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Lassa virus is endemic to West Africa and causes hemorrhagic fever in humans. To facilitate the functional
analysis of this virus, a replicon system was developed based on Lassa virus strain AV. Genomic and antige-
nomic minigenomes (MG) were constructed consisting of the intergenic region of S RNA and a reporter gene
(Renilla luciferase) in antisense orientation, flanked by the 5’ and 3’ untranslated regions of S RNA. MGs were
expressed under the control of the T7 promoter. Nucleoprotein (NP), L protein, and Z protein were expressed
from plasmids containing the T7 promoter and internal ribosomal entry site. Transfection of cells stably
expressing T7 RNA polymerase (BSR T7/5) with MG in the form of DNA or RNA and plasmids for the
expression of NP and L protein resulted in high levels of Renilla luciferase expression. The replicon system was
optimized with respect to the ratio of the transfected constructs and by modifying the 5’ end of the MG.
Maximum activity was observed 24 to 36 h after transfection with a signal-to-noise ratio of 2 to 3 log units.
Northern blot analysis provided evidence for replication and transcription of the MG. Z protein downregulated
replicon activity close to background levels. Treatment with ribavirin and alpha interferon inhibited replicon
activity, suggesting that both act on the level of RNA replication, transcription, or ribonucleoprotein assembly.
In conclusion, this study describes the first replicon system for a highly pathogenic arenavirus. It is a tool for
investigating the mechanisms of replication and transcription of Lassa virus and may facilitate the testing of

antivirals outside a biosafety level 4 laboratory.

Lassa virus is a member of the family of Arenaviridae. This
family comprises further human pathogens such as Junin virus,
Guanarito virus, Machupo virus, and the prototype arenavirus
lymphocytic choriomeningitis virus (LCMV).

The natural hosts of Lassa virus are rodents of the genus
Mastomys (43). Transmission of the virus from its reservoir to
humans causes Lassa fever, an acute febrile illness associated
with bleeding. The disease is endemic to the West African
countries of Sierra Leone, Guinea, Liberia, and Nigeria (5, 9,
42, 44), but the virus is probably endemic to larger areas of
West Africa (24). Lassa fever is characterized initially by flu-
like and gastrointestinal symptoms. Bleeding, organ failure,
and shock may occur in the late phase of the disease (36).
Death occurs after a mean period of 2 weeks after the onset of
illness. The virus can also be transmitted from human to hu-
man, giving rise to nosocomial Lassa fever epidemics with
fatality rates of up to 65% (17). There is no vaccination avail-
able for use in humans. The only drug with a proven thera-
peutic efficacy in humans with Lassa fever is the broad-spec-
trum nucleoside analogue ribavirin (35). However, the drug is
only effective if given early during the course of disease. Cases
of Lassa fever recently imported into Europe show that even
state-of-the-art intensive care cannot prevent a fatal outcome
(54). Due to the high pathogenicity of Lassa virus and the
limitations to the prevention or treatment of infections, the
virus is classified as a level 4 pathogen and must be handled
under biosafety level 4 (BSL-4) conditions.
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Arenaviruses belong to the segmented negative-strand RNA
viruses. The genome of Lassa virus, like that of other arenavi-
ruses, consists of two single-stranded RNA segments (33). The
small (S) segment is 3.4 kb in length, and the large (L) segment
is 7 kb in length. Each segment contains two genes, one in
sense orientation and one in antisense orientation, a coding
strategy that is called ambisense (4). The S RNA encodes the
75-kDa glycoprotein precursor (GPC) and the 63-kDa nucleo-
protein (NP). GPC is posttranslationally cleaved into GP1 and
GP2 (8). The L RNA encodes the 11-kDa Z protein, which
binds zinc and acts as a matrix protein (47, 55), and the 200-
kDa L protein, which is likely to function as the viral polymer-
ase (34, 58). The genes are separated on each RNA segment by
an intergenic region (IGR) that predictably folds into a stable
secondary structure.

The terminal 19 nucleotides at the 3" and 5’ ends of the
RNA segments are complementary to each other and are
highly conserved among all arenaviruses. The termini are es-
sential for replication and transcription (46) and are believed
to function as a binding site of the viral polymerase. Replica-
tion and transcription of the genome occur in the cytoplasm of
an infected cell and both take place within ribonucleoprotein
complexes (20). During genome replication, a full-length copy
of genomic S and L RNAs is synthesized, yielding the corre-
sponding antigenomic S and L RNAs. Due to the ambisense
coding strategy, both genomic and antigenomic RNA serve as
templates for the transcription of viral mRNA. The transcripts
contain a cap but are not polyadenylated. They terminate
within the IGR, suggesting that this element plays a role in
transcription termination (37).

Recently, reverse genetics techniques were established for
LCMYV and Tacaribe virus (31, 32). While these minireplicon
systems are still restricted in terms of rescue of genetically
modified infectious viruses, they opened the possibility of
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studying the function of proteins and regulatory elements in-
volved in RNA replication and transcription (30, 46, 48). In
particular, the function of Z protein has been studied in detail
(12, 13, 27, 47). A sophisticated selection strategy made it
possible to generate the first infectious recombinant LCMV
with the GPC gene replaced by the glycoprotein gene of ve-
sicular stomatitis virus (49). A reverse genetics system for a
highly pathogenic arenavirus like Lassa virus has not yet been
published.

In this article, we report the establishment of a minireplicon
system for Lassa virus. The system is analogous to the minire-
plicon systems published for LCMV and Tacaribe virus in
gross terms, but it differs in several technical aspects from the
other systems. It is also demonstrated that the system is suit-
able to test antivirals against Lassa virus outside BSL-4 labo-
ratories.

MATERIALS AND METHODS

Virus culture and reverse transcription-PCR. In the BSL-4 laboratory, Vero
cells in several 75-cm? tissue culture flasks were inoculated with Lassa virus strain
AV (24) at a multiplicity of infection of 0.01. After 4 days, the supernatant was
cleared by low-speed centrifugation and virus was pelleted from the cleared
material by ultracentrifugation with a TST 28.38/17 rotor (Kontron Instruments)
at 25,000 rpm at 4°C overnight. The pellets were resuspended in 140 pl of H,O
plus 560 pl of buffer AVL (QIAGEN, Hilden, Germany). Virus RNA was
purified by using the QIAamp viral RNA kit (QIAGEN) according to the
manufacturer’s instructions. The purified RNA was reverse transcribed with
Superscript II reverse transcriptase (Invitrogen) with virus-specific primers (see
below), and the cDNA was amplified with the Expand high-fidelity PCR system
(Roche) according to published protocols (24).

Sequencing of Lassa virus genomic ends. The conserved 5’ and 3’ termini of
S RNA of Lassa virus strain AV were sequenced as described previously (37). In
brief, purified virus RNA (5 pl) was treated with 5 U of tobacco acid pyrophos-
phatase (Epicentre) to generate 5" monophosphorylated termini. These were
ligated with the 3’ termini with 10 U of T4 RNA ligase (Biolabs) at 17°C for 16 h.
Reverse transcription and PCR were done across the 5'-3" junction, and the
resulting PCR product of about 200 nucleotides was sequenced. The sequence
data were sent to GenBank.

