
JOURNAL OF VIROLOGY, Mar. 2004, p. 3162–3169 Vol. 78, No. 6
0022-538X/04/$08.00�0 DOI: 10.1128/JVI.78.6.3162–3169.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Inhibition of Different Lassa Virus Strains by Alpha and Gamma
Interferons and Comparison with a Less Pathogenic Arenavirus

Marcel Asper,1 Thomas Sternsdorf,2 Meike Hass,1 Christian Drosten,1 Antje Rhode,1
Herbert Schmitz,1 and Stephan Günther1*

Department of Virology, Bernhard-Nocht-Institute of Tropical Medicine, 20359 Hamburg, Germany,1 and Gene
Expression Laboratory, The Salk Institute for Biological Studies, La Jolla, California 92186-58002

Received 22 August 2003/Accepted 10 November 2003

The high pathogenicity of Lassa virus is assumed to involve resistance to the effects of interferon (IFN). We
have analyzed the effects of alpha IFN (IFN-�), IFN-�, and tumor necrosis factor alpha (TNF-�) on replication
of Lassa virus compared to the related, but less pathogenic, lymphocytic choriomeningitis virus (LCMV). Three
low-passage Lassa virus strains (AV, NL, and CSF), isolated from humans with mild to fulminant Lassa fever,
were tested. Lassa virus replication was inhibited by IFN-� and IFN-�, but not TNF-�, in Huh7 and Vero cells.
The degree of IFN sensitivity of a Lassa virus isolate did not correlate with disease severity in human patients.
Furthermore, cytokine effects observed for Lassa virus and LCMV (strains CH-5692, Armstrong, and WE) were
similar. To address the mechanisms involved in the IFN effect, we used cell lines in which overexpression of
IFN-stimulated proteins promyelocytic leukemia protein (PML) and Sp100 could be induced. Both proteins
reside in PML bodies, a cellular target of the LCMV and Lassa virus Z proteins. Overexpression of PML or
Sp100 did not affect replication of either virus. This, together with the previous finding that PML knockout
facilitates LCMV replication in vitro and in vivo (M. Djavani, J. Rodas, I. S. Lukashevich, D. Horejsh, P. P.
Pandolfi, K. L. Borden, and M. S. Salvato, J. Virol. 75:6204-6208, 2001; W. V. Bonilla, D. D. Pinschewer, P.
Klenerman, V. Rousson, M. Gaboli, P. P. Pandolfi, R. M. Zinkernagel, M. S. Salvato, and H. Hengartner,
J. Virol. 76:3810-3818, 2002), describes PML as a mediator within the antiviral pathway rather than as a direct
effector protein. In conclusion, the high pathogenicity of Lassa virus compared to LCMV is probably not due
to increased resistance to the effects of IFN-� or IFN-�. Both cytokines inhibit replication which is relevant for
the design of antiviral strategies against Lassa fever with the aim of enhancing the IFN response.

Lassa virus belongs to the Old World complex of the family
Arenaviridae and is the etiologic agent of Lassa fever in hu-
mans. Its natural host is the African rodent Mastomys natalen-
sis. Transmission of the virus from its natural host to humans
causes a systemic disease, Lassa fever, which is associated with
bleeding and organ failure; there is a high fatality rate for
hospitalized patients with Lassa fever (34). Lassa fever is en-
demic in the West African countries of Sierra Leone, Guinea,
Liberia, and Nigeria. The drug ribavirin has been shown to be
effective if it is administered early after infection (35). How-
ever, several recent cases of Lassa fever in Europe have dem-
onstrated that even state-of-the-art intensive care cannot pre-
vent a fatal outcome (42). In contrast to the highly pathogenic
Lassa virus, the related lymphocytic choriomeningitis virus
(LCMV), which is carried by Mus musculus, causes only a mild
febrile illness and benign meningitis in humans. Similarly,
there are other Old World arenaviruses, such as Ippy, Mobala,
and Mopeia virus which do not appear to be associated with
significant human disease. The molecular or immunological
mechanisms underlying the differences in pathogenicity are not
understood.

