW arenaviruses from clades
A (WWAV and PICV), B (JUNV, MACV, and TCRV), and C
(LATV) (53), to block NF-�B-mediated transcriptional activation
(Fig. 3A). For this, we cotransfected 293T cells with the indicated
NP-HA-expressing pCAGGs plasmids (10 and 100 ng, based on
results from Fig. 2C), together with pNF-�B-Fluc (500 ng) and
pSV40-RL (50 ng) plasmids. At 24 h p.t., cells were infected with
SeV (MOI � 3), and at 16 to 18 h p.i., we prepared cell lysates for
luciferase assays (Fig. 3Ai) and for protein detection by Western
blotting (Fig. 3Aii). With the exception of TCRV-NP, all OW and
NW arenavirus NPs tested similarly inhibited NF-�B transcrip-
tional activity. All NPs, including TCRV-NP, were expressed to
similar levels, and we observed a good correlation between the
amounts of DNA used in the transfections and the NP expression
levels.

The predominant form of NF-�B is a heterodimer of p50 and
p65 that is sequestered in the cytoplasm of unstimulated cells by
the I�B inhibitor (29). Upon activation, I�B is phosphorylated
and NF-�B translocates to the nucleus to bind to NF-�B-respon-
sive elements (28, 31). Thus, nuclear translocation of the NF-�B
p65 subunit could be used as a surrogate marker indicative of
NF-�B activation. We therefore monitored the effects of the NPs
of different arenaviruses on the nuclear translocation of GFP-p65
(Fig. 3B and C). To this end, we cotransfected 293T cells with 2 �g
of pCAGGs GFP-p65, together with 2 �g of plasmids encoding
NPs of representative OW and NW arenaviruses tagged with the
monomeric red fluorescent protein (mRFP). As negative controls,
we transfected cells with a plasmid encoding mRFP alone (Con-
trol) or fused to LCMV-Z, whereas, as a positive control, we trans-
fected cells with influenza virus (Flu) NS1-mRFP, as influenza

FIG 1 SeV-induced activation of an NF-�B-responsive promoter is inhibited
in LCMV-infected cells. (A) A549 cells were mock or LCMV infected (MOI �
0.1) and, 72 h p.i., seeded on 24-well plates (2 � 105 cells/well) prior cotrans-
fection with pNF-�B-Fluc (500 ng) and pSV40-RL (50 ng) plasmids for 5 h,
followed by infection with SeV (MOI � 3) or TNF-� treatment (50 ng/ml) for
16 to 18 h or 4 h, respectively, at which time cell lysates were prepared to
determine levels of Fluc (NF-�B activation) and RL (normalization of trans-
fection efficiency). Statistical differences in NF-�B-dependent promoter in-
duction between mock- and LCMV-infected cells during SeV infection (*, P �
0.001) and TNF-� treatment (#, P � 0.05) were determined using a 2-tailed
paired Student’s t test. Reporter gene activation is expressed as fold induction
over the level seen with the empty vector-transfected and mock-treated (SeV-
uninfected and TNF-�-untreated) control cells. (B and C) From duplicate
wells, cells were fixed to determine percentages of LCMV antigen (Ag)-positive
cells by immunofluorescence using monoclonal antibody 1.1.3 against
LCMV-NP (B), and tissue culture supernatants (TCS) were collected to deter-
mine the production of infectious LCMV progeny (in FFU per milliliter) using
a focus-forming-unit assay (C). Values shown correspond to averages 	 SD of
results from two of three independent experiments.
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virus NS1 has been shown to effectively inhibit nuclear transloca-
tion of p65 (91). At 24 h p.t., cells were infected with SeV (MOI � 3),
and at 12 to 16 h p.i., the subcellular localizations of p65 (green), NP
(red), and cellular nuclei (blue) were determined. All tested arenavi-
rus NPs, with exception of TCRV-NP, inhibited SeV-induced nu-
clear translocation of GFP-p65. As expected, LCMV-Z did not inter-
fere with nuclear translocation of p65, whereas, consistent with
previous findings, influenza virus NS1 exerted a strong inhibitory
effect on p65 nuclear translocation (91).