Construction of plasmids for protein expression. Initially, the expression vec-
tor pCITE-2/4, containing a T7 RNA polymerase promoter, an internal ribo-
somal entry site (IRES), a favorable KOZAK sequence with an Ncol restriction
site at the translation initiation site, a poly(A) coding sequence, and a T7 RNA
polymerase terminator, was constructed by combining the Bsal-Sall fragment of
pCITE-2a (Novagen) with the Sall-Bsal fragment of pCITE-4a (Novagen). The
control plasmid pCITE-FF-luc was constructed by releasing the firefly luciferase
gene from pBI-GL (Clontech) and inserting it into pCITE-2a via the Ncol and
Xbal sites.

The Z gene was reverse transcribed and amplified with primers LVLav-Z-
N-terminus (GATCTACCCGGGATCCATGGGGAACAGACAAGCCAAA
AAT; the Aval and Ncol sites are underlined, the Z gene start codon is in
boldface type) and LVLav-Z-C-terminus (GGAATTCGTCGACTTAGGGTG
TGTATGGCGGGGGGTT; the Sall site is underlined) and cloned via the Aval
and Sall sites into pUCIS8. Several clones were sequenced, and a Z gene exactly
matching the Lassa virus AV consensus sequence (GenBank accession no.
AY179171) was subcloned via the Ncol and Sall sites into pCITE-2/4, resulting
in pCITE-Z.

The NP gene was reverse transcribed and amplified with primers LVSav-NP-
N-terminus (ATCGTGGATCCAGGTCTCTCATGAGTGCCTCCAAAGAAG
TGAAA; the BamHI and Bsal sites are underlined, the NP gene start codon is
in boldface type) and LVSav-NP-C-terminus (TCGATCTAGTCGACTTACAG
GACGACTCTTGG; the Sall site is underlined) and cloned via the BamHI and
Sall sites into pUC18. Several clones were sequenced, and an NP gene exactly
matching the Lassa virus AV consensus sequence (GenBank accession no.
AF246121) was released from the plasmid by Bsal and Sall digestion and sub-
cloned into the Ncol and Sall sites of pCITE-2/4, resulting in pCITE-NP.

The cloning strategy for the L gene is shown in Fig. 1. The L gene was reverse
transcribed and amplified in three overlapping fragments with primers LVLav-
N-terminus (GATCTCGCATGCTGGCCAGCTCTTCCATGGAGGAGGACA
TAGCCTATGT; the Sphl and Sapl sites are underlined, the L gene start codon
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FIG. 1. Flowchart of construction of L protein expression plasmid.
The L gene was amplified in three fragments by PCR. The primers are
indicated above each fragment. Restriction enzyme recognition sites
used for cloning are indicated. Sites used for assembly of pUC-L and
subcloning of the L gene into pCITE-L are marked by arrows. At the
bottom, details of the subcloning of the L gene into the Ncol site of
pCITE-L are shown. Note that cloning was possible, although the
overhang at the 5" end of L gene was not fully compatible with an Ncol
overhang.

is in boldface type) and LVLav2704~ (TAATGCTGTGAGTTTGTTGAAGTC
ATAGTT) for fragment L1, LVLav2298" (GAGACACCAGATAGACTGAC
AGATCA) and LVLav5065~ (ATTTTCTTTATTTGGCCCCCGGACACA
TTT) for fragment L2, and LVLav4288" (TAGATTTGTCGCAGAGTTTAAA
TCTAGATT) and LVLav-C-terminus (CGGGGTACCGTCGACCTACTCAA
TGTCCTCAACCTG; the Sall site is underlined) for fragment L3. Fragments
L1, L2, and L3 were cloned into pUC18 via the SphI-Pstl, PstI-Aval, and
HindIII-Sall sites, respectively. Several clones were sequenced and, if necessary,
the sequence was converted to the Lassa virus AV consensus sequence by
site-directed mutagenesis with the QuikChange kit (Stratagene). The final clones
selected for the assembly of the full-length L gene matched the consensus
sequence (GenBank accession no. AY179171) except for one silent G-A ex-
change at L gene position 1317. Fragments L2 and L3 were assembled by ligation
of the AatII-BbvCl fragment of pUC-L2 with the BbvCI-Aatll fragment of
pUC-L3, resulting in pUC-L2-3. Fragment L1 was assembled with L2-3 by
ligation of the AatII-Pstl fragment of pUC-L1 with the PstI-AatIl fragment of
pUC-L2-3, resulting in pUC-L. The complete L gene was subcloned into
pCITE-2a by ligation of the Sapl-Sapl fragment of pUC-L containing the L gene
insert with the SapI-Ncol fragment of pCITE-2a. The correct sequence of
pCITE-L was ascertained by sequencing.

A 3X FLAG sequence was fused with the 3’ ends of the NP and L genes by
amplification of the whole pCITE-NP and pCITE-L plasmids, respectively, with
the Expand high-fidelity PCR system. The PCR primers bound upstream and
downstream of the 3’ end of the gene, were 5’ phosphorylated, and contained
heterologous tails coding for a 3X FLAG sequence. Circularization of the PCR
fragments by blunt-end ligation of the primer tails resulted in plasmids pCITE-
NP_C-flag and pCITE-L_C-flag, expressing NP and L protein, respectively,
tagged with three FLAG epitopes at the C terminus. The 5" ends of the NP and
L genes were fused with a 3X FLAG sequence in an analogous way with primers
binding upstream and downstream of the 5’ end of the gene. Circularization of
the PCR fragments resulted in plasmids pCITE-NP_N-flag and pCITE-L_N-flag,
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expressing NP and L protein, respectively, tagged with three FLAG epitopes at
the N terminus.

Construction of Lassa virus MGs. Lassa virus minigenomes (MGs) were
constructed on the basis of vector pX12AT (7) (kindly provided by Ursula
Buchholz and Karl-Klaus Conzelmann), which contains a multiple cloning site,
the antigenome sequence of the hepatitis delta virus ribozyme (HDR), and a T7
RNA polymerase transcription termination sequence. Based on pX12AT, an MG
vector with the regulatory elements of antigenomic S RNA of Lassa virus AV,
but without the reporter gene, was constructed in several cloning steps. It con-
tained the following elements: T7 RNA polymerase promoter followed by 3 G
residues, 3’ untranslated region (UTR) with conserved terminus, cloning site I
for fusion of a reporter gene with the start codon of the NP gene (site I,
CAACcatgAGGTCTTCCTAAGAAGTGAAGACTGcetagCCAG; the NP start
codon is in boldface type, Bbsl sites are underlined; cleavage with BbsI generates
Ncol- and Xbal-compatible overhangs [lowercase letters] for reporter gene in-
sertion), 3" end of the NP gene (47 nucleotides), complete IGR, 3’ end of the
GPC gene (45 nucleotides in antisense orientation), cloning site II for fusion of
a reporter gene with the start codon of the GPC gene (site I, AGCCTCTAG
AAGAATTCCCATGGTGTG; the GPC start codon [reverse complement] is in
boldface type, the Xbal and Ncol sites for reporter gene insertion are under-
lined), 5" UTR with conserved terminus, HDR predicted to cleave after the last
residue (G) of the conserved 5’ terminus, and T7 terminator. The sequences of
the Lassa virus elements in the MG vector exactly corresponded to the consensus
sequence (GenBank accession no. AF246121 and sequences of the conserved
termini as determined in this study).

