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Several arenaviruses cause hemorrhagic fever disease in humans for
which no licensed vaccines are available and current therapeutic
intervention is limited to the off-label use of the wide-spectrum
antiviral ribavirin. However, the prototypic arenavirus lymphocytic
choriomeningitis virus (LCMV) has proven to be a Rosetta stone for
the investigation of virus–host interactions. Arenaviruses have a
bisegmented negative-strand RNA genome. The S segment encodes
for the virus nucleoprotein and glycoprotein, whereas the L segment
encodes for the virus polymerase (L) and Z protein. The ability to
generate recombinant LCMV (rLCMV) expressing additional foreign
genes of interest would open novel avenues for the study of virus–
host interactions and the development of novel vaccine strategies
and high-throughput screens to identify antiarenaviral molecules. To
this end, we have developed a trisegmented (1L � 2S) rLCMV-based
approach (r3LCMV). Each of the two S segments in r3LCMV was
altered to replace one of the viral genes by a gene of interest. All
r3LCMVs examined expressing different reported genes were stable
both genetically and phenotypically and exhibited wild-type growth
properties in cultured cells. Reporter gene expression in r3LCMV-
infected cells provided an accurate surrogate of levels of virus mul-
tiplication. Notably, some r3LCMVs displayed highly attenuated vir-
ulence in mice but induced protective immunity against a subsequent
lethal challenge with wild-type LCMV, supporting the potential de-
velopment of r3LCMV-based vaccines.

antiviral screen � reverse genetic � viral attenuation

Arenaviruses merit significant interest both as tractable exper-
imental model systems to study acute and persistent viral

infections and as clinically important human pathogens (1–3). Thus,
the prototypic arenavirus lymphocytic choriomeningitis virus
(LCMV) has proven to be a superb workhorse in the field of
virology and immunology (1). However, several arenaviruses cause
hemorrhagic fever (HF) disease in humans, associated with high
morbidity and mortality (2, 3). The Old World arenavirus Lassa
virus (LASV) poses the highest public health concern among HF
arenaviruses. LASV is estimated to infect several hundred thousand
individuals yearly in its endemic region of West Africa, resulting in
a high number of Lassa fever disease cases (2). Likewise, several
New World arenaviruses, chiefly Junin virus, cause viral HF disease
(3). Moreover, evidence indicates that the worldwide distributed
LCMV is a neglected human pathogen of clinical significance (4)
and poses a special threat to immunocompromised individuals (5, 6).

Public health concerns posed by human pathogenic arenaviruses
are aggravated by the lack of licensed vaccines and current therapy
being limited to the use of the nucleoside analog ribavirin (Rib) that
can cause significant side effects and requires an early and i.v.
administration for optimal efficacy (3). Therefore, it is important to
develop novel effective antiarenaviral drugs and vaccines, tasks that
would be facilitated by a detailed understanding of the arenavirus
molecular and cell biology. Recent studies have identified small
molecule inhibitors of Tacaribe virus (7) and LASV (8) cell entry,
but their antiviral activity in animal models of HF arenaviruses has
not been examined.

Arenaviruses are enveloped viruses with a bisegmented negative-
strand (NS) RNA genome (9). Each segment, L (�7.3 kb) and S
(�3.5 kb), uses an ambisense coding strategy to direct the synthesis
of two polypeptides in opposite orientations, separated by a non-
coding intergenic region. The S RNA encodes the viral nucleopro-
tein (NP) and glycoprotein precursor (GPC) that is posttransla-
tionally cleaved by the cellular site 1 protease to yield the two
mature virion glycoproteins GP1 and GP2, which form the spikes
that decorate the surface of the virion and mediate receptor
recognition and cell entry (10). The L segment encodes the viral
RNA-dependent RNA polymerase (or L polymerase), and a small
(�12 kDa) RING finger protein Z that is functionally the coun-
terpart of the matrix protein found in many enveloped NS RNA
viruses. Reverse genetics systems have been now developed for
LCMV (11), LASV (12), and Tacaribe virus (13), which are
allowing investigators to examine the cis-acting sequences and
trans-acting factors that control arenavirus replication and gene
expression, as well as assembly and budding (14). Moreover,
infectious LCMV has been rescued from cloned cDNAs (15, 16),
which has opened the possibility of examining the phenotypes of
recombinant LCMV (rLCMV) with predetermined mutations in
cultured cells and whole organisms.