Type I (alpha interferon [IFN-�] and IFN-�) and type II
(IFN-�) IFNs are the central mediators of the innate immune
response by inducing an antiviral state within a cell. IFN sig-

naling involves binding of IFN to the respective receptor (type
I or type II), activation of STAT1 and/or STAT2, leading to the
formation of active transcription factor complexes, and the
subsequent activation of IFN-stimulated genes (41). Another
cytokine which shows antiviral activity to some viruses is tumor
necrosis factor alpha (TNF-�) (5, 10, 29, 33, 45). The TNF-�-
mediated antiviral response involves activation of the NF-�B
transcription factor (10).

LCMV is susceptible to IFN in murine cells (37), and there
is evidence that IFN plays an important role in the clearance of
LCMV in mice (23, 38). Moreover, there is a correlation be-
tween the relative resistance of particular LCMV strains to
murine IFN and their propensity to establish a persistent in-
fection in mice (37). There is little analogous data available for
Lassa virus. In one published study in which low concentrations
of IFN-� were used, the researchers concluded that Lassa virus
is resistant to the effect of IFN (39).

Besides the abovementioned association between IFN sus-
ceptibility of LCMV strains and course of infection (37), there
are several examples in the literature for an association be-
tween IFN susceptibility and pathogenicity among related vi-
ruses or strains (13, 44, 46, 49). Many viruses modulate their
susceptibility to the IFN system by expressing IFN antagonists
(41), and it is conceivable that the activity of antagonists differs
from strain to strain. Other viruses interfere with the TNF-�
pathway (3, 19, 40). A prominent example for a correlation
between pathogenicity and susceptibility to IFN and TNF-� is
influenza A virus (44). Lethal H5N1 strains were totally resis-
tant to the antiviral effects of IFN-�, IFN-�, and TNF-� in
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vitro, while the replication of common non-H5N1 strains of
influenza A virus was strongly suppressed by all three cyto-
kines. Amino acid changes in the influenza A virus NS1 pro-
tein, which is known to counteract the IFN response (32),
appear to determine the IFN susceptibility phenotype (44).

The present study focused on three questions. (i) Is Lassa
virus resistant or susceptible to the effects of IFN-�, IFN-�,
and TNF-� in cells of human and nonhuman primate origin?
(ii) Does the highly pathogenic phenotype of Lassa virus cor-
relate with increased resistance to these cytokines compared to
the less pathogenic LCMV? (iii) Do the IFN-stimulated pro-
teins promyelocytic leukemia protein (PML) and Sp100 play a
role as effector proteins in the IFN response to Lassa virus and
LCMV?

Virus strains and cell lines. The study was performed with a
representative set of three low-passage strains of Lassa virus
belonging to three phylogenetic lineages (11, 25) (Table 1).
The strains were isolated from humans with different clinical
courses of Lassa fever. A fulminant Lassa fever was caused by
strain AV (42). A less severe disease was caused by strain NL
(42). Strain CSF was isolated from a patient with a mild and
unusual course of disease (25). For comparison, three strains
of LCMV were tested. One of the three strains was a low-
passage isolate from a pygmy marmoset (Cebuella pygmaea)
with callitrichid hepatitis (2), while the other two strains were
the classical laboratory strains Armstrong and WE (kindly pro-
vided by Michael Bruns, Heinrich-Pette-Institute, Hamburg,
Germany) (Table 1). Experiments with Lassa virus and LCMV
were performed under biosafety level 4 and biosafety level 3
conditions, respectively. Virus stocks were quantified by an
immunological focus assay (4), because plaques were poorly
produced by all virus strains. Vero cells in 24-well plates were
inoculated with 100 �l of serial 10-fold dilutions of virus stock.
The inoculum was removed after 1 h and replaced by a 1%
methylcellulose medium overlay. After 5 days of incubation,
cells were fixed with 4% formaldehyde, permeabilized with
0.5% Triton X-100, blocked with 10% fetal calf serum, and