The gene of humanized Renilla luciferase (Ren-Luc) was released from plas-
mid phRL-CMYV (Promega) by Ncol and Xbal cleavage and inserted in antisense
orientation into the MG vector via cloning site I, resulting in the antigenomic
MG plasmid pLAS-agMG. To generate a genomic MG plasmid, the Ren-Luc
gene was inserted in sense orientation into cloning site I, and the complete
cassette, including the 3’ to 5’ terminal sequences, was amplified by PCR and
reinserted in reverse orientation between the T7 promoter and HDR of a
pX12AT derivative that had been modified to accommodate this insert. This
procedure yielded the genomic MG plasmid pLAS-MG. The correct sequence of
all functional elements of pLAS-agMG and pLAS-MG was ascertained by se-
quencing. Plasmids pLAS-agMG and pLAS-MG were further modified by in-
serting a single C residue between the conserved terminal sequence and the
HDR sequence (pLAS-MG-C* and pLAS-agMG-C™) by site-directed mutagen-
esis with the QuikChange kit.

For generation of runoff MGs, all functional elements of the MG cassette of
pLAS-agMG or pLAS-MG, except for the HDR and T7 terminator sequences,
were amplified by PCR with Pwo DNA polymerase (Roche) and a small amount
(about 10 pg) of plasmid as a template. The PCR products showed 3’ ends
exactly corresponding to the 3’ ends of antigenomic and genomic Lassa virus S
RNA, respectively. The unmodified antigenomic runoff MG was amplified from
pLAS-agMG with sense primer M13-forward and antisense primer LVS1d™
(CGCACCGGGGATCCTAGGCATTT; the conserved 3’ terminus of antige-
nomic S RNA is underlined). To generate an antigenomic runoff MG with two
G residues following the T7 promoter, the mutagenic primer LVag_T7-GG
(TTGTAATACGACTCACTATAGGCGCACAGT; the T7 promoter is under-
lined with the downstream G residues in boldface type) was used as the sense
primer. An antigenomic MG with one G residue was amplified with mutagenic
primer LVag_T7-G (same sequence as LVag_T7-GG but with one G residue
following the promoter sequence). In an analogous way, the unmodified genomic
runoff MG was amplified from pLAS-MG with sense primer M13-forward and
antisense primer LVSav3400~ (CGCACAGTGGATCCTAGGCTATTGGA;
the conserved 3’ terminus of genomic S RNA is underlined). Genomic runoff
MGs with two and one G residues following the T7 promoter were generated
with sense primers LV_T7-GG (TTGTAATACGACTCACTATAGGCGCAC
CGG; the T7 promoter is underlined with the downstream G residues in bold-
face type) and LV_T7-G (same sequence as LV_T7-GG but with one G residue
following the promoter sequence), respectively. Amplified DNA fragments were
precipitated with ethanol, dissolved in water, and quantified spectrophotometri-
cally.

MG runoff transcripts were synthesized in vitro by using the MEGAscript
transcription kit (Ambion) and about 1 pg of runoff MG DNA (ie., PCR
product) as a template. Following DNase I digestion, MG RNA was purified by
using the RNeasy kit (QIAGEN) and quantified spectrophotometrically.

Cells and transfections. BSR T7/5 cells (7) (kindly provided by Ursula Buch-
holz and Karl-Klaus Conzelmann) stably expressing T7 RNA polymerase and
BHK-21 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum (FCS) and antibiotics. Every second
passage, 1 mg of G418 per ml of medium was added to the BSR T7/5 cells. One
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day before transfection, cells were seeded at a density of 5 X 10° cells or 1 X 10°
cells per well of a 6- or 24-well plate, respectively. BHK-21 cells were inoculated
with modified vaccinia virus Ankara expressing T7 RNA polymerase (MVA-T7)
(57) (kindly provided by Gerd Sutter) at a multiplicity of infection of 1 to 5 for
1 h before transfection. DNA and RNA transfections were performed with
Lipofectamine 2000 (Invitrogen) (3 pl of DNA or RNA/pg) in DMEM without
FCS and antibiotics. The transfection medium was replaced after 4 h with fresh
DMEM complemented with FCS and antibiotics. In selected experiments, BSR
T7/5 cells were preincubated with different concentrations of natural human
alpha interferon (IFN-a) (affinity-purified mixture of different IFN-a species),
recombinant human IFN-y, or recombinant human tumor necrosis factor alpha
(Biochrom AG) for 24 h before transfection. Following transfection, the cyto-
kines were added again to the medium. Ribavirin was added to the cells after
transfection.

Luciferase assay. One day after transfection, cells were lysed in 500 or 100 .l
of passive lysis buffer (Promega) per well of a 6- or 24-well plate, respectively,
and 20 pl of the lysate was assayed for firefly luciferase and Ren-Luc activity by
using the Dual-Luciferase Reporter assay system (Promega) as described by the
manufacturer.

Antisera. Lassa virus NP and Z proteins were expressed in bacteria and
purified via His tag affinity chromatography as described previously (23). Rabbits
were immunized and received boosters three times with the purified proteins
with complete and incomplete Freud’s adjuvant, respectively.

Immunoblot analysis. Cells from a well of a six-well plate were harvested and
lysed in 100 pl of Triton X-100 lysis buffer 2 days after transfection or 3 days after
Lassa virus infection. Nuclei were pelleted by centrifugation, and cytoplasmic
lysate was mixed 1:1 with 2X sodium dodecyl sulfate (SDS) lysis buffer (100 mM
Tris-HCI [pH 6.8], 20% glycerol, 2% SDS, 0.1% bromophenol blue, and 0.1 M
dithiothreitol). Proteins were separated on a 4 to 12% NuPAGE Bis-Tris gra-
dient gel (Invitrogen), transferred to a nitrocellulose membrane (Schleicher &
Schuell), and visualized by staining with 0.5% Ponceau red—1% acetic acid for 10
min. Membranes were blocked with 1X Roti-Block (Roth) overnight at room
temperature and incubated with rabbit anti-Lassa NP (1:5,000), rabbit anti-Lassa
Z (1:1,000), or anti-FLAG M2 monoclonal antibody (1 pg/ml) (Sigma-Aldrich)
in Tris-buffered saline-0.2X Roti-Block for 2 h at room temperature. After
washing, blots were incubated with horseradish peroxidase-coupled secondary
antibodies (1:10,000) (Dianova) for 1 h at room temperature. Protein bands were
visualized by chemiluminescence with SuperSignal West Pico substrate (Pierce)
and X-ray film (Kodak).