The generation of rLCMV expressing foreign genes of interest
(GOI) would open new avenues for development of vaccines and
high-throughput screen (HTS) assays to identify novel antiviral
drugs to combat arenaviral infections. Several strategies have been
used successfully to generate recombinant segmented NS RNA
expressing foreign genes; these include: (i) use of an internal
ribosome entry site to direct cap-independent synthesis of a protein
coded by an ORF located downstream within a dicistronic mRNA
(17); (ii) use of the self-cleaving picornavirus 2A protease to
generate independently the proteins coded by genes located up- and
downstream from the 2A (18); and (iii) use of a dicistronic genomic
segment with an internal promoter (19, 20). These approaches,
however, were unsuccessful in the case of LCMV. As an alternative
approach, we pursued the generation of rLCMV containing three
genome segments: 1L and 2S. Each of the S segments was altered
to replace one of the viral ORF by the ORF of a GOI. The rationale
behind this approach was that the physical separation of GP and NP
into two different S segments would represent a strong selective
pressure to select and maintain a virus capable of packaging 1L and
2S segments. Here, we document the efficient rescue of triseg-
mented rLCMV (r3LCMV) that exhibited wild-type (WT) growth
properties in cultured cells, as well as high genetic and phenotypic
stability. However, in vivo r3LCMV exhibited attenuation but
conferred complete protection against a lethal challenge with
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LCMV WT. Characterization of r3LCMV particles showed that
they were similar in size and morphology to LCMV WT. Moreover,
the majority of r3LCMV infectious particles appeared to incorpo-
rate all three segments. We discuss the implications of these findings
for our understanding of arenavirus biology and development
of vaccines and novel HTS to identify inhibitors of arenavirus
multiplication.

Results
Rescue of an rLCMV with a Three (2S � 1L)-Segment Genome (r3LCMV).
To determine the feasibility of rescuing viable r3LCMV, we at-
tempted to rescue r3LCMV green fluorescent protein (GFP)/
chloramphenicol acetyltransferase (CAT) containing one L and
two S segments (Fig. 1). In one of the two S segments, GPC was
replaced by GFP, whereas in the other S segment NP was replaced
by CAT. We reasoned that a viable r3LCMV GFP/CAT will be
forced to incorporate and stably maintain both S segments, which
were required for production of functional GPC (GP1 � GP2) and
NP. We used described reverse genetics methods (refs. 15 and 16
and Materials and Methods) to rescue r3LCMV GFP/CAT success-
fully, and as a control also a rLCMV WT. To prepare stocks from
rescued viruses, we infected BHK-21 cells and collected virus-
containing tissue culture supernatants at 72 h after infection (p.i.).
Titers of LCMV WT and r3LCMV GFP/CAT stocks were 106 and
4 � 106 focus-forming units (ffu)/mL, respectively.

Growth Properties of r3LCMV GFP/CAT in Cultured Cells. To compare
the growth properties of r3LCMV GFP/CAT and rLCMV WT in
cultured cells, we infected BHK-21 cells with each virus [multiplicity
of infection (moi) � 0.1]. At different time points, virus titers in
tissue culture supernatants (TCS) were determined, and cells were
examined for levels of CAT and GFP expression. Both viruses
exhibited similar growth properties (Fig. 2A). Peak titers were 2 �
107 and 2 � 108 ffu/mL for LCMV WT and r3LCMV GFP/CAT,
respectively. In cells infected with r3LCMV GFP/CAT, expression
of both CAT and GFP genes was readily detected, and their levels
increased over time (Fig. 2 B and C).