washed. Cell foci infected with Lassa virus and LCMV were
detected with Lassa virus nucleoprotein (NP)-specific mono-
clonal antibody L2F1 diluted 1:50 (26) and LCMV NP-specific
monoclonal antibody 53 diluted 1:800 (kindly provided by Mi-
chael Bruns), respectively. After the cells were washed and
incubated with peroxidase-labeled anti-mouse immunoglobu-
lin G antibody (Dianova) diluted 1:3,000, foci were detected
with 3,3�,5,5�-tetramethylbenzidine (TMB). Titers are ex-
pressed as plaque (focus)-forming units (PFU) per milliliter.

Two cell lines were used for the experiments. The highly
differentiated human hepatoma cell line Huh7 was chosen,
because the liver is a major target organ of Lassa virus (36, 50).
Experiments were also performed in Vero cells, which are of
nonhuman primate origin and are defective in the induction of
IFN genes (18), preventing auto- and paracrine effects due to
endogenously expressed IFN.

Functionality of the cell culture system as tested with VSV.
The functionality of the cell culture system was verified using
vesicular stomatitis virus (VSV). Huh7 and Vero cells were
incubated with various concentrations (0, 10, 100, and 1,000
U/ml) of natural human IFN-� (affinity-purified mixture of
different IFN-� species), recombinant human IFN-�, and re-
combinant human TNF-� (Biochrom AG). The cells were in-
fected 24 h later with VSV strain Indiana at a multiplicity of
infection (MOI) of 0.01, and fresh medium supplemented with
the cytokines was added. Supernatants were taken 24 h postin-
fection, and the virus titer was determined by a plaque test on
Vero cells. IFN-� reduced the VSV titer by up to 4 log units,
while IFN-� caused only a reduction of about 1 log unit, indi-
cating that the IFN signaling and effector pathways are func-
tional (Fig. 1). In agreement with previous observations (13,
39), these data also show that human IFN is active on cells
originating from African green monkeys. Since TNF-� showed
no effect, the functionality of the TNF-� pathway was mea-
sured by transfection of a TNF-� response plasmid containing
NF-�B sites upstream of a luciferase reporter gene. Huh7 and
Vero cells were transfected with the reporter plasmid pNFkB-

TABLE 1. Viruses used in this study

Strain Geographic origin Phylogenetic
lineage Source of isolate Associated disease

No. of
passages

after
isolation

Reference(s)

Lassa virus
AV Ghana, Ivory Coast,

or Burkina Faso
V Human (serum) Multiorgan failure, bleeding,

and hypovolemic shock
1 24, 42

NL Sierra Leone IV Human (serum) Lassa fever without
multiorgan failure and
bleeding

1 42

CSF Nigeria III Human (cerebrospinal
fluid)

Encephalopathy without
fever

1 25

LCMV
CH-5692 Germany Cebuella pygmaea

(spleen)
Callitrichid hepatitis 1 2

Armstrong E-350 United States Laboratory strain Several 1
WE United States Laboratory strain

(from cerebrospinal
fluid sample of a
human with
meningitis)

Several 43
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Luc (Clontech) and either treated with 1,000 U of TNF-� per
ml of medium (about 10 ng/ml) or left untreated; 5 h later, cells
were harvested, and luciferase activity was measured. TNF-�
treatment led to increases in luciferase activity of 3.4 � 1.1-fold
(n 	 6) and 1.5 � 0.1-fold (n 	 6) in Huh7 and Vero cells,
respectively, indicating that the cells respond to TNF-�.