Northern (RNA) blot analysis. Total RNA of transfected cells was purified by
using the RNeasy kit (QIAGEN). RNA (10 pg) was separated on a 1.5%
agarose—formaldehyde gel and transferred onto a Hybond N membrane (Am-
ersham Pharmacia Biotech). Blots were prehybridized in 50% deionized form-
amide-0.5% SDS-5X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-5X Denhardt’s solution for 1 h at 68°C. Hybridization was done in the
same buffer with sense or antisense **P-labeled riboprobes of the Ren-Luc gene
at 68°C for 16 h. Filters were washed several times, and RNA bands were
visualized by autoradiography with a PhosphorImager (Typhoon 9210; Amer-
sham Biosciences). Signal intensities were measured with ImageQuant software
(Amersham Biosciences).

Nucleotide sequence accession number. Sequences reported in this article
have been sent to GenBank (update to AF24612).

RESULTS

Construction of plasmids for expression of Lassa virus pro-
teins. Lassa virus strain AV, which had been previously iso-
lated from a patient with fulminant Lassa fever (24), was se-
lected as a basis for the replicon system. Expression plasmids
for NP, L protein, and Z protein and genomic and antigenomic
MGs containing a reporter gene were constructed in analogy to
published replicon systems for arenaviruses and other seg-
mented negative-strand viruses (31, 32, 59). Since Lassa virus
replicates in the cytoplasm of a cell, the cytoplasmic T7 RNA
polymerase system (16, 19) was chosen for the expression of
both virus proteins and the MG. NP and Z genes were cloned
as a whole while the large L gene was cloned in three frag-
ments (Fig. 1). The amino acid sequence of the cloned genes
exactly corresponded to the previously determined consensus
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FIG. 2. Constructs used for establishment of Lassa virus minirep-
licon. (A) Plasmids for expression of Lassa virus strain AV proteins.
(B) Types of MGs based on Lassa virus S RNA. DNA is indicated by
a straight line, and RNA is indicated by a wavy line. Functional ele-
ments are abbreviated as follows: T7p, T7 promoter; IRES, internal
ribosomal entry site; UTR, untranslated region with conserved ter-
mini; IGR, intergenic region; HDR, hepatitis delta ribozyme; T7t, T7
transcriptional terminator; luc, luciferase.
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sequence of Lassa virus strain AV. All protein expression plas-
mids contained an IRES sequence, allowing protein expression
in cells that express T7 RNA polymerase from an integrated or
transiently transfected gene (16). Thus, protein expression
does not depend on recombinant vaccinia virus as a source of
T7 RNA polymerase or cytoplasmic capping enzymes (18).
To verify expression of NP, Z protein, and L protein from
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the plasmids pCITE-NP, pCITE-Z, and pCITE-L (Fig. 2A),
respectively, BHK-21 cells were infected with MVA-T7 and
transfected with the corresponding plasmid. Z protein and NP
were detected by Western blotting with Z protein- and NP-
specific antibodies, respectively. Both proteins had the pre-
dicted molecular weights, and the electrophoretic mobility of
plasmid-expressed NP corresponded to that of NP expressed in
Lassa virus-infected cells (Fig. 3A and B). To demonstrate
full-length expression of L protein and to substantiate the data
obtained for NP, a FLAG sequence was fused to the N and C
termini of both proteins. Protein expression from the modified
expression plasmidswas analyzed byimmunoblottingwith mono-
clonal anti-FLAG antibody. N- and C-terminally tagged ver-
sions of NP and L protein showed the predicted molecular
weights, indicating that both proteins were expressed at their
full lengths (Fig. 3C and D).

Construction of plasmids for MG expression. Plasmids
pLAS-MG and pLAS-agMG were constructed for expression
of genomic and antigenomic Lassa virus S RNA analogues,
respectively. Plasmid pLAS-MG contained the following func-
tional elements: T7 promoter followed by three G residues,
providing optimal context for transcription initiation (26); 5’
UTR, including conserved terminal sequence; IGR; Renilla
luciferase (Ren-Luc) reporter gene in antisense orientation; 3’
UTR, including conserved terminal sequence; HDR; and T7
terminator. Plasmid pLAS-agMG contained the same regula-
tory Lassa virus elements between the T7 promoter and HDR
sequence but in the following order: 3" UTR, IGR, Ren-Luc
gene in antisense orientation, and 5" UTR. A schematic draw-
ing for the plasmid-integrated MGs is shown in Fig. 2B (top).

The HDR was expected to autolytically cleave the MG RNA
after the last G residue of the Lassa virus terminal sequence.
To verify HDR activity, both MG plasmids were in vitro tran-
scribed with T7 RNA polymerase and the RNA was analyzed
on an agarose gel. However, no RNA processing was observed
(data not shown). Therefore, a C residue was inserted at the
cleavage site. This modification has been reported to increase
HDR activity without affecting LCMV replicon activity (46).
Testing of the modified MG plasmids (pLAS-MG-C* and

0
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FIG. 3. Immunoblot analysis of plasmid-expressed Lassa virus proteins. MVA-T7-infected BHK-21 cells were transfected with the constructs
as indicated above the blots. Alternatively, Vero cells were infected with Lassa virus (only panel B). Negative control cells (NC) were infected with
MVA-T7 and mock transfected. The background bands in the NC lane of panel C result from an overloading of the gel. The blots were incubated
with the following antibodies: rabbit anti-Lassa Z protein (A), rabbit anti-Lassa NP (B), and anti-FLAG M2 monoclonal antibody (C and D).
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FIG. 4. Influence of nontemplated nucleotides at the 5" end of Lassa virus MGs on replicon activity. Experiments were performed with runoff
MGs based on genomic (A) and antigenomic (B) Lassa virus S RNA. The upper panels show schematic drawings of the MG variants tested. The
variants were generated by mutagenic PCR and named according to the number of nontemplated G residues at the 5’ end. Functional elements
are abbreviated as follows: UTR, untranslated region with conserved termini; IGR, intergenic region; Ren, Renilla luciferase. The lower panels
show the replicon activity depending on the presence (+) or absence (—) of NP or L protein and the type of MG. BSR T7/5 cells (5 X 10° cells
per well of a six-well plate) were transfected with 2 pg of MG, 1.5 pg of pCITE-NP, and/or 0.5 pg of pCITE-L. Empty pCITE-2 was used to keep
the overall DNA amount constant if pCITE-NP or pCITE-L was not included in the transfection mixture. MG variants were transfected as either
DNA (PCR fragment) or RNA (in vitro transcript). Ren-Luc activity was measured in RLU 24 h posttransfection. Note the logarithmic scale of

the diagrams.

pLAS-agMG-C™") revealed that 30 to 50% of the in vitro-
transcribed RNA was autolytically cleaved (data not shown).