Genetic and Phenotypic Stability of r3LCMV. To assess the genetic and
phenotypic stability of r3LCMV, we conducted serial passages of
r3LCMV GFP/CAT, and for each passage we determined virus
titers in TCS and reporter gene, both CAT and GFP, expression
levels. Viral titers of r3LCMV GFP/CAT and LCMV WT similarly
fluctuated between 106 and 108 ffu/mL over 10 serial passages (Fig.
3A). For each passage examined (P1–P10), GFP expression was
readily detected in the majority (�95%) of r3LCMV GFP/CAT-
infected cells [supporting information (SI) Fig. S1]. Likewise,
similar levels of CAT expression were maintained throughout the
10 passages examined (Fig. 3B). To evaluate the genetic stability of
r3LCMV GFP/CAT, we used RNA from r3LCMV GFP/CAT-
infected cells at P2 and P10 in RT-PCR assays to amplify GFP and
GPC genes and determined the sequence of several independent

clones derived from GFP and GPC RT-PCR products. We exam-
ined GPC and GFP sequences because they were located at the
same position within the S RNA genomes of r3LCMV GFP/CAT,
and whereas GPC sequences should be under positive selection to
maintain virus infectivity, GFP sequences should not be subjected
to similar selective pressures and would be able to accumulate
mutations over time. Sequencing of several independent GPC and
GFP clones revealed that the consensus sequences of GFP and
GPC remained the same as those found in the plasmids used to
rescue r3LCMV GFP/CAT (Table S1).

Control of Virus Gene Expression in Cells Infected with r3LCMV.
Arenavirus gene expression is characterized by earlier and higher
levels of NP expression compared with GPC expression in virus-
infected cells. To determine whether the same temporal control and
levels of virus gene expression operated in r3LCMV-infected cells,
we generated r3LCMV CAT/GFP, which differed from r3LCMV
GFP/CAT only on the location of GFP and CAT within the S RNA
(Fig. 4A). Both viruses had similar growth properties in cultured
cells (Fig. 4 B and D). In BHK-21 cells infected (moi � 0.01) with
either r3LCMV GFP/CAT or r3LCMV CAT/GFP, both CAT and
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Fig. 1. Schematic representation of LCMV WT and r3LCMV GFP/CAT ge-
nomes. Genes in solid (NP, CAT and L) and hatched (GPC, GFP and Z) gray are
transcribed from genome and antigenome templates, respectively.
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Fig. 2. Growth properties and foreign gene expression of r3LCMV GFP/CAT
in cultured cells. BHK-21 cells were infected (moi of 0.1) either with LCMV WT
or r3LCMV GFP/CAT. At the indicated time points, virus titers in supernatants
were determined (A), and cells were either harvested for a CAT assay (B) or
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GFP gene expression were first detected at 12 h and 18 h p.i.,
respectively, regardless of their location within the S segment of
r3LCMV (Fig. 4 C and E, Fig. S2). However, normalized levels of
CAT activity or GFP fluorescence revealed higher levels of expres-
sion when the reporter gene was in lieu of NP than GPC (Fig. 4F).
When CAT replaced NP, its expression levels at 18 h and 72 h p.i.
were 3.9- and 21.4-fold higher than when CAT replaced GPC. In the
case of the GFP gene, their differences were 2.9- and 13.4-fold.

Characterization of r3LCMV Virions. The ability to rescue infectious
LCMV with one additional S segment raised questions about
potential altered size and morphology of r3LCMV virions. To
address this issue, we used electron microscopy to determine the
size and morphology of virions present in TCS of cells infected with
either LCMV WT or r3LCMV GFP/GFP. LCMV WT and
r3LCMV GFP/GFP were similar in size (Mann–Whitney rank sum
test, P � 0.23), with the same mean particles diameter of 62 nm (Fig.
5A). Likewise, both LCMV WT and r3LCMV GFP/GF particles
exhibited similar morphology (Fig. 5B).