Growth kinetics of Lassa virus and LCMV strains. The
growth kinetics of the Lassa virus and LCMV strains were
determined to optimize the conditions of the virus replication
assay. To facilitate rapid processing of a large number of sam-
ples, a quantitative real-time PCR was established for mea-
surement of virus RNA concentration in the cell culture su-
pernatant. Huh7 and Vero cells were plated at a density of 4 

104 cells/well of a 24-well plate. The cells were infected 24 h
later with Lassa virus or LCMV at an MOI of 0.01 in 100 �l.
The inoculum was removed after 1 h and replaced by fresh
medium. For RNA preparation (8), 140-�l aliquots of super-
natant were taken at regular intervals, mixed with 560-�l por-
tions of chaotropic lysis buffer AVL (Qiagen), and incubated at
room temperature for 15 min. The lysate was added to 100 mg
of diatomaceous silica (Sigma-Aldrich) suspended in 560 �l of
ethanol and incubated with agitation for 30 min at room tem-
perature. The diatomaceous silica was pelleted by centrifuga-
tion, and the pellet was washed three times, first with 500 �l of
AW1 buffer (Qiagen), then with 500 �l of AW2 buffer (Qia-
gen), and finally with 400 �l of acetone. The pellet was dried at
56°C, and the RNA was eluted with 100 �l of water. Virus
RNA concentration was measured using the Brilliant single-

step quantitative reverse transcriptase (RT) PCR kit (Strat-
agene) with SybrGreen as a reporter dye. The 20-�l reaction
mixture contained 2 �l of RNA, 1
 RT-PCR buffer, 2.5 mM
MgCl2, 800 �M deoxynucleoside triphosphate, 0.8 �g of bo-
vine serum albumin, 5 �M dye-binding molecule SGS (C. Dro-
sten, patent pending), SybrGreen (Molecular Probes) diluted
1:10,000, 1.25 U of StrataScript RT, 1 U of SureStart Taq, and
0.25 �M concentrations of primers LCMV-S 13� and
LCMV-S 322� (2) to detect LCMV or 0.2 �M primer 36E2
and 0.3 �M primer 80F2 (16) to detect Lassa virus. Both pairs
of primers target the S RNA of the virus. The reactions were
run on a LightCycler instrument as follows: (i) 20 min at 45°C;
(ii) 12 min at 95°C; (iii) 10 precycles, with 1 precycle consisting
of 10 s at 95°C, 10 s at 60°C (which decreased 0.8°C/cycle), and
20 s at 72°C; (iv) 25 cycles, with 1 cycle consisting of 5 s at 95°C,
10 s at 52°C (LCMV) or 55°C (Lassa virus), 30 s at 65°C, and
20 s of fluorescence read at 83°C (LCMV) or 80°C (Lassa
virus); and (v) melting curve analysis. The PCR target regions
were cloned into pT-Adv (AdvanTAge PCR cloning kit; Clon-
tech) and transcribed in vitro (MEGAscript; Ambion). The in
vitro transcripts were quantified and used in the PCR to gen-
erate standard curves to quantify the virus RNA in superna-
tant. Both RT-PCRs showed a broad dynamic range and al-
lowed simultaneous detection of different strains and
discrimination between the strains in the melting point analysis
(data not shown).

Similar growth curves were obtained for both cell lines,
although replication of all low-passage isolates, particularly
Lassa virus CSF and LCMV CH-5692, was somewhat slower
(log phase up to 72 h) than replication of the two highly cell
culture-adapted LCMV strains, Armstrong and WE (log phase
up to 48 h) (Fig. 2 and data not shown). There was a good
correlation between the RNA concentration and the titer of
infectious particles as determined by RT-PCR and immuno-
logical focus assay (Fig. 2, compare the top and bottom
graphs), respectively, indicating that real-time PCR is suitable
for measuring virus growth in our cell culture system. About
100 molecules of S RNA per PFU were found, suggesting an
excess of noninfectious virus particles. The ratio of S RNA
molecules to infectious particles increased slightly at later time
points (Fig. 2, top) which may be attributable to an increasing
release of defective particles or loss of infectivity of virions in
medium. Pilot experiments with 100 U of IFN-� per ml re-
vealed no significant inhibitory effect with any virus, so the
assays were performed with 1,000 U of IFN per ml.