Residues contributing to the anti-IFN-I function of
LCMV-NP are critical for inhibition of NF-�B activation. We
previously identified the C-terminal end of LCMV-NP (amino
acids 370 to 553) as critically contributing to its IFN-I-counter-
acting activity (52). Therefore, we examined whether this domain
also contributed to the NP-mediated inhibition of NF-�B activa-
tion (Fig. 4A). For this, we cotransfected 293T cells with selected
C-terminal-truncated LCMV-NP (52) together with pNF-�B-
Fluc and pSV40-RL plasmids. We used empty pCAGGs MCS plas-
mid and wild-type LCMV-NP as negative and positive controls,
respectively. At 24 h p.t., we activated NF-�B via SeV (MOI � 3)
infection, and at 16 to 18 h p.i., we determined luciferase activities
(Fig. 4Ai) and protein expression levels by Western blotting (Fig.
4Aii). As with the anti-IFN-I activity of NP, the five most C-ter-
minal residues of NP were not required to inhibit efficiently SeV-
mediated activation of the NF-�B-dependent promoter, but any
additional C-terminal deletions resulted in NP forms lacking this

inhibitory activity. We observed some minor differences in pro-
tein expression levels among the NP mutants compared to wild-
type NP, but all NP mutants were readily detected by Western
blotting.

The recently determined X-ray crystal structure of LASV-NP
has revealed a 3=-5= exonuclease domain within its C-terminal
portion (23, 73). Notably, mutations involving residues within the
active site of the exonuclease domain of LASV-NP (corresponding
to D382, E384, D459, H517, and D522 in LCMV-NP) impaired
the anti-IFN-I activity of NP (23, 73). Interestingly, residues D382
and E384 are within the DIEGR motif (residues 382 to 386) that
had been previously identified as playing a critical role in the IFN-
I-counteracting activity of LCMV-NP (52). To examine whether
amino acid residues that play key roles in the NP’s ability to coun-
teract the IFN-I response were also involved in NP-mediated in-
hibition of the transcriptional activity of NF-�B, we cotransfected
293T cells with the pNF-�B-Fluc reporter plasmid, the pSV40-RL
control vector, and LCMV-NP wild type or mutants containing
alanine (A) substitutions at positions D382, I383, E384, G385,
R386, D459, H517, and D522 (Fig. 4B). At 24 h p.t., we activated
NF-�B via SeV (MOI � 3) infection, and at 16 to 18 h p.i., we
determined luciferase activities (Fig. 4Bi) and protein expression
abundances by Western blotting (Fig. 4Bii). LCMV-NP mutants
D382A, E384A, G385A, D459A, H517A, and D522A, and, to a
lesser extent, also R386A, failed to inhibit SeV-induced transcrip-
tional activity of NF-�B. The exception was I383A, which retained

FIG 2 LCMV-NP inhibition of an NF-�B-dependent promoter. (A) Inhibition by LCMV-NP of SeV-mediated induction of an NF-�B-dependent promoter.
The NF-�B-responsive plasmid pNF-�B-Fluc (500 ng) was cotransfected with 2 �g of pCAGGs MCS (Empty) or pCAGGs expressing C-terminal HA-tagged
versions of LCMV-NP, LCMV-Z, or influenza virus (Flu) NS1 into 293T cells (12-well format, triplicates), together with 50 ng of the Renilla luciferase expression
plasmid pSV40-Ren to normalize transfection efficiencies. At 24 h p.t., cells were mock infected (Mock) or infected with SeV (MOI � 3). Luciferase (i) and
protein (ii) expression levels were determined 16 to 18 h p.i. (B) Inhibition of TNF-�-mediated induction of an NF-�B-dependent promoter by LCMV-NP. 293T
cells (12-well format, triplicates) were cotransfected as described for panel A. At 24 h p.t., cells were treated with the indicated amounts of TNF-�. Activation of
the NF-�B reporter plasmid (i) and protein expression levels (ii) were determined 16 to 18 h post-TNF-� treatment. Statistical significance of differences in
NF-�B-dependent promoter induction between empty plasmid and LCMV-NP-transfected cells (*, P � 0.002 [TNF-� at 0.5 ng/ml]; **, P � 0.022 [TNF-� at 5
ng/ml]; #, P � 0.006 [TNF-� at 50 ng/ml]) was determined using a 2-tailed paired Student’s t test. (C) SeV-mediated activation of the NF-�B-dependent
promoter is inhibited by LCMV-NP in a dose-dependent manner. 293T cells (12-well plate format, triplicates) were cotransfected as described for panel A. At 24
h p.t., cells were mock infected (Mock) or infected with SeV (MOI � 3). Luciferase (i) and protein (ii) expression levels were determined 16 to 18 h p.i. (A to C)
Reporter gene activation is expressed as fold induction over the level seen with the empty vector-transfected and mock-infected control cells. Cell lysates (100 �g
of total protein) from the same transfected cells were used to assess protein expression levels by Western blotting using a polyclonal anti-HA antibody. GAPDH
was used as a loading control. The GAPDH band intensity in the first lane (empty plasmid and mock infected) was assigned a value of 100% and used to normalize
GAPDH levels in the remaining lanes (bottom numbers). Expression levels of each viral protein were normalized with respect to GAPDH for the same sample.
Molecular mass markers (kDa) are indicated on the left and viral proteins on the right.
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an inhibitory effect similar to that observed with wild-type
LCMV-NP. Western blot analysis indicated that all LCMV-NP
single amino acid substitutions to alanine (A) were expressed to
levels comparable to those of wild-type LCMV-NP, indicating
that the differences observed could not be explained by differences
in NP expression levels.