Assessment of r3LCMV as a Novel Tool to Identify Antiarenaviral
Molecules. Arenaviruses are mostly noncytolytic, and recombinant
arenaviruses expressing reporter genes have not been available,

which has posed obstacles for the development of HTS to identify
inhibitors of arenavirus multiplication. We therefore explored the
potential use of a r3LCMV as a tool to develop assays amenable to
HTS to identify novel candidate antiarenaviral drugs. For this we
generated r3LCMV CAT/FLuc that expressed the firefly luciferase
(FLuc) and CAT in lieu of NP and GPC, respectively. Both
r3LCMV CAT/FLuc and WT LCMV displayed similar growth
kinetics in BHK-21 cells, but r3LCMV CAT/FLuc produced slightly
lower peak titers of infectious progeny (Fig. 6A). The kinetics and

Fig. 4. Effect of genome location on foreign gene expression. (A) Two r3LCMVs (r3LCMV GFP/CAT and r3LCMV CAT/GFP) were rescued that differed only on the
locationwithintheSsegmentof thetwoforeigngenes,whichwere inverted. (BandC)Viral titers (B)andCATactivity (C)weremeasured in infected (moi�0.01)BHK-21
cells. (D and E) In an independent experiment, viral titers (D) and GFP expression (E) were determined in infected (moi � 0.01) BHK-21. (F) The ratio of expression levels
for the same foreign gene (GFP or CAT) expressed from the NP over GPC loci was determined and normalized by the corresponding virus titers.

Fig. 5. Morphological comparison of LCMV WT and r3LCMV virions. Purified
LCMV WT and r3LCMV GFP/GFP were analyzed by electron microscopy. (A) The
diameter of particles was determined in the same horizontal axis. (B) Virion
morphology was examined by negative staining.
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Fig. 6. Use of r3LCMV CAT/FLuc to identify antiarenaviral compounds. (A)
BHK-21 cells (96-well plate) were infected (moi � 0.1) with either LCMV WT or
r3LCMV CAT/FLuc and at different time points, virus titers and FLuc activity
were determined. (B) The correlation between virus replication and FLuc
expression was estimated by plotting together virus titer and FLuc activity
values. (C and D) In an independent experiment, BHK-21 cells were infected at
low (0.05) or high (2) moi and treated with Rib or 2-OHM or left untreated. At
the indicated time, virus production (C) and FLuc activity (D) were measured.
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expression levels of FLuc in r3LCMV CAT/FLuc-infected cells
(Fig. S3) correlated well with production of infectious virus (Fig.
6B). These findings supported the feasibility of using expression
levels of FLuc to measure levels of virus multiplication in arena-
virus-infected cells rapidly and accurately.

We next examined whether expression levels of FLuc in r3LCMV
CAT/FLuc-infected cells could be used to identify candidate in-
hibitors of arenavirus multiplication rapidly. For this we examined,
as a proof of concept, the effect of the nucleoside analog Rib and
DL-2-hydroxymyristic acid (2-OHM) on FLuc expression and virus
production in r3LCMV CAT/FLuc-infected cells. Rib inhibits
arenavirus replication via mechanisms that have not been entirely
elucidated but most likely involve the targeting of different steps of
virus RNA synthesis (21). However, 2-OHM inhibits myristoylation
of Z, which is required for arenavirus budding (22). Based on their
mechanisms of action, we predicted that Rib would similarly inhibit
production of virus progeny upon infection at low or high moi,
whereas the inhibitory effect of 2-OHM would be expected to be
more pronounced in infections initiated at low moi involving
multiple rounds of cell infection required for virus propagation
within the cell population.