Effects of IFN-�, IFN-�, and TNF-� alone and in combina-
tion on replication of Lassa virus and LCMV. Huh7 and Vero
cells were plated in 24-well plates and incubated with human
IFN-�, IFN-�, and TNF-� (1,000 U/ml) or combinations
thereof for 24 h before virus infection or were left untreated.
Cells were infected at an MOI of 0.01 and further incubated
with the same cytokines as in the priming phase. Virus RNA
concentration in supernatant was measured by real-time PCR
after 48 or 72 h (Lassa virus CSF and LCMV CH-5692). The
data are summarized in Fig. 3. IFN-� reduced Lassa virus
growth by about 1 log unit in Huh7 cells, while the effect was
lower in Vero cells. IFN-� inhibited Lassa virus growth by
about 0.5 log unit in both cell lines. The combination of both
IFNs reduced the virus RNA concentration by about 1 log unit
in both cell lines. Additive effects of IFN-� plus IFN-� were

FIG. 1. Sensitivity of VSV to different concentrations of human
IFN-�, IFN-�, and TNF-� in Huh7 and Vero cells. Cells were infected
at an MOI of 0.01, and the virus titer was determined in the superna-
tant 24 h later by plaque assay. The values for two experiments are
shown on a logarithmic scale.
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observed only in Vero cells. TNF-� alone or in combination
with IFN had no consistent effect. The strongest effects with
IFN-� and IFN-� were seen with Lassa virus AV, which had
been associated with the most severe clinical course, while the
lowest effects were seen with Lassa virus CSF, which had been
associated with a mild course without signs of a systemic dis-
ease. Most importantly, the LCMV strains had effects compa-
rable to those seen with the Lassa virus strains, particularly
Lassa virus AV. The only remarkable difference was the syn-
ergistic inhibitory effect of IFN-� plus IFN-� on LCMV strain
WE, which was evident in both cell lines. There was no corre-
lation between the S RNA molecule/PFU ratio in the initial
virus stock (see the legend to Fig. 3) and the level of cytokine
sensitivity, indicating that the fraction of noninfectious parti-
cles in the inoculum does not influence the outcome of the
experiment.

Additional experiments were performed with Lassa virus
AV and LCMV Armstrong to substantiate these data. In the
first experiment, the assay described above was repeated with
both cell lines, and in addition to the virus RNA concentration,
the concentration of infectious particles was determined by an
immunological focus assay. The inhibitory effects of IFN-� and
IFN-� on Lassa virus and LCMV were confirmed in this assay

FIG. 2. Growth kinetics of Lassa virus AV. Vero cells were infected
at different MOIs, and the concentration of S RNA molecules (top
graph) and infectious particles (bottom graph) in supernatant was
measured by real-time PCR and an immunological focus assay, respec-
tively. The table at the top of the figure shows the relation between
both measurements, expressed as S RNA molecules per PFU.

FIG. 3. Sensitivity of Lassa virus and LCMV to IFN-�, IFN-�, and
TNF-�. Huh7 and Vero cells were preincubated with human IFN-�,
IFN-�, or TNF-� (1,000 U/ml) (�) or combinations thereof for 24 h
before virus infection or left untreated. Cells were infected with Lassa
virus strains AV, NL, and CSF as well as LCMV strains CH-5692
(CH), Armstrong (Arm), and WE at an MOI of 0.01 and incubated
again with the same cytokines as in the priming phase. All virus stocks
used in the experiment had roughly comparable ratios of S RNA
molecule/PFU. The S RNA molecule/PFU ratios for the different
viruses on Huh-7 cells were as follows: 1.1 
 103 for AV, 2.5 
 103 for
NL, 6.8 
 103 for CSF, 3.3 
 104 for CH-5692, 6.5 
 103 for Arm-
strong, and 1.2 
 104 for WE. The S RNA molecule/PFU ratios for the
different viruses on Vero cells were as follows: 1.2 
 103 for AV, 3.1 