Establishment of Lassa virus replicon system. Two sets of
tests were performed to figure out the optimal experimental
setting for the replicon system. Three types of MGs were tested
in each set. First, plasmids pLAS-MG-C* and pLAS-agMG-
C™ were directly used for MG expression (Fig. 2B, top). Sec-
ond, DNA fragments lacking the vector backbone were used
for MG expression (Fig. 2B, middle). These runoff MGs were
generated by PCR with pLAS-agMG or pLAS-MG as a tem-
plate. They contained all functional elements of the MG cas-
sette, except for the HDR and T7 terminator sequences, and
their 3’ ends exactly corresponded to the 3’ ends of antigeno-
mic and genomic Lassa virus S RNA, respectively. The third
type of MG was runoff RNA, synthesized by in vitro transcrip-
tion of the runoff MG DNA with T7 RNA polymerase (Fig. 2B,
bottom).

In the first set of tests, T7 RNA polymerase expressed by
MVA-T7 was used to drive the synthesis of virus proteins and
MG. BHK-21 cells were infected with MVA-T7 and trans-
fected with pCITE-NP, pCITE-L, and MG either in the form
of plasmid, runoff DNA, or runoff RNA. In the second set of
tests, the same constructs were transfected in BSR T7/5 cells
that stably express T7 RNA polymerase. In control experi-
ments, pCITE-NP or pCITE-L was omitted from the transfec-
tion mixture. Ren-Luc activity, indicating transcription of the
MG, was measured at 24 h posttransfection.

High levels of Ren-Luc activity and low background in the
controls was observed if runoff MGs were transfected in BSR
T7/5 cells, independent of whether PCR fragments or in vitro
transcripts were used (Fig. 4). Therefore, this experimental
setting was chosen for further optimization. In all experiments
performed with MVA-T7, a high unspecific Ren-Luc reactivity
was observed in the controls. There was no evidence of specific
replicon activity with MG plasmid or runoff DNA, whereas
some specific activity (eightfold increase compared to the con-
trol) was observed after transfection of genomic runoff RNA
(data not shown). Similarly, high background and low specific
activity, if at all, was seen after transfection of the plasmid-
based MGs in BSR T7/5 cells (data not shown).

The presence of pCITE-Z was not required for expression of
Ren-Luc in the runoff MG/BSR T7/5 replicon system, showing
that L protein and NP are the minimal trans-acting factors
required for RNA synthesis mediated by Lassa virus polymer-
ase. The minimal cis-acting elements are the 5" UTR, IGR,
and 3’ UTR on both genomic and antigenomic RNA.

Modification of the 5’ end of MG. The 3’ and 5’ terminal
sequences are highly conserved among all arenaviruses, and
minor modification of these sequences can dramatically influ-
ence the transcription and replication activity of the LCMV
replicon system (46). While the runoff MGs have authentic 3’
ends, their 5" ends do not correspond to the termini of Lassa
virus RNA because of the 3 G residues that were attached to
the 5’ end to enhance T7 promoter activity. In fact, one non-
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FIG. 5. Determination of the optimal ratios between MG, pCITE-
NP, and pCITE-L. (A) Titration of ratio between pCITE-NP and
pCITE-L. BSR T7/5 cells (5 X 10° cells per well of a six-well plate)
were transfected with 2 pg of genomic MG DNA (PCR fragment of
construct 1G in Fig. 4A) and a total amount of 2 g of pCITE-L and
pCITE-NP in different ratios (filled squares). In negative-control ex-
periments, pCITE-L was replaced by empty pCITE-2 (open circles).
Ren-Luc activity was measured in RLU 24 h posttransfection. (B) Ti-
tration of ratio between MG and protein expression plasmids. BSR
T7/5 cells (10° cells per well of a 24-well plate) were transfected with
MG and a 1:1 mixture of pCITE-NP and pCITE-L (filled squares).
The ratio of MG to pCITE-NP (identical to the ratio of MG to
pCITE-L) differed in each experiment, but the total amount of trans-
fected DNA was kept constant at 800 ng. In negative-control experi-
ments, MG DNA was replaced by empty pCITE-2 (open circles).

templated G residue is often present at the 5’ end of genomic
or antigenomic RNA of different arenaviruses, including Lassa
virus (3, 21, 38, 39, 50, 51).

To convert the 5 end stepwise into the authentic sequence,
one or two of the G residues were removed from the runoff
MGs by mutagenesis. According to T7 promoter mapping
studies (26), the resulting sequences at the initiation site of the
T7 RNA polymerase (G*'GC and G*'CG after removal of
one and two G residues, respectively) are still compatible with
high promoter activity. Complete removal of all nontemplated
G residues would generate an initiation sequence (C™'GG)
that is no longer compatible with an active T7 promoter (26).

Genomic and antigenomic runoff MGs with one to three
nontemplated G residues at the 5’ end were generated by PCR
(Fig. 4, upper panels) and transfected directly as DNA frag-
ments or after in vitro transcription into BSR T7/5 cells, to-
gether with the expression plasmids for NP and L protein.
Removal of G residues from the 5’ end of the genomic MG
enhanced specific Ren-Luc expression by 1 to 2 log units,
irrespective of whether MG DNA or RNA was transfected
(Fig. 4A). The effect was also observed if the antigenomic MG
was transfected as RNA (Fig. 4B), indicating a positive effect
of the mutations on the Lassa virus promoter. However, the
effect was not observed if antigenomic DNA fragments were
used (Fig. 4B). The removal of the G residues probably down-
regulates the T7 promoter on the antigenomic DNA construct,
and this adverse effect obscures the positive effect of the mu-
tations on the Lassa virus promoter. In summary, these results
indicate that nontemplated residues at the 5" ends of genomic
and antigenomic RNA decrease the activity of the Lassa virus
promoter. The highest Ren-Luc activity was observed with the
genomic runoff MG with one nontemplated 5" G residue (Fig.
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4A, construct 1G). This MG was used in all further experi-
ments (called genomic MG).

Optimal ratios of MG, NP, and L protein constructs. To
further maximize replicon activity, the optimal ratios of the
components, i.e., genomic MG, pCITE-NP, and pCITE-L, were
determined. First, variable ratios of pCITE-NP to pCITE-L
were cotransfected with a fixed amount of genomic MG DNA.
The maximum activity was observed if both expression plas-
mids were present in equal amounts, reflecting a molar ratio of
pCITE-NP to pCITE-L of about 2:1 (Fig. SA). Second, chang-
ing the ratio of MG DNA to protein expression plasmids re-
vealed maximum Ren-Luc activity at a ratio of MG to each
expression plasmid of 1:1 (Fig. 5B). Taking both experiments
together, replicon activity is maximal at a ratio of MG DNA to
pCITE-NP to pCITE-L of 1:1:1. The same optimal ratios were
obtained when MG RNA was used (data not shown).