To test those predictions, we infected BHK-21 cells either at low
(0.05) or high (2) moi and determined FLuc expression levels and
virus production at 48 h p.i. (low moi infection) or 24 h p.i. (high
moi infection). Consistent with previous reports, Rib (21) and
2-OHM (22) inhibited production of infectious LCMV WT in cells
infected at either high or low moi (Fig. 6C). As with LCMV WT,
production of infectious r3LCMV CAT/FLuc was also inhibited by
Rib or 2-OHM treatment, but to a slightly lesser extent when a high
moi was used (Fig. 6C). Cells infected with r3LCMV CAT/FLuc
showed levels of FLuc activity that were 54- or 127-fold over
background after infection at low (48 h p.i.) or high moi (24 h p.i.),
respectively (Fig. 6D). More importantly, in r3LCMV CAT/FLuc-
infected and Rib-treated cells, levels of FLuc activity paralleled
closely titers of infectious progeny (compare Fig. 6 C and D). As
predicted, the effect of 2-OHM treatment on FLuc expression in
r3LCMV CAT/FLuc-infected cells depended on the moi used.
FLuc expression levels were reduced 7.3- and 20.9-fold after
infection at high and low moi, respectively, in 2-OHM-treated cells
(Fig. 6D).

Characterization of r3LCMV in a Mouse Model of LCMV Infection. To
assess whether r3LCMV exhibited altered virulence in vivo, we
examined the ability of r3LCMV GFP/GFP to cause lethal men-
ingitis in mice upon intracerebral (i.c.) inoculation. In this model,
i.c. inoculation of 103 ffu of LCMV WT results consistently in 100%
mortality within 6–8 days after inoculation (23). We used r3LCMV
GFP/GFP for these studies for the following reasons: (i) it produces
high levels of GFP expression that provided a convenient tracking
method both in cell culture and in vivo; (ii) GFP is not found
naturally in mammalian cells, and therefore its expression should
not create confounding factors caused by reporter gene–cellular
protein interactions during infection; and (iii) it exhibited WT
growth properties in cultured cells (Fig. 7A). In contrast to our
results in cultured cells, r3LCMV GFP/GFP was significantly
attenuated in this model of disease as reflected by lower and
delayed mortality in mice infected with r3LCMV GFP/GFP (103

ffu, i.c.) compared with LCMV WT (103 ffu, i.c.) (Fig. 7B). By day
8 p.i., only three of eight (37.5%) r3LCMV GFP/GFP-infected mice
had died, and the remaining (five) symptomatic mice recovered and
did not show noticeable clinical symptom by day 9 p.i. and there-
after. However, the use of a higher dose (105 ffu, i.c.) of r3LCMV
GFP/GFP resulted in 100% lethality by day 7 p.i. (n � 8 mice per
group) (Fig. 7B). To determine whether mice that survived i.c.
inoculation with 103 ffu r3LCMV GFP/GFP mounted a protective
immune response, we challenged them at day 21 p.i. with a lethal
dose (103 ffu, i.c.) of LCMV WT. All tested mice (n � 4) exhibited

complete protection reflected by the lack of clinical symptoms and
survival after the challenge.

To determine whether r3LCMV GFP/GFP and LCMV WT
exhibited the same tropism in the brain of infected mice, we
inoculated (i.c.) mice (n � 2 per group) with 105 ffu of either LCMV
WT or r3LCMV GFP/GFP and collected brains at day 6 p.i., when
mice were symptomatic. To determine virus distribution in brain,
sagittal brain sections were examined by immunohistochemistry.
Consistent with previous findings (24), LCMV WT infected mainly
four areas in the brain (Fig. S4): meninges, ependyma, choroid
plexus, and olfactory bulb. The r3LCMV GFP/GFP showed a
similar, but more restricted, distribution (Fig. 7C). Cells in the
ependyma, choroid plexus, and olfactory bulb were clearly infected
by r3LCMV GFP/GFP, whereas infection of the meninges was
patchy compared with LCMV WT. GFP expression in r3LCMV
GFP/GFP-infected mice colocalized with viral antigens and was
high enough to be detected without the need of any amplification
(Fig. 7C and Fig. S4).

Discussion
Here, we have documented the rescue of trisegmented LCMV and
shown that r3LCMV has WT growth properties in cultured cells
and is both genetically and phenotypically stable. Our rationale
behind the strategy for the generation of r3LCMV was that the
physical separation of GPC and NP into two different S segments
would represent a strong selective pressure to select and maintain
a virus capable of packaging 1L and 2S segments, where each of the
S segments could direct expression of a GOI. We have rescued
more than 10 different r3LCMCs expressing a variety of non-
LCMV genes, which illustrates the robustness of this strategy to
generate rLCMVs expressing additional GOI.