We next evaluated the effect of these LCMV-NP mutations on
nuclear translocation of NF-�B GFP-p65 (Fig. 4C and D). Con-
sistent with the reporter gene assays, GFP-p65 nuclear transloca-
tion was not significantly inhibited in cells expressing NP mutants
D382A, E384A, G385A, R386A, D459A, H517A, and D522A. In all
cases, we observed cytoplasmic distribution of LCMV-NP mu-
tants, suggesting that altered subcellular distribution of the
LCMV-NP mutants could have not contributed to their inability
to inhibit the nuclear translocation of GFP-p65. Altogether, these
results indicate that the same amino acid residues contribute to
the ability of LCMV-NP to counteract both induction of IFN-I
and activation of NF-�B, suggesting the possibility of a common
inhibitory mechanism.

Effect of TCRV or rLCMV/NP* D382A infection on SeV-in-
duced activation of NF-�B-mediated transcriptional activation.
Our observation that TCRV-NP (Fig. 3) and mutant LCMV-NP
D382A (Fig. 4) were unable to inhibit SeV-induced NF-�B-medi-
ated transcriptional activation led us to examine whether, in the
context of infected cells, TCRV and rLCMV/NP* D382A were also

unable to prevent SeV-induced NF-�B-mediated transcriptional
activity (Fig. 5). For this, TCRV- and rLCMV/NP* D382A-in-
fected cells, as well as mock-infected control cells, were cotrans-
fected with pNF-�B-Fluc, together with pSV40-RL, and, 24 h
later, infected with SeV (MOI � 3) for 16 to 18 h, at which time we
determined levels of luciferase activities (Fig. 5A), as well as num-
bers of viral antigen-positive cells (Fig. 5B) and production of
infectious virus progeny in tissue culture supernatants (Fig. 5C).
Compared to LCMV (see Fig. 1), TCRV and rLCMV/NP* D382A
exerted only a very modest inhibitory effect on SeV-induced NF-
�B-mediated transcriptional activation.

Effect of LCMV infection on nuclear translocation of endog-
enous NF-�B. To validate our finding that LCMV-NP inhibited
nuclear translocation of GFP-p65 in the context of the natural
course of an LCMV infection, we used a polyclonal antibody spe-
cific for p65 to examine the subcellular distribution of endoge-
nous cellular p65 in LCMV-infected A549 cells in response to SeV
infection (Fig. 6A and B) and exogenous TNF-� treatment (Fig.
6C and D).