104 for NL, 3.5 
 103 for CSF, 2.2 
 104 for CH-5692, 2.6 
 104 for
Armstrong, and 1.7 
 103 for WE. Virus RNA concentration in su-
pernatant was measured by real-time PCR after 48 or 72 h (Lassa virus
CSF and LCMV CH-5692). Means � standard deviations (error bars)
for three experiments are shown on a logarithmic scale. To facilitate
comparison, the data are shown as relative values, with the RNA
concentrations in the untreated cells being given the value 1, corre-
sponding to 0 on a log scale.
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(Fig. 4). Furthermore, there was no significant change in the
specific infectivity of the released virus particles (expressed as
PFU per S RNA molecule) due to the treatment with the
cytokines (Fig. 4). This indicates that neither IFN-�, IFN-�,
nor TNF-� treatment leads to a relative overproduction of
defective virus particles. Thus, lethal hypermutation caused by
the IFN-stimulated, RNA-specific enzyme adenosine deami-
nase (ADAR1) (41) is unlikely to play a role. Immunoblot
analysis of Lassa virus-infected Vero cells also demonstrated
that the reduction due to IFN-� and IFN-� treatment in the

released particles is accompanied by a decrease in the intra-
cellular NP level (Fig. 5).

In another experiment, Vero cells were pretreated with cy-
tokines for 24 h, inoculated with about 200 PFU/well for 1 h,
and overlaid with 1% methylcellulose in medium to prevent
further virus spread. Infected foci were immunologically de-
tected as described for the immunological focus assay. Pre-
treatment with both IFN-� and IFN-� reduced the number of
foci by about 30% (Fig. 6). Thus, IFN completely blocked virus
replication in a fraction of cells. There was a slightly additive
effect of both IFNs, while TNF-� had no effect. Again, no
remarkable differences were seen between Lassa virus and
LCMV in these sets of experiments (Fig. 4 and 6).

Relevance of the IFN-stimulated proteins PML and Sp100.
PML and Sp100 are IFN-stimulated proteins which colocalize
in so-called ND10 nuclear domains (15, 21, 22). PML has been
shown to interact with Z protein of Lassa virus and LCMV (9).
In an attempt to understand the mechanisms of IFN-mediated
inhibition of Lassa virus and LCMV replication, we examined
whether overexpression of PML or Sp100 has an antiviral ef-
fect. To this end, cell lines allowing tetracycline (TET)-induced
overexpression of the PML-L (PML-III according to the re-
vised nomenclature [28]) and Sp100-AltC isoforms were used
(HeLa-PML�� and HeLa-SpAltC��) (47, 48). The TET-
induced overexpression of these proteins resembles IFN-stim-
ulated overexpression (22). The cells were seeded and cultured
in the presence or absence of TET. After 3 days, they were

FIG. 4. Influence of IFN-�, IFN-�, and TNF-� on the titer of
infectious particles and the specific infectivity of released particles of
Lassa virus AV and LCMV Armstrong. The experiment was per-
formed as indicated in the legend to Fig. 3, except the concentration of
infectious particles in the supernatant (PFU/ml) was measured by an
immunological focus assay. Mean and standard deviations (n 	 3) are
shown on a logarithmic scale. To determine the specific infectivity of
the released particles, the virus RNA concentration (number of S
RNA molecules per milliliter) was measured by real-time PCR, and
the PFU/S RNA molecule ratio was calculated. The values for specific
infectivity are the means of three determinations and are depicted
above the columns. To facilitate comparison, the PFU/S RNA mole-
cule value without treatment was defined as 1.