Time Kkinetics of replicon activity. To determine the time
kinetics of replicon activity, pCITE-NP, pCITE-L, and geno-
mic MG DNA were transfected in several wells and one well
was harvested every 12 h over a time period of 96 h. A sharp
maximum of Ren-Luc activity was reached 24 to 36 h after
transfection; thereafter, the activity returned to background
values (Fig. 6A). Essentially, the same kinetics were observed
after transfection of MG RNA (Fig. 6B). The expression of
firefly luciferase from the T7 RNA polymerase-driven control
plasmid pCITE-FF-luc also followed these kinetics. This sug-
gests that a decrease in T7 RNA polymerase-mediated expres-
sion of the replicon components accounts for the rapid de-
crease of replicon activity after 36 h.

Northern blot analysis of MG transcription and replication.
To provide more evidence for replicon functionality, the syn-
thesis of genomic RNA, Ren-Luc mRNA, and antigenomic
RNA was measured by RNA blot analysis during the maximum
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FIG. 6. Time kinetics of replicon activity. (A) Time kinetics with
MG DNA. BSR T7/5 cells (10° cells per well of a 24-well plate) were
transfected with 270 ng of genomic MG DNA (PCR fragment of
construct 1G in Fig. 4A), 270 ng of pCITE-NP, 270 ng of pCITE-L,
and 10 ng of pCITE-FF-luc. Cells were lysed at different times post-
transfection, and Renilla (filled squares) and firefly luciferase activities
(open circles) were measured in RLU. In negative-control experi-
ments, pCITE-L was replaced by empty pCITE-2 (filled triangles). (B)
Time kinetics with MG RNA. Experiments were done as described
above except that 270 ng of genomic MG RNA (in vitro transcript of
construct 1G in Fig. 4A) was used.
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FIG. 7. Northern blot analysis of Lassa virus replicon. (A) Detec-
tion of antigenomic RNA/Ren-Luc mRNA. BSR T7/5 cells (1.2 X 10°
cells per 50-mm-diameter dish) were transfected with 2.7 pg of geno-
mic MG DNA (PCR fragment of construct 1G in Fig. 4A), 2.7 pg of
pCITE-NP, 2.7 pg of pCITE-L, and 100 ng of pCITE-FF-luc (lanes
+). In control experiments, pCITE-L was replaced by empty pCITE-2
(lanes —). Total RNA was isolated at different time posttransfection,
and Northern blot hybridization was performed with a **P-labeled
antisense probe of the Ren-Luc gene. The insert in the lower left
corner shows the signal area of lanes 0 h and 6 h with enhanced
contrast. The methylene blue-stained 28S rRNA is shown below the
blot as a semiquantitative marker for gel loading and RNA transfer.
(B) Detection of genomic RNA. Experiments were done as described
above except that a *?P-labeled sense probe of the Ren-Luc gene was
used for Northern blot hybridization. (C) Quantification of the RNA
signals in panels A (lanes +, filled squares) and B (lanes +, open
squares; lanes —, open circles). Arrows indicate the fraction of geno-
mic RNA resulting from MG replication by L protein.

of Ren-Luc activity. BSR T7/5 cells were transfected with ge-
nomic MG DNA, pCITE-NP, and pCITE-L. In control exper-
iments, empty pCITE vector was transfected instead of pCITE-L.
Cells were harvested for isolation of total cellular RNA at 0, 6,
24, and 36 h posttransfection. Genomic RNA was detected
with a Ren-Luc sense probe, and Ren-Luc mRNA and anti-
genomic RNA were detected with a Ren-Luc antisense probe.

Figure 7 shows the blots and the quantitative evaluation of
the experiments. Synthesis of Ren-Luc mRNA and antigeno-
mic RNA was observed if pCITE-L was present in the trans-
fection mixture but not in the control experiments (Fig. 7A),
demonstrating that the Lassa virus polymerase has synthesized
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this RNA. Ren-Luc mRNA and antigenomic RNA could not
be distinguished on the blot, as both RNA species hardly differ
in length. The first RNA signal was already seen at 6 h after
transfection (Fig. 7A, insert). The time kinetics of Ren-Luc
mRNA and antigenomic RNA steady-state levels with a max-
imum at 24 h faithfully reflected the expression levels of Ren-
Luc as measured in the luciferase assay (compare Ren-Luc
mRNA and antigenomic RNA levels in Fig. 7C with Ren-Luc
levels in Fig. 6A). This is consistent with the assumption that a
substantial fraction of the RNA corresponds to Ren-Luc mRNA.
The synthesis of genomic RNA by Lassa virus polymerase
could be measured only indirectly. The reason for this is that
the genomic RNA in cells with an active replicon is a mixture
of molecules. One fraction is synthesized from the runoff MG
by T7 RNA polymerase (input RNA), and the other fraction
results from the replication of the antigenomic RNA by Lassa
virus polymerase. Control cells lacking L protein solely contain
input RNA (Fig. 7B, lanes —). A quantitative evaluation of the
blot shows that the levels of genomic RNA in cells with L
protein were higher than in control cells at all time points (Fig.
7C). Apparently, the Lassa virus polymerase has synthesized a
large fraction of the RNA in cells with L protein. Genomic
RNA produced by L protein already appeared 6 h after trans-
fection, which is consistent with the detection of the corre-
sponding template RNA, i.e., antigenomic RNA, at this time
point (Fig. 7A, insert). The difference from the control cells
(Fig. 7C) was most obvious 36 h after transfection. At this time,
a high level of genomic RNA was detected in cells with L
protein while input RNA in the control cells was close to the
background (Fig. 7B, compare lanes + and — at 36 h). This
suggests that the genomic RNA detected at this time point
almost exclusively originated from the replication of antigeno-
mic RNA. The disappearance of the input RNA at 36 h after
transfection is consistent with the disappearance of firefly lu-
ciferase expressed from control plasmid pCITE-FF-luc at 60 h
after transfection (Fig. 6). Considering the delayed synthesis of
protein relative to RNA, the observations suggest that T7
RNA polymerase-mediated transcription ceases 24 to 36 h
after transfection of BSR T7/5 cells while L protein-mediated
transcription and replication continue until the concentrations
of L protein and NP drop below the critical level. In conclu-
sion, RNA blot analysis and the Ren-Luc assay provide evi-
dence that the Lassa virus replicon system is capable of per-
forming both transcription and replication of the MG.
Influence of Z protein expression on replicon activity. An
inhibitory effect of Z protein was previously demonstrated with
the LCMV and Tacaribe virus replicon systems (12, 32). We
therefore wondered whether a similar effect is also observed in
the Lassa virus replicon system. Various amounts of pCITE-Z
were cotransfected with pCITE-NP, pCITE-L, and genomic
MG DNA or RNA. As little as 16 ng of pCITE-Z caused a
significant reduction of Ren-Luc activity, and higher amounts
of pCITE-Z inhibited the replicon activity by up to 3 orders of
magnitude. The effect was independent of whether MG DNA
or RNA was transfected (Fig. 8 and data not shown). Thus,
Lassa virus Z protein has an inhibitory effect on transcription
and/or replication of Lassa virus within the replicon context.
Inhibition of the replicon system by ribavirin. Ribavirin is
currently the only available drug with proven therapeutic effi-
ciency in patients with Lassa fever (35). However, the mode of
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FIG. 8. Inhibitory effect of Lassa virus Z protein on minireplicon
activity. BSR T7/5 cells (10° cells per well of a 24-well plate) were
transfected with 200 ng of genomic MG DNA (PCR fragment of
construct 1G in Fig. 4A), 200 ng of pCITE-NP, 200 ng of pCITE-L,
and 10 ng of pCITE-FF-luc. Various quantities of pCITE-Z were
cotransfected. The total amount of transfected DNA was kept constant
by the addition of pCITE-2. Cells were lysed 24 h posttransfection, and
Renilla (filled squares) and firefly luciferase activities (open circles)
were measured in RLU. Note the logarithmic scale of the diagram.