In mock-infected cells (
LCMV), upon challenge with SeV,
we observed a high percentage of cells with accumulation of p65 in
the nucleus. In contrast, in cells infected with LCMV (�LCMV)
and subsequently left unchallenged or challenged with SeV, we
observed a very low percentage of cells with nuclear accumulation
of p65 that corresponded with cells showing no detectable levels of

FIG 3 The ability to inhibit NF-�B-mediated transcriptional activation is shared by NPs of OW and NW arenaviruses. (A). Inhibition of an NF-�B-dependent
promoter by different arenavirus NPs. 293T cells (12-well plate format, triplicates) were cotransfected with 500 ng of pNF-�B-Fluc together with the indicated
amounts (10 and 100 ng, based on results from Fig. 2C) of different arenavirus pCAGGs NP-HA expression plasmids and 50 ng of pSV40-RL expression vector
to normalize transfection efficiencies. At 24 h p.t., cells were infected with SeV (MOI � 3) to induce activation of the NF-�B-responsive promoter, and at 16 to
18 h p.i., cell lysates were prepared for luciferase assay (i). Fold inductions were determined with respect to empty plasmid-transfected and mock-infected cells.
Statistical significance for differences in SeV-mediated NF-�B promoter activation among cells transfected with different arenavirus NPs versus SeV-infected
empty plasmid-transfected cells (*, P � 0.01; **, P � 0.07; #, P � 0.03; ##, P � 0.30) were determined using 2-tailed paired Student’s t tests. Expression levels of
OW and NW arenavirus NPs were determined from same cell lysates (100 �g of total protein) by Western blotting using an anti-HA polyclonal antibody (ii).
GAPDH expression levels were used as a loading control. Protein expression levels were normalized as described for Fig. 2. Molecular mass markers (kDa) are
indicated on the left. OW and NW NPs and GAPDH are indicated on the right. (B) Inhibition of nuclear translocation of GFP-p65. 293T cells were cotransfected
with plasmids expressing a GFP-tagged p65 protein (pCAGGs GFP-p65; 2 �g), together with 2 �g of the indicated C-terminal mRFP-tagged arenavirus NPs. At
24 h p.t., cells were infected with SeV (MOI � 3), and at 12 to 16 h p.i., the subcellular localization of GFP-p65 was assessed under a fluorescence microscope. As
negative controls, cells were transfected with pCAGGs expressing mRFP (Control) and LCMV Z-mRFP. As a positive control, cells were transfected with
pCAGGs expressing influenza virus (Flu) NS1-mRFP. Nuclear translocation of the p65 component of NF-�B (green), expression of NPs, Z, or NS1 (red), DAPI
nuclear staining (blue), and the corresponding merged images are indicated. (C) Quantification of GFP-p65 nuclear translocation. Percentages of GFP-p65
nuclear translocation were determined by counting 100 to 150 cells in 3 or 4 nonoverlapping fields. Results were evaluated by a two-tailed paired Student’s t test
for SeV-infected NP-mRFP versus a control with SeV-infected mRFP alone (*, P � 0.047; **, P � 0.243).
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LCMV-NP in their cytoplasm. We observed similar levels of SeV
infection in cells that had been previously infected with LCMV or
left uninfected (data not shown). Consistent with our previous
observations that LCMV infection (Fig. 1) or LCMV-NP expres-

sion (Fig. 2) was very inefficient in preventing TNF-�-induced
NF-�B-mediated transcriptional activation, we observed that nu-
clear accumulation of endogenous p65 in response to TNF-�
treatment was not significantly affected in LCMV-infected cells, as

FIG 4 Residues contributing to the anti-IFN activity of LCMV-NP are critical for inhibition of SeV-mediated transcriptional activation of NF-�B. (A and B)
Inhibition of SeV-mediated induction of an NF-�B-dependent promoter by LCMV-NP C-terminal deletion (A) and single-amino-acid (B) mutants. 293T cells
(12-well format, triplicates) were cotransfected as described for Fig. 2 using two doses (10 and 100 ng) of C-terminal HA-tagged LCMV-NP wild type (WT) and
the indicated mutants. NF-�B reporter gene activation (i) is expressed as fold induction over the level seen with the empty vector-transfected and mock-infected
control cells. Values were assessed by a two-tailed paired Student’s t test versus SeV-infected empty plasmid-transfected cell results (*, P � 0.01 [A]; *, P � 0.049;
**, P � 0.002 [B]). Lysates (100 �g of total protein) from same transfected cells were analyzed for NP expression levels by Western blotting using an anti-HA
polyclonal antibody (ii). Protein expression levels were normalized with respect to GAPDH as described for Fig. 2. Molecular mass markers (kDa) are indicated
on the left. LCMV-NP (wild-type and mutants) and GAPDH are indicated on the right. (C) Effect of LCMV-NP single amino acid substitutions in nuclear
translocation of GFP-p65. 293T cells were cotransfected with GFP-p65 together with HA-tagged LCMV-NP wild type or indicated NP mutants as described for
Fig. 3B. As a negative control, cells were transfected with an HA-tagged LCMV-Z pCAGGs expression plasmid. At 24 h p.t., cells were infected with SeV (MOI �
3), and subcellular localization of GFP-p65 was assessed at 12 to 16 h p.i. Representative images of GFP-p65 NF-�B (green), LCMV-Z and LCMV-NP wild type
(WT) and mutants (red), cellular nuclear staining (blue), and the corresponding merged images are illustrated. (D) Percentage of GFP-p65 nuclear translocation.
GFP-p65 nuclear translocation was assessed as described for Fig. 3C. Results were evaluated using a two-tailed paired Student’s t test versus SeV-infected
LCMV-Z (*, P � 0.171; **, P � 0.034).
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determined by immunofluorescence (Fig. 6C) or Western blot
analysis of nuclear and cytosolic cell fractions (Fig. 6D).