FIG. 5. Immunoblot analysis of intracellular nucleoprotein (NP) of
Lassa virus AV. Huh7 cells were preincubated with various concen-
trations (0, 100, and 1,000 U/ml) of human IFN-� or IFN-� for 24 h
before infection with Lassa virus AV at an MOI of 0.01. Cells were
further incubated with the same cytokines as in the priming phase and
harvested after 48 h. Cytoplasmic lysate was prepared using Nonidet
P-40 (NP) lysis buffer. The lysate was resolved in a polyacrylamide
gradient gel (4 to 16% NuPAGE Bis-Tris gel; Invitrogen) and blotted
onto a nitrocellulose membrane (Protran; Schleicher & Schuell). Nu-
cleoprotein was detected by standard immunoblotting techniques us-
ing rabbit anti-NP (diluted 1:1,000), peroxidase-labeled anti-rabbit im-
munoglobulin G (Dianova), and SuperSignal Pico chemiluminescence
substrate (Pierce).

FIG. 6. Influence of IFN-�, IFN-�, and TNF-� on Lassa virus AV
and LCMV Armstrong (Arm) as measured by the focus reduction test.
Vero cells were pretreated with cytokines (�) for 24 h, inoculated with
about 200 PFU/well, and overlaid with 1% methylcellulose. Infected
foci were immunologically detected as described for the immunologi-
cal focus assay. (A) Representative wells. (B) Quantitative presenta-
tion of the data. Means � standard deviations (error bars) of three
experiments are shown, with the control values (without treatment)
defined as 1.
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infected with Lassa virus AV or NL or LCMV Armstrong at an
MOI of 0.01, and virus growth kinetics were determined by
real-time PCR as described above. At the end of each exper-
iment, the overexpression of PML and Sp100 was monitored
by immunofluorescence using PML- and Sp100-specific anti-
bodies, respectively (Fig. 7A and C). There was no evidence
that overexpression of PML or Sp100 affects the replication of
Lassa virus and LCMV (Fig. 7B and D).

The results with PML were further substantiated by focus
reduction test on TET-induced and noninduced HeLa-
PML�� cells infected with about 100 PFU of Lassa virus AV
or LCMV Armstrong. Foci were detected as described above
for the immunological focus assay. Overexpression did not
reduce the number of foci (Lassa virus AV foci on noninduced
cells [set at 100%] versus induced cells, 100 � 24 versus 153 �
21, respectively; LCMV Armstrong foci on noninduced cells
[set at 100%] versus induced cells, 100 � 28 versus 123 � 19,
respectively).

Summary and discussion. This study demonstrates that
Lassa virus is sensitive to the antiviral effects of IFN-� and
IFN-�, but not TNF-�, in liver and kidney cell lines of human
and nonhuman primate origin, respectively. This finding is
relevant to designing antiviral strategies against Lassa fever
aimed at enhancing the IFN response. Analogous concepts
have been found to be promising in treating infections with
filoviruses (12) and flaviviruses (30) in animal models.

There was no correlation between the severity of disease
caused by a Lassa virus isolate and the level of susceptibility to
IFN. Contrary to expectations, replication of Lassa virus AV,
which caused a fulminant and fatal Lassa fever (42), was ac-
tually slightly more inhibited by IFN-� and IFN-� than the
other two strains, which were associated with considerably less
severe disease (25, 42). Although the clinical course in a pa-
tient with Lassa fever cannot be assumed to represent the

pathogenicity of the virus isolate, it provides a clue as to the
virus phenotype. Previous studies have demonstrated that the
disease severity in the human patient (except pregnant women
and newborns) correlates approximately with the virulence of a
Lassa virus isolate in an animal model (27).