NS RNA viruses, including arenaviruses, have error-prone
polymerases that confer them with the potential for rapid
evolution (25). This, in turn, likely contributes to the often-
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observed loss of foreign gene expression over time by recombi-
nant NS RNA viruses (19, 26). Notably, rLCMV GFP/CAT
displayed high both genetic and phenotypic stability. During
serial passages of rLCMV GFP/CAT at low moi, no mutations
were fixed within the consensus sequence of GFP. Likewise, we
did not detect any truncated GFP or any other sign of genome
reorganization in r3LCMV GFP/CAT.

Regulation of GOI expression by r3LCMV was similar to the one
observed for bona fide viral genes in LCMV WT-infected cells.
Several studies have shown higher levels of NP mRNA than GPC
mRNA throughout all times examined in LCMV-infected cells (27,
28). Accordingly, CAT and GFP expression levels were higher when
placed in lieu of NP than GPC (Fig. 4B). We observed that in
r3LCMV-infected cells the ratio of NP-located to GPC-located
GOI mRNA levels increased throughout the infection, whereas a
previous report documented a constant 5-fold excess of NP mRNA
over GPC mRNA in LCMV-infected BHK-21 cells (28). This
apparent discrepancy might be the result of methodological differ-
ences, including moi used and measurement of mRNA versus
protein activity. Expression levels of the same GOI depended on its
location within the S genome, indicating that the control of arena-
virus gene expression is determined mainly by the 5�- and 3�-
noncoding regions, together with the intergenic region. Neverthe-
less, the regulatory mechanisms by which the arenavirus
polymerase directs higher transcriptional levels of NP-located
versus GPC-located genes but lower levels of antigenome versus
genome RNA species remain to be determined.

LCMV WT and r3LCMV GFP/GFP exhibited similar growth
properties in cultured cells (Fig. 7A), but r3LCMV GFP/GFP was
significantly attenuated in a mouse model of LCMV-induced fatal
meningitis (Fig. 7B). However, r3LCMV GFP/GFP exhibited the
same cell tropism, although restricted spread, as LCMV WT within
the mouse CNS (Fig. 7C and Fig. S4). We have made similar
observations with several other r3LCMVs tested. The mechanisms
responsible for this in vivo attenuation of r3LCMVs, despite their
WT growth properties in cultured cells, are under investigation.

Reduced ffu to particle ratio may have contributed to the
attenuation of r3LCMV in mice because an increased number of
nonreplicating particles within the virus inoculum could result in a
faster and enhanced innate immune response leading to the control
of virus multiplication. In this regard, our EM studies consistently
revealed higher number of r3LCMVs than LCMV WT particles for
viral preparations containing the same infectious titers (ffu per
mL). Nevertheless, the absence of a quantifiable reference pre-
cluded us from comparing ffu/particle ratios between samples
accurately.

Our results would suggest that unlike the influenza virus (29 and
references therein) but similar to bunyamwera virus (30), coding
regions do not appear to play a critical role in arenavirus packaging,
and either GPC or NP could be entirely replaced by a GOI without
any noticeable attenuation of the r3LCMV in cell culture. The
maximum number of segments that could be incorporated per
arenavirus particle remains to be determined, but the total genome
length appears to influence the fitness of r3LCMV. Firefly lucif-
erase (1.6 kb) was the largest GOI we incorporated into an
r3LCMV, and the rescued r3LCMV FLuc/FLuc with a total
genome size of 14.1 kb (10.6 kb for the LCMV WT) was attenuated
not only in vivo but also in cultured cells (Fig. 7A). It is plausible that
the upper limit genome size that can be packaged efficiently into
arenavirus virions is not far from one L plus two S segments (�14
kb), which would explain the attenuated phenotype of r3LCMV
FLuc/FLuc in cultured cells.