DISCUSSION

The IFN-I system serves as a first line of defense against virus
infection. Induction of IFN-I during viral infection requires the
activation of the transcription factors NF-�B, IRF3, and AP-1 and
is essential for the expression of many host genes involved in an-
tiviral defense mechanisms (19, 20, 31). Accordingly, viruses inter-
fere with these pathways via a variety of mechanisms, including tar-
geting of key cellular transcription factors by viral proteins (19, 31, 92,
93), which facilitates virus multiplication and pathogenesis.

We have shown that, with the exception of TCRV-NP, all arena-
virus NPs tested inhibit nuclear translocation and transcriptional
activity of IRF3, supporting a critical role of NP in the inhibition of
the host IFN-I response in arenavirus-infected cells (53). In this
report, we provide evidence that LCMV infection also blocks ac-
tivation and transcriptional activity of NF-�B induced by SeV
infection (Fig. 1). Since several virus-encoded IFN-I-antagonist
proteins have been described to counteract two or more of the
transcription factors involved in IFN-I production (19, 31, 92,
93), we examined whether LCMV-NP could also inhibit activa-
tion of NF-�B. Our results have shown that LCMV-NP, in the
absence of any other viral protein, exerts a powerful dose-depen-
dent inhibitory effect on NF-�B-mediated transcriptional activa-
tion upon SeV infection. In contrast, LCMV-NP had only a mod-
est inhibitory effect on TNF-�-induced activation of NF-�B (Fig.
2). These results suggest that LCMV-NP is able to interfere with
the nonclassical, but not the classical, pathway of NF-�B activa-
tion.

Most of the signaling pathways that lead to activation of NF-�B
converge on the IKK kinase complex, which acts as a master reg-
ulator of NF-�B activation. TNF-�-induced activation of NF-�B
is initiated by binding of TNF-� to its receptors, TNFR1 and
TNFR2, which results in activation of IKK� and IKK� of the IKK
complex, as well as TBK-1 (11, 42), leading to phosphorylation
and subsequent ubiquitination and proteosomal degradation of
the I�B� subunit of the inhibitor I�B (31, 33). These events result
in the release and nuclear translocation of NF-�B, its binding to
NF-�B response elements, and expression of target genes. In con-
trast, SeV infection stimulates the cellular RNA sensors RIG-I and
MDA5 that, via the mitochondrial antiviral signaling protein
MAVS (15) (also known as IPS-1/VISA/Cardif) (36, 58, 71, 96),
activate IKK� and IKK� of the IKK complex as well as the IKK-
related kinases TBK-1 and IKKε, which have been associated with
activation of IRF3/IRF7, as well as the NF-�B pathway (30, 41).
Accordingly, we observed that SeV infection induced activation of
the IFN-�- and NF-�B-dependent promoters, but the magnitude
of the induction was higher with the IFN-�-dependent promoter
(Fig. 7A). In contrast, and consistent with the literature, TNF-�
induced higher levels of activation of the NF-�B-dependent pro-
moter and weaker activation of the IFN-�-dependent promoter
(32, 46, 74) (Fig. 7B). In agreement with previous findings, we
observed that transient transfection with either TBK-1 or IKKε
promoted activation of both IFN-� (9, 17, 26, 38, 67, 81)- and
NF-�B (3, 18, 40, 62, 69, 70, 77, 79, 82, 87)-dependent promoters
(Fig. 7C and D). The NF-�B-dependent promoter within the re-
porter plasmid contains only two NF-�B binding sites, which ex-
plains the overall low levels of reporter expression following acti-
vation of the promoter. Notably, infection with vesicular
stomatitis virus (VSV) was shown to result in recruitment of
IKKε, but not TBK-1, by MAVS (45). In the accompanying paper
by Pythoud et al. (72), we demonstrate that arenavirus NP
strongly binds IKKε but not TBK-1. Moreover, preliminary data
revealed a biochemical association of arenavirus NP with IKK� by
the use of nonstringent coimmunoprecipitation conditions. Con-
sequently, it is plausible to imagine a situation where arenavirus
NPs block efficiently SeV-induced activation of NF-�B while ex-
hibiting only a very limited ability to inhibit TNF-�-mediated
activation of NF-�B. A more detailed understanding of arenavirus
NP interactions with the various cellular kinases involved in
NF-�B activation by viral infection and TNF-� would help to