No effect could be demonstrated for TNF-�, though the
NF-�B pathway was clearly activated upon treatment in Huh-7
cells. NF-�B activation as tested with the reporter plasmid was
lower but highly reproducible in experiments in Vero cells,
suggesting that the monkey cells were less responsive to the
human TNF-�. However, it is not known how the level of
activation of the reporter plasmid correlates with the induced
antiviral state. For example, lower doses of TNF-� than those
used in our study showed clear antiviral effects on Sin Nombre
virus in Vero cell clone E6 (29).

Most importantly, in none of the experimental settings were
there remarkable differences between Lassa virus and LCMV
in their response to IFN-�, IFN-�, and TNF-�. This contrasts
to the situation with influenza A virus in which a clear corre-
lation between virulence and resistance to these cytokines was
demonstrated (44). It is concluded from the data presented
here that increased resistance to IFN is unlikely to be the
major determinant of pathogenicity of Lassa virus in humans.
The data do not exclude the possibility that both Lassa virus
and LCMV interfere similarly with the IFN signaling pathway.
Indeed, the relative resistance of all arenavirus strains to the
antiviral effects of IFN-� compared to VSV, which was much
more strongly inhibited, may point to the presence of IFN-
antagonistic activity in Lassa virus and LCMV. The clue to the
pathogenicity of Lassa virus may reside in a reduced induction
of the IFN cascade upon infection, as has been suggested with
pathogenic versus nonpathogenic hantaviruses (20).

In a first attempt to characterize the mechanisms underlying
the IFN-mediated inhibition of Lassa virus and LCMV,

FIG. 7. Influence of PML and Sp100 overexpression on the replication of Lassa virus and LCMV. Cell lines HeLa-PML�� and HeLa-
SpAltC�� (47, 48) allowing TET-induced overexpression of the PML-L and Sp100-AltC isoforms were cultured in the presence or absence of
TET. After 3 days, cells were infected with Lassa virus AV or NL or LCMV Armstrong at an MOI of 0.01. Virus growth kinetics were determined
by real-time PCR. (A) Endogenous PML expression (�PML) versus TET-induced PML overexpression (�PML) in HeLa-PML�� cells as tested
by immunofluorescence using rat PML-specific antibodies at the end of each experiment. (B) Virus growth kinetics on PML-induced (�PML) cells
versus noninduced (�PML) cells. Mean and standard deviations (n 	 3) are shown. (C) Endogenous Sp100 expression (�Sp100) versus
TET-induced Sp100 overexpression (�Sp100) in HeLa-SpAltC�� cells as tested by immunofluorescence using rat Sp100-specific antibodies at the
end of each experiment. (D) Virus growth kinetics on Sp100-induced (�Sp100) versus noninduced (�Sp100) cells. Means � standard deviations
(error bars) of three experiments are shown.
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whether overexpression of PML and Sp100 exerts antiviral
effects was tested. No evidence for a direct role of these pro-
teins in the IFN-mediated inhibition of virus replication was
found, although the experimental setting resembles the IFN-
stimulated overexpression of these proteins. This finding seem-
ingly contrasts with a recent report that LCMV replicates to
somewhat higher level in mouse embryonic fibroblast cells
lacking PML (PML�/� cells) (17). However, these and our
findings both fit the hypothesis that PML is a mediator in the
antiviral pathways rather than an effector protein inhibiting
virus replication directly, for example through its interaction
with Z protein (9). The lack of effects due to overexpression
suggests that the basal PML expression level is sufficient to
mediate antiviral effects against LCMV and probably Lassa
virus; elimination of basal expression would block the cascade.
The latter may also explain why LCMV replicates to higher
titers in PML�/� mice, and researchers have already specu-
lated on the possibility that PML is an indirect mediator (7).
Recent reports on rabies virus (6) and herpes simplex virus (14,
31), demonstrating positive effects on virus replication as a
result of PML knockout but not negative effects due to PML
overexpression, further support the hypothesis that PML func-
tions as a mediator of the innate immune response in some
virus infections.
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