action of the drug against Lassa virus is still not known. In a
first attempt to narrow down the steps in the virus life cycle
targeted by the drug, we tested whether ribavirin inhibits the
Lassa virus replicon system. BSR T7/5 cells were transfected
with genomic MG DNA, pCITE-NP, and pCITE-L, and riba-
virin was added to the cells 4 h after transfection. Plasmid
pCITE-FF-luc expressing firefly luciferase under the control of
the T7 promoter was cotransfected as an internal reference.
The Ren-Luc values of the replicon were standardized with the
firefly luciferase values of the internal reference to correct for
variations in transfection efficacy and unspecific effects of the
drug. Ribavirin specifically inhibited the activity of the replicon
by 2 log units at concentrations of 50 pwg/ml (Fig. 9A). There-
fore, it is likely that the drug acts at the level of replication or
transcription of Lassa virus.

Inhibition of the replicon system by IFN-a. Recently, it has
been demonstrated that Lassa virus replication can be inhib-
ited by IFN-a in vitro (2). To test whether the Lassa virus
replicon system is also susceptible to this cytokine, BSR T7/5
cells were preincubated with human IFN-a for 24 h and then
transfected with the replicon components as well as with the
internal reference plasmid. The cytokine was again added after
transfection. IFN-a specifically inhibited replicon activity by up
to 2 log units at concentrations of 1,000 U/ml (Fig. 9B), sug-
gesting that it interferes with Lassa virus replication or tran-
scription. The data obtained with ribavirin and IFN-o also
demonstrate that the Lassa virus replicon system may be used
for testing of antivirals outside BSL-4 laboratories.

DISCUSSION

This study describes the establishment of a replicon system
for Lassa virus. It was based on T7 RNA polymerase-driven
expression of MG and virus proteins. The MG contained Ren-
Luc as a reporter gene, providing a broad dynamic range for
measurement of replicon activity. The use of IRES sequences
for protein expression rendered the system independent of
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vaccinia virus. The replicon was functional with genomic and
antigenomic runoff MGs. It was optimized with respect to the
ratios of the main components and by modifying the 5" end of
the MG. The signal-to-background ratio was 2 to 3 log units.
Maximum activity was observed during a period 24 to 36 h
after transfection. Northern blot analysis provided evidence
that the system is capable of replicating and transcribing the
MG. Z protein strongly inhibited replicon activity. Both riba-
virin and IFN-« interfered with the reporter gene expression of
the replicon.

Replicon systems for the arenaviruses LCMV and Tacaribe
have been previously established (31, 32). The system for Lassa
virus as described here has many aspects in common with the
other systems, but there are also differences. For example, the
Lassa virus replicon was functional without vaccinia virus in-
fection, which was required for the first LCMYV system and the
Tacaribe virus system. More recently, LCMV RNA analogs
were rescued by using an RNA polymerase I-based system,
which also circumvents the use of vaccinia virus (48). Vaccinia
virus expresses an array of enzymes in the cytoplasm. While
some of these enzymes, for example those involved in mRNA
capping and polyadenylation (18), are important for protein
expression in some replicon systems, others may adversely af-
fect replicon functions or obscure effects in mutational studies
(53). This is excluded in the Lassa virus system as well as in the
RNA polymerase I-based LCMV system.

Another difference from existing systems concerns the ex-
pression of the MG. The Lassa virus replicon was only func-
tional with runoff MG transfected as DNA or RNA. This
strategy of MG expression was rather less successful in reverse
genetics projects in the past (11). In this study, the runoff MGs
were generated and transfected as PCR fragments, a strategy
that obviates cloning and can facilitate MG modification by
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FIG. 9. Inhibition of replicon activity by ribavirin and IFN-a. (A)
Effect of ribavirin. BSR T7/5 cells (10° cells per well of a 24-well plate)
were transfected with 270 ng of genomic MG DNA (PCR fragment of
construct 1G in Fig. 4A), 270 ng of pCITE-NP, 270 ng of pCITE-L,
and 10 ng of pCITE-FF-luc. Different concentrations of ribavirin were
added 4 h after transfection. Cells were lysed 24 h posttransfection,
and Renilla and firefly luciferase activities were measured. Ren-Luc
levels were corrected with the firefly luciferase levels (standardized
RLU). The number of RLU in untreated cells was defined as 1.
(B) Effect of IFN-a. Experiments were done as described above except
that cells were treated with human IFN-« for 24 h before transfection.
The same concentrations were added again 4 h after transfection. Note
the logarithmic scale of the diagrams.
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PCR in future mutagenesis studies. Although the plasmid-
expressed MG RNA was processed by HDR, at least after
insertion of a C residue as recommended by a previous study
(46), no specific replicon activity was observed with these con-
structs. This contrasts with the LCMV replicon, which was
more active with the plasmid-expressed MG than the runoff
MG (31). Technical variations such as the use of an LCMV-
specific ribozyme rather than HDR for cleavage may account
for the differences. A possible disadvantage of the runoff
method compared to ribozyme cleavage is microheterogeneity
at the 3’ end of the MG input RNA. T7 RNA polymerase is
known to add a nontemplated nucleotide, preferably A or C, to
the 3’ end of about half of the RNA transcripts (28, 41). This
effect has been observed with cell-free reactions and is likely to
occur also during RNA polymerization within cells. In model
assays, this effect can be efficiently suppressed by using chem-
ically modified nucleotides at the 5" end of the DNA template
strand (28). Experiments are under way to elucidate whether
this approach can further enhance the activity of the Lassa
virus replicon.

A major problem was the high unspecific luciferase activity
observed after infection with MVA-T7. Our data do not ex-
clude that MVA-T7-expressed T7 RNA polymerase supports
transcription and replication of the MG. Indeed, we found
some activity with the genomic runoff RNA. However, with the
plasmid- and PCR fragment-based MGs, the Ren-Luc levels in
the absence of L protein were so high that specific signals could
not be distinguished from unspecific activity. Similar problems
with this recombinant virus were reported previously in the
establishment of reverse genetic systems for filoviruses (45).
The simplest explanation for these observations would be that
MVA expresses enzymes that are capable of transcribing RNA
from hidden promoters on the transfected MG constructs.
Furthermore, besides its DNA-dependent activity, T7 RNA
polymerase is also able to transcribe or even replicate RNA
molecules (6, 10). In conjunction with MVA-specific enzymes
for capping and polyadenylation, this RNA-dependent RNA
polymerase activity may have contributed to the high unspe-
cific expression level of Ren-Luc mRNA. Noteworthy, the
LCMYV and Tacaribe virus replicon systems (31, 32) were es-
tablished using a different vaccinia virus as a source for T7
RNA polymerase expression, namely vIF7-3, which is based
on the Western Reserve strain (19). In contrast to the Western
Reserve strain, MVA is highly attenuated and contains several
deletions that make up 15% the genome size (40). It is likely
that both virus strains differ with respect to many biological
parameters that are also relevant to reverse genetics systems.
For example, MVA-T7, but not vTF7-3, interferes with Mar-
burg virus glycoprotein processing (53).