FIG 5 Infection with TCRV or rLCMV/NP* D382A does not prevent SeV-
mediated induction of NF-�B-dependent transcriptional activation. A549
cells were mock infected or infected (MOI � 0.1) with TCRV or rLCMV/NP*
D382A and at 72 h p.i. seeded on 24-well plates (2 � 105 cells/well) prior
cotransfection with pNF-�B-Fluc (500 ng) and pSV40-RL (50 ng) plasmids for
5 h, followed by infection with SeV (MOI � 3) for 18 h, at which time cell
lysates were prepared to determine levels of Fluc (NF-�B activation) and RL
(normalization of transfection efficiency). (A) Reporter gene activation is ex-
pressed as fold induction over the level seen with the empty vector-transfected
and mock-infected control cells. (B and C) From duplicate wells, cells were
fixed to determine percentages of antigen-positive cells by immunofluores-
cence using a mouse hyperimmune serum to TCRV or monoclonal antibody
1.1.3 to LCMV-NP (B), and tissue culture supernatants (TCS) were collected
to determine the production of infectious virus (TCRV and rLCMV/NP*
D382A) progeny (FFU per milliliter) using a focus-forming-unit assay (C).
Values shown correspond to averages 	 SD of the results from two of three
independent experiments.

Rodrigo et al.

8192 jvi.asm.org Journal of Virology

http://jvi.asm.org


elucidate the mechanisms by which arenavirus NPs can interfere
differently with these two key pathways of the host inflammatory
response.

The ability to inhibit NF-�B activation was shared by many
arenavirus NPs (Fig. 3). Interestingly, and as previously observed
together with the inhibitory effect of arenavirus NPs on IRF3 ac-
tivation (53), TCRV-NP was significantly less efficient in inhibit-
ing nuclear translocation of NF-�B and its transcriptional activity.
Mutation-function studies using a series of C-terminal and inter-
nal deletion mutants, as well as single alanine (A) substitutions
(Fig. 4), revealed that the C-terminal region of LCMV-NP, and,
specifically, residues within the active site of the NP 3=-5= exonu-
clease (D382, E384, D459A, H517A, and D522A), as well as the
highly conserved residues G385 and R386 within the DIEGR motif
previously shown to be involved in the anti-IFN-I activity of NP
(23, 52, 73), also affected the NP’s ability to inhibit NF-�B tran-
scriptional activity. Accordingly, both rLCMV/NP* D382A and
TCRV exerted only a very modest inhibitory effect on SeV-in-
duced NF-�B transcriptional activity (Fig. 5). Our findings deter-

mined using plasmid-based cell transfection assays were also re-
created in LCMV-infected cells with endogenous NF-�B after SeV
infection or TNF-� treatment (Fig. 6).

