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Abstract

Lassa virus pathogenesis is believed to involve dysregulation of cytokines. We have previously shown nuclear
factor-kB (NF-kB) inhibition using a BSL-2 model for Lassa fever. Here we further define the potential mecha-
nism for NF-kB inhibition as involving increased levels of repressive p50=p50 homodimers, and suggest a novel
therapeutic strategy that acts via modulation of host signaling.

Introduction

The arenaviruses include several important emerg-
ing human pathogens, including Lassa virus and Junin

virus. While these viruses remain significant causes of mor-
bidity and mortality, little is known about the molecular basis
of disease, and this has hindered the design of novel thera-
peutics. Hemorrhagic arenavirus pathogenesis is believed to
involve the dysregulation of cytokines, which leads to im-
paired development of a protective immune response. Pi-
chindé virus (PICV) causes a similar disease in guinea pigs to
Lassa fever in humans (18). By using two variants of PICV-P2,
which causes a mild infection, and P18, which causes a lethal
disease (1), we can begin to delineate the cellular responses
that lead to a protective immune response, and those that lead
to a severe hemorrhagic disease (3–5).

In some guinea pig models of arenavirus hemorrhagic
fever, differential expression of tumor necrosis factor-a (TNF-
a) has been associated with pathogenicity (2), with high
levels of TNF-a appearing at late stages of lethal infection, at
a time when levels are declining following infection with the
attenuated variant. There is also evidence suggesting that
early elaboration of pro-inflammatory cytokines is actually
associated with milder disease. Differential production of
TNF-a has been shown to be involved in the pathogenesis of
African swine fever virus (16), with TNF-a production ele-
vated at early times following infection with a low-virulence
isolate compared to infection with a more virulent isolate
(15). These data suggest that an early inflammatory response
is important in activating the required immune effectors that
lead to survival, but that high levels of these mediators late

in infection may lead to severe disease. Infection of macro-
phages with Lassa virus does not activate TNF-a expression,
and inhibits production of this cytokine following treatment
with lipopolysaccharide; this effect is not seen following in-
fection with the apathogenic Mopeia virus (20). A similar
effect is seen following infection with virulent, but not at-
tenuated, PICV (11), suggesting that virulent arenaviruses
are able to actively suppress the signaling events that lead to
the development of an effective innate response, and may
contribute to pathogenesis by facilitating increased viral
replication and dissemination.

The transcription factor nuclear factor-kB (NF-kB) controls
the expression of a number of genes including TNF-a (17).
We have previously identified the NF-kB pathway as being
highly interconnected in signaling networks induced during
PICV infection using high-throughput methods and path-
way analysis (3,4). NF-kB refers to a protein family that
functions as homo- and heterodimers. We have shown that
infection with the attenuated variant of PICV increases DNA
binding of the transcription-activating p65=p50 heterodimer,
whereas lethal infection increases binding of the transcrip-
tion-repressing p50=p50 homodimer (11). We sought to in-
crease our understanding of the mechanisms behind this
finding, and further characterize the activation status of NF-
kB during infection.

Materials and Methods

We infected triplicate cultures of P388D1 murine
monocyte-like cells with P2 or P18 PICV at a multiplicity of
infection of 5. Virus was purified by PEG precipitation to
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remove contaminating soluble factors that may activate cel-
lular signaling pathways. Control cultures were mock-
infected with PEG purification medium alone. Cells were
harvested at various times post-infection (15 min to 16 h),
and cytoplasmic and nuclear extracts were prepared as de-
scribed previously (10). Protein levels were quantified using
the BCA protein assay (Pierce, Rockford, IL). Equal amounts
of protein were used for all experiments.

Results

We performed high-throughput DNA-binding assays us-
ing the TransAM assay system (Active Motif, Carlsbad, CA).
Nuclear extracts from 30 min to 16 h post-infection were as-
sayed for levels of NF-kB p65 and p50 (Fig. 1), and c-Rel and
p52 (data not shown) to bind to the consensus kB site
(GGGACTTTCC) in vitro. Infection with the virulent P18
variant of the virus induced approximately a 1.7-fold in-
crease in p65 DNA binding by 2 h post-infection; binding
following P18 infection was significantly higher than that
induced by P2 at 0.5 and 2 h post-infection ( p¼ 0.004 and
p¼ 0.008, respectively, by Student’s t-test). No significant

differences were observed at late time points post-infection.
At 8 h post-infection clear differences in p50 binding were
seen between virus- and mock-infected cells; at 12 h post-
infection, P18 infection induced 1.6-fold more p50 binding
than infection with P2 ( p¼ 0.048). Analysis of nuclear p50
and p65 levels by immunoblotting showed significantly
higher levels of p50 in the nucleus following infection with
the virulent virus from 8 h post-infection (data not shown).
Infection with p18 showed consistently higher levels of c-Rel
binding from 4 h onward, and increased and sustained p52
binding from 8 h post-infection. The role of this pathway in
pathogenesis has yet to be determined.