We also noticed Ren-Luc activity of 10* to 10* relative light
units (RLU) in BSR T7/5 cells containing runoff MG but
lacking L protein and NP. This background is still 10- to 100-
fold above the cutoff of the luciferase assay as determined with
nontransfected cells. Cellular enzymes as well as the above
mentioned RNA-dependent activity of T7 RNA polymerase
(6, 10) are presumably involved in this unspecific Ren-Luc
expression. Importantly, in contrast to the much higher back-
ground produced by MVA-T7, this unspecific activity did not
obscure the specific activity of the replicon which showed a
sharp peak at 24 to 36 h after transfection with 10° to 107 RLU.
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Thereafter, the activity decreased. Since the expression of the
T7 RNA polymerase-driven control plasmid exactly followed
these kinetics, it is likely that the decrease in activity is not the
result of a regulated process but reflects the degradation of
input DNA and RNA that served as the templates for expres-
sion of Lassa virus proteins and MG.

The data obtained with the replicon system indicate that the
minimal cis-acting elements required for Lassa virus replica-
tion and transcription are the 5" and 3’ UTRs and the IGR.
The minimal frans-acting factors are L protein and NP, where-
as Z protein has a strong inhibitory effect. This is in agreement
with the studies of LCMV and Tacaribe virus (31, 32), sup-
porting the notion that arenaviruses share a common replica-
tion and transcription mechanism, at least in gross terms. The
number of nontemplated nucleotides at the 5’ end of the Lassa
virus MG was inversely correlated with replicon activity. This is
consistent with the high degree of conservation of the genomic
ends and their importance in replication and transcription of
the LCMYV replicon (46). Since arenavirus RNA species with
nontemplated 5’ nucleotides are generated during infection (3,
21, 38, 39, 50, 51), it may be that the addition of nontemplated
nucleotides represents a means of regulation of promoter
strength.

The Northern blot data provide evidence for replication and
transcription being performed by the replicon. A quantitative
analysis of the genomic RNA level 36 h after transfection
indicates a 10- to 20-fold excess of genomic RNA in cells with
an active replicon compared to control cells. This suggests a
single input RNA molecule made by T7 RNA polymerase had
been replicated 10 to 20 times by the Lassa virus polymerase.
This estimate is larger than that for MG replication by the
initial vaccinia virus-based LCMYV replicon (less than 2-fold)
and in the same order of magnitude as the estimation made for
the LCMYV replicon based on cellular RNA polymerase I ex-
pression (70-fold) (48). Due to its characteristics, the Lassa
virus replicon system may facilitate studies with the aim of
dissecting the molecular mechanisms of replication and tran-
scription.

In the past, the testing of antiviral compounds against Lassa
virus was greatly hampered by its classification as a level 4
pathogen. Most antiviral tests were performed with related,
less-pathogenic arenaviruses (1). The replicon system offers an
alternative for testing antiviral compounds against Lassa virus
outside the BSL-4 laboratory. However, the system is only
suitable for the testing of compounds that interact at the level
of ribonucleoprotein assembly, RNA replication, or transcrip-
tion. Since it is independent of vaccinia virus infection, possible
confounding drug effects on vaccinia virus replication or gene
expression need not be taken into account. Inclusion of a T7
promoter-driven control plasmid expressing firefly luciferase
served as an internal reference for potential effects of the drug
on T7 RNA polymerase or cell viability. Replicon activity
(Ren-Luc) and internal reference (firefly luciferase) display a
dynamic range over several orders of magnitude, and both can
be measured simultaneously with commercially available re-
agents.

The suitability of the system for testing antivirals has been
exemplified with ribavirin and IFN-a. Inhibition of replicon
activity by ribavirin was also observed with the LCMV replicon
using the vaccinia virus expression system (52). Our data ex-



13802 HASS ET AL.

tend these findings to Lassa virus and indicate that the drug
directly acts on the replicon because inhibition of vaccinia virus
by ribavirin (29) cannot play a role. In an in vitro infection
system, ribavirin inhibited replication of Lassa virus strain AV
with a 50% inhibitory concentration of 9 wg/ml and a 90%
inhibitory concentration of 14 pg/ml (25). Both values are well
in agreement with the inhibition kinetics that were observed
with the strain AV-based replicon system, suggesting that the
replicon system indeed mirrors the effect of the drug on infec-
tious virus.

Ribavirin is a nucleoside analogue, and it was recently pro-
posed to act by inducing an error catastrophe in some virus
infections. When incorporated into the progeny RNA, as shown
with poliovirus, it induces mutations that eventually render the
virus population inviable (called lethal mutagenesis) (14, 15).
Although it cannot be excluded that short cis-acting viral ele-
ments are affected, it is more likely that mutations interfere
with protein functions. However, in the replicon system, the pro-
teins are synthesized from the plasmid and they cannot un-
dergo mutation. Therefore, the data shown here do not sup-
port the hypothesis that ribavirin inhibits Lassa virus via lethal
mutagenesis, which is also in agreement with the observation
that ribavirin does not increase the mutation frequency during
LCMV multiplication in cell culture (52). The mode of action
remains speculative. According to the replicon data, the drug
probably interferes with steps during replication and transcrip-
tion, either directly (22) or by inhibition of cellular enzymes
important in nucleotide metabolism (56).

The second substance that was tested in the replicon system
was IFN-a. This cytokine suppresses multiplication of Lassa
virus by about 1 log unit in vitro (2). A similar degree of inhi-
bition was observed in the replicon system, substantiating the
previous observations and the rationale for designing antiviral
strategies against Lassa fever with the aim of enhancing the
IFN response. The fact that natural human IFN-a (a mixture
of different IFN-a species) was obviously active on a rodent
(hamster) cell line (BSR T7/5 is derived from a BHK-21 sub-
clone) (7) was somewhat surprising and indicates extensive
cross-reactivity of human IFN-a. IFN-y and tumor necrosis
factor alpha were also tested, but no effect was observed. It is
unclear whether the hamster cell line is refractory to these
cytokines or whether the replicon is resistant to the antiviral
state induced by these cytokines in these cells.

In conclusion, this study describes the first replicon system
for a highly pathogenic arenavirus, namely Lassa virus. It will
serve as a tool to gain insights into the mechanisms of repli-
cation and transcription of this pathogen and facilitate the
testing of antivirals outside a BSL-4 laboratory.
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