The pathogenicity of HF arenaviruses has been linked to an
impaired host innate immune response and subsequent deficient
adaptive immune responses, which result in uncontrolled high
levels of viremia (55). Thus, differences in pathogenicity between
the two OW arenaviruses LASV (highly pathogenic) and Mopeia
virus (MOPV [nonpathogenic]) have been correlated with
LASV’s ability to prevent the activation and corresponding cyto-
kine production observed in MOPV-infected macrophages and
dendritic cells (DCs) (47, 65). Whether or not MOPV-NP is able
to counteract the IFN-I response remains to be determined, but
recent evidence suggests that MOPV infection is not able to coun-
teract the IFN-I response at levels comparable to those seen with
LASV-infected cells (10). Likewise, in PICV-infected guinea pigs,
a surrogate animal model of LF, a lethal (P18) but not an attenu-
ated (P2) variant of PICV caused inhibition of proinflammatory
cytokine production early during infection (6). This was found to

FIG 6 SeV-induced but not TNF-�-induced nuclear translocation of endogenous NF-�B p65 is inhibited in LCMV-infected cells. (A) Nuclear translocation of
endogenous NF-�B p65 in LCMV-infected cells. Subconfluent monolayers of A549 cells were mock infected (
LCMV) or infected (�LCMV, MOI � 10) with
LCMV. At 20 h p.i., cells were mock infected (Mock) or infected with SeV (MOI � 3) and, at 3 h post-SeV infection, fixed, permeabilized, and immunostained
with antibodies to endogenous NF-�B p65 (green) and LCMV-NP (red). Cellular nuclei were stained with DAPI (blue). Representative images are shown. (B)
Percentages of NF-�B p65 nuclear translocation. Percentages of cells showing nuclear translocation of endogenous NF-�B p65 in mock-infected or LCMV-
infected cells in response to SeV infection at the indicated hour postinfection were determined by counting 100 to 150 cells in nonoverlapping fields as described
for Fig. 3C. (C) Nuclear translocation of endogenous NF-�B p65 in LCMV-infected cells upon TNF-� treatment. Subconfluent monolayers of A549 cells were
mock infected (
LCMV) or infected with LCMV (�LCMV, MOI � 1) and 24 h later mock or TNF-� treated (50 ng/ml) for 4 h, fixed, permeabilized, and
immunostained with a polyclonal antibody to endogenous NF-�B p65 and monoclonal antibody 1.1.3 to LCMV-NP. The percentage of cells showing nuclear
translocation of endogenous NF-�B p65 in each sample was determined by counting 60 to 100 cells in nonoverlapping fields as described for Fig. 3C. (D) Levels
of endogenous NF-�B p65 in cytosolic and nuclear lysates from mock- and LCMV-infected cells treated with TNF-�. Cytoplasmic (C) and nuclear (N) lysates
of mock- and LCMV-infected cells treated with TNF-� (50 ng/ml) were analyzed by Western blotting using a polyclonal antibody for endogenous NF-�B p65.
Caspase-3 (cytoplasmic) and poly-ADP ribose polymerase (PARP; nuclear) were used to determine purity. Mock-infected and TNF-� mock-treated cell extracts
were used as a control.
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correlate with the ability of the pathogenic PICV-P18 to induce
increased amounts of the transcription-repressing p50/p50 ho-
modimer of NF-�B, whereas infection with the attenuated
PICV-P2 led to accumulation of the trans-activating p65/p50 het-
erodimer of NF-�B (7). PICV-P2 and -P18 have an arginine (R)
and a lysine (K), respectively, at position 374 of NP, but the two
NPs were equally able to inhibit SeV-mediated IFN-� promoter
activation (43), suggesting that this single amino acid substitution
in PICV-NP is unlikely to be responsible for the observed differ-
ences between the attenuated P2 and the virulent P18 variants of
PICV in NF-�B activation. Similarly, infection of human mono-
cytes with the nonpathogenic NW arenavirus TCRV was accom-
panied by significant upregulation of interleukin-6 (IL-6), IL-10,
and TNF-� compared to infection of monocytes with the patho-
genic NW arenavirus JUNV (22). These results are in agreement
with our observation that TCRV-NP is not as efficient as other
arenavirus NPs in blocking IFN-I (53) and NF-�B responses (this
work). Intriguingly, although increased production of IFN-�,
IFN-�, TNF-�, IL-6, IL-10, or IL-12 was not observed in JUNV-