As NF-kB p50 showed increased nuclear translocation and
DNA binding in P18-infected cells, we investigated the total
levels of this protein by immunoblotting whole-cell extracts
at 24 h post-infection. Bands were quantified by densitome-
try using the GelPro Analyzer (Media Cybernetics, Silver
Spring, MD) (Fig. 2A). We observed an increase in levels of
total p50 following infection with both P2 and P18. This
finding is consistent with our previous report (3). The in-
creased level of p50 may account for our previously reported
increased binding of p50=p50 homodimers to the kB site (11).

FIG. 1. DNA-binding activity of NF-kB family members. We used 5 mg of nuclear extracts from mock, P2, and P18 PICV-
infected cells to assay DNA binding of NF-kB p65 and p50 to the kB consensus site in vitro. (A) The bar graphs show the
results from three independent infections. Error bars show the standard error of the mean. Data are normalized to the DNA-
binding activity of a triplicate set of nuclear extracts from time-point zero. Asterisks indicate significant differences ( p <0.05
by Students T-test). (B) Line graph representations are used to illustrate the oscillatory nature of the responses. The y axis
shows absorbance, and the x axis is hours post-infection.
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However, the increased nuclear levels are markedly higher
in P18-infection, as shown by the DNA-binding assay in
Fig. 1, and immunoblots of nuclear extracts following the
time-course of infection (data not shown), whereas total cell
levels were not statistically significantly greater in P18 in-
fection compared to P2. This suggests that while both viruses
may activate the signaling pathways that lead to p50 ex-
pression, P18 infection may activate signaling events that
preferentially trigger p50 homodimer translocation. While
specific signaling mechanisms leading to preferential
p50=p50 activation remain to be identified, it has been shown
that p50=p50 homodimers are preferentially activated by
ethanol in monocytes, and that this may be the mechanism

for the downregulation of pro-inflammatory cytokines in
acute ethanol exposure (21). Pathway analysis using the In-
genuity Pathways Analysis software and knowledge base
(Ingenuity Systems, Redwood City, CA), revealed one pro-
tein, c-terminal Src kinase (Csk), to be selectively involved in
p50 localization, and that Src mediates an important alter-
native pathway for NF-kB activation. We investigated the
phosphorylation of Src over time following mock, P2, or P18
infection by cell-based phospho-specific ELISA (Active Motif
FACE assay performed per the manufacturer’s instructions,
with cell number controlled by crystal violet staining), and
found that p-Src levels were consistently lower in P18- than
P2-infected cells (Fig. 2B). However, p-Src levels following

FIG. 2. PICV infection increases expression of NF-kB p50. Quadruplicate cultures of mock, P2, and P18 PICV-infected cells
were harvested in SDS-PAGE loading buffer at 24 h post-infection, and total levels of p50 were detected by immunoblotting.
(A) Levels of p50 in infected cells were calculated relative to levels in mock-infected cells by densitometry (n¼ 4). (B) A cell-
based phospho-specific ELISA was used to investigate Src phosphorylation in vitro over the time-course of infection. Error
bars show the standard error of the mean (n¼ 3). Statistically significant differences between P2 and P18 are shown by an
asterisk (Student’s t-test, p< 0.05). (C) Murine macrophage-like P388D1 cells were stimulated with poly(I:C) following
treatment with XBY-6 or liposomes alone. Supernatant levels of TNF-a and IL-12p40 were assayed by ELISA. (D) Guinea pigs
(n¼ 6 per group) were treated with thioaptamer XBY-6 in liposomes as described in (12), with either XBY-6 thioaptamer
targeting NF-kB p50=p50 (XBY), a control (scrambled) thioaptamer B92 (B92), liposomes alone (LIPO), or no treatment
(omitted here for clarity, but described in the text).
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P18 infection were only significantly lower at two time-
points (2 and 12 h post-infection), and levels of p-Src fol-
lowing P2 infection showed a trend toward being lower than
in mock-infection, although the differences were not statis-
tically significant at any individual time-point. Although the
observed differences in phosphorylation are small, the fact
that phosphorylation events can dramatically affect protein
activity, these small-fold changes in phosphorylation may
result in large functional changes.

Discussion

The p50=p50 homodimers of NF-kB are likely to suppress
the pro-inflammatory response (9,14). Several studies sug-
gest that virulent hemorrhagic fever infection is associated
with early innate immune dysregulation (6,15,28), and po-
tentially inhibition of pro-inflammatory signaling events. We
used a double-stranded DNA thioaptamer to NF-kB p50=p50
(19,29,30) to attempt to counteract the inhibitory effects me-
diated by transcriptionally repressive p50=p50 dimers. The
thioaptamer XBY-6 was shown to be specific for the p50
homodimer by gel shift and supershift assay (31). In vitro,
XBY-6 treatment of P388D1 cells led to increased TNF-a and
IL-12 production following stimulation with poly(I:C) (Fig.
2C). XBY-6 was used to treat guinea pigs infected with PICV
P18 following appropriate guidelines for institutional animal
care and use. Total numbers of surviving guinea pigs were
not increased, but XBY-6 thioaptamer treatment did appear
to prolong survival compared to guinea pigs treated with
liposomes alone or a scrambled control thioaptamer (Fig.
2D), although these results were not statistically significant
by Kaplan-Meier survival curve analysis. Animals treated
with the thioaptamers died earlier than infected-untreated
animals. We hypothesize that this is due to the immuno-
suppressive effects of the liposome preparation we have
characterized previously (12), although histopathologic
evaluation of tissues harvested at time of death revealed
slightly less severe pathologic lesions in the splenic marginal
zone and red pulp of XBY-6-treated animals compared to
untreated, infected control animals (data not shown). There
was no difference between groups in mean viral titers or
antibody titers at death.