infected human monocytes or macrophages, several pro- and
anti-inflammatory cytokines have been shown to occur at elevated
levels in patients with fatal or severe JUNV infection (25, 44, 50), a
situation similar to that observed in human cases of LASV infec-
tion (47). However, studies of LASV infection of cynomolgus
monkeys have shown a correlation between an early and strong
innate immune response and control of virus multiplication and
recovery from LASV-induced disease (34). These findings support
a model of arenavirus pathogenesis in which an early robust pro-
duction of cytokine by infected monocytes and macrophages may
be protective. This model is also consistent with gene expression
data from a model of LF based on LCMV infection of macaques
(12). During previremic early stages of infection, LCMV had
mainly an inhibitory effect on host gene expression, including
expression of genes within the IFN-I and NF-�B pathways. How-
ever, upon the onset of viremia, the trend was reversed, and in
macaques infected with the virulent WE strain of LCMV, there
was an overall increase in host gene transcription (48, 49). One
could envision that, early during infection, expression of NP

FIG 7 IFN-� and NF-�B promoter activation by TBK-1 and IKKε. (A and B) SeV infection (A) or TNF-� treatment (B) results in activation of both IFN-�- and
NF-�B-dependent promoters. Plasmids pNF-�B-GFP (500 ng) and pIFN� RFP-CAT (500 ng) were cotransfected into 293T cells (12-well format, triplicates). At
24 h p.t., cells were mock infected (Mock) or infected with SeV (MOI � 3) (A) or mock treated (Mock) or treated with 50 ng of TNF-�/ml (B). Reporter plasmid
activation was determined 16 to 18 h after infection or TNF-� treatment under a fluorescence microscope (using GFP for NF-�B and RFP for IFN-�).
Representative images are shown. (C and D) TBK-1 (C) and IKKε (D) promote activation of both IFN-�- and NF-�B-dependent promoters. 293T cells (12-well
format, triplicates) were cotransfected with 500 ng of pNF-�B-GFP (or pNF-�B-Fluc) and 500 ng of pIFN� RFP-CAT, together with 500 ng of TBK-1 or IKKε
expression plasmids, and 50 ng of pSV40-RL expression vector to normalize transfection efficiencies. Activation of the IFN-� and NF-�B reporter plasmids was
determined 24 h posttransfection by fluorescence microscopy (using GFP for NF-�B and RFP for IFN-�) and luciferase expression levels (NF-�B Fluc).
Representative images are shown. Reporter gene activation is expressed as fold induction over the level seen with the empty vector-transfected control cells.
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might contribute to a limited induction of IFN-I and NF-�B acti-
vation in the infected cells. Over time, however, as the numbers of
infected cells and the overall viral load rise, many noninfected cells
could start to respond to the signals provided by infected cells,
thus leading to an overall increase in host gene transcription.

NF-�B is also involved in the regulation of cellular apoptosis. In
cultured cells, infection with TCRV, but not JUNV, has been shown
to induce a robust cytopathic effect (22). Interestingly, we observed
that infection of A549 cells with rLCMV/NP* D382A, a virus whose
NP lacked the ability to counteract induction of IFN-I, resulted in a
high degree of cytopathic effect than was not seen in cells infected
with wild-type rLCMV (data not shown). A similar situation has been
observed with recombinant influenza viruses lacking the NS1 pro-
tein, which is known to counteract both induction of IFN-I and
NF-�B activation (84). It is plausible that the cytopathic effect ob-
served with TCRV and rLCMV/NP* (D382A) could be related to
their NPs being unable to modulate the activation of the NF-�B path-
way. Further studies would be required to determine the role of are-
navirus NP in cellular apoptosis.

Our results have uncovered a previously unknown function of
arenavirus NP, namely, its ability to interfere with NF-�B activa-
tion, which could contribute to the multiple mechanisms by
which arenaviruses counteract the host initial innate defenses and
subsequent adaptive immune responses. A better knowledge of
the mechanisms underlying the inhibitory activity of arenavirus
NPs on the IFN-I and inflammatory responses would lead to a
better understanding of the pathogenic and immunogenic prop-
erties of arenaviruses. Insights into arenavirus virulence may also
open new avenues for the generation of highly attenuated arena-
virus that could be evaluated as vaccine candidates and may sug-
gest new antiviral targets for therapeutic modulation in the treat-
ment of arenavirus infections.
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