We have previously reported that PICV P18 is able to in-
hibit the DNA binding of NF-kB p65 to its DNA target se-
quence following stimulation with LPS (11). This result shows
that virulent PICV is able to actively suppress the NF-kB
pathway. As NF-kB transactivates its own expression, and
expression of IkB, this is consistent with gene expression data
from LCMV-infected macaques, in which the virulent strain
downregulated p65 and IkB transcription, consistent with
NF-kB inhibition, whereas the attenuated virus upregulated
their transcription (8). In this study we have shown that P18
induces expression and nuclear translocation of high levels of
p50. This suggests that the increased levels of p50 protein and
its selective nuclear translocation may be the mechanism re-
sponsible for arenavirus-induced NF-kB inhibition. The
pathways that lead to upregulation of p50 remain to be elu-
cidated, and may involve a viral protein acting on upstream
signaling pathways to activate p50 gene transactivating fac-
tors. It is known that NF-kB transactivates its own promoter
(13); the early activation of p65-containing dimers in infected
cells may be partly responsible for the observed p50 upre-

gulation. However, the mechanisms that lead to preferential
translocation of p50=p50 may be more significant in patho-
genesis. Despite only encoding four proteins, arenaviruses
have evolved the ability to directly interfere with host sig-
naling. For example, the NP protein of arenaviruses, except
Tacaribe virus, have been shown to inhibit the type-I inter-
feron response by inhibiting IRF-3 translocation (22,23).

Activation of the pathways that lead to p50 expression
and p50=p50 activation could be another mechanism used by
arenaviruses to evade the immune response. Both NF-kB
p65=p50 and p50=p50 dimers are held in the cytoplasm by
IkB, which is degraded following phosphorylation by the IkB
kinase complex. However, nuclear translocation and trans-
activation of NF-kB molecules require other regulatory
mechanisms, many of which are due to phosphorylation
events (24,25). While activation of a common pathway may
lead to IkB degradation in both P2- and P18-infected cells,
infection with attenuated virus could lead to differential ac-
tivation of pathways that lead to the correct activating
modifications of the p65 subunit of NF-kB, while virulent
virus may fail to activate these pathways, or actively inhibit
them. However, detectable levels of p65 in the nucleus
(G.C.B. and N.K.H, unpublished results) during late-stage
P18 infection suggest that other inhibitory mechanisms may
be present, such as increased levels of nuclear IkBs, or
incomplete post-translational activation of p65. Interestingly,
a recent genomic study of LCMV infection suggested that
increased levels of HSP60 may downregulate the inflam-
matory response, potentially through downregulation of NF-
kB expression (7). The repeated identification of NF-kB and
its various regulatory pathways in the host responses to
arenavirus infection illustrate the central role of this tran-
scription factor in arenavirus disease. The finding that in-
creased p50=p50 binding in P18 infection does not occur until
later time points suggests that this could be a secondary ef-
fect, such as following differential activation of a pathway
responsible for p50=p50 activation, or may be associated
with a certain stage in the virus replication cycle.

We have previously shown that modulation of host sig-
naling can protect guinea pigs from lethal PICV infection
(12). A more complete understanding of the role of NF-kB in
arenavirus hemorrhagic fever may allow focused targeting of
therapeutics, that by modulating this pathway, result in the
development of an effective immune response. Modulation
of NF-kB activity and of other transcription factors is likely to
provide a useful basis for the development of novel antivi-
rals. The fact that early TNF-a expression appears to correlate
with infection with lower-virulence viruses and recovery
suggests that an early pro-inflammatory response is critical
in viral clearance. Inhibiting events that act to suppress this
response, such as NF-kB p50=p50 and transcriptionally re-
pressive forms of AP-1, may allow the correct development
of these responses. In contrast, as pathogenesis late in in-
fection correlates with high levels of pro-inflammatory cy-
tokines, using a different set of inhibitors at later stages of
disease to inhibit NF-kB p65=p50 may provide protection. In
addition to targeting immune pathways, inhibition of other
cellular pathways may be effective in controlling viral rep-
lication directly (26,27). We believe that this type of ap-
proach, modulating specific ‘‘arms’’ of the host-response at
different stages of infection, in combination with supportive
care and drugs that directly target pathogen replication, may
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provide an important therapeutic strategy for the control of a
number of infectious diseases.
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