The mechanisms that regulate arenavirus genome packaging
remain largely unknown, and only the requirement of the intergenic
region to form virus-like particles has been demonstrated (14).
Notably, at early times after infection at low moi with r3LCMV
CAT/GFP, most (�95%) NP-positive cells also expressed GFP
(Fig. S2), indicating that the majority of r3LCMV CAT/GFP
infectious virions contained both (GPC-GFP and CAT-NP) S

segments. There are some precedents based on both genetics (9)
and structural (10, 31) analysis in support of S polyploidy within
arenavirus infectious particles. Our data showed that preparations
of infectious particles from LCMV WT and r3LCMV were undis-
tinguishable either by size or shape, but we were unable to deter-
mine precisely the percentage of particles with two or three
segments present within the r3LCMV population. Nevertheless,
these findings suggest that production of infectious arenavirus
particles containing two S and one L segments could be a very
common event. Intriguingly, the L polymerase and Z proteins
within the L segment exhibit higher genetic diversity than the NP
and the signal peptide and GP2 portions of the GPC within the S
segment (32, 33) (Fig. 8), a unique evolutionary feature among
enveloped riboviruses. It is plausible that the arenavirus ability to
form virions diploid for the S segment may act as a buffer against
the accumulation of mutations for GPC and NP. Consequently,
genes located on the S segment would be more protected against
genetic drift than genes located on the L segment.

The strategy we have developed offers new opportunities for
arenavirus research, including mechanisms responsible for the
control of virus gene expression and genome packaging. The
generation of r3LCMVs expressing appropriate reporter genes can
provide tools for the development of assays to identify novel
antiviral molecules against clinically important viruses responsible
of HF in humans in West Africa and South America (3). Moreover,
r3LCMVs are strongly attenuated in vivo and able to express two
foreign genes, which may be harnessed for the development of
multivalent vaccine viruses (35). This potential is underscored by
the complete protection against a lethal challenge with the LCMV
WT seen in mice that had been infected with r3LCMV GFP/GFP.
Likewise, confirmation that arenavirus virions often pack 2S and 1L
genome segments would significantly impact our understanding of
arenavirus genetics.

Materials and Methods
Viruses and Cells. Vero E6 and BHK-21 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen) containing 10% FBS. L929 cells were grown
in minimum essential medium (MEM) containing 7% FBS. Media were supple-
mented with 2 mM L-glutamine, 100 �g/mL streptomycin, and 100 units/mL
penicillin. Infected and transfected cells were maintained in a mixture (50:50) of
Opti-MEM and their normal medium. Stocks of LCMV WT (Armstrong strain) and
recombinant trisegmented LCM viruses were produced by infecting BHK-21 cells
(moi � 0.01–0.1) and harvesting the supernatant at 72 h p.i. Virus titers (ffu) were
determined by immunofocus assay (36). Briefly, 10-fold serial virus dilutions
were used to infect VERO cell monolayers in a 96-well plate, and at 20 h p.i., cells
were fixed by using 4% formaldehyde in PBS. After cell permeabilization by
treatment with 0.3% Triton X-100 in PBS containing 3% BSA, cells were stained
by using an anti-NP mouse monoclonal antibody and an Alexa Fluor 568-labeled
anti-mouse second antibody (Molecular Probes). Trisegmented viruses are re-
ferred to as r3LCMV X/Y where X represents the sequence in lieu of GPC and Y the
sequence in lieu of NP.
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Fig. 8. Amino acid diversity among arenavirus proteins. The amino acid
alignments used to infer phylogenetic relationships among arenavirus species
(34) were used to measure the amino acid diversity by pairwise distance in
different arenavirus groups. Because GP1 was too divergent to be aligned
among groups, we combined the signal peptide and GP2 sequences (GP*)
instead of the full GPC for this analysis.
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DNA Transfection and Rescue of LCMV from Cloned cDNAs. Virus rescue was done
essentially as described (15, 16). Subconfluent BHK-21 cells (2 � 106 cells per M6
well) were transfected for 5 h by using 2.5 �L of Lipofectamine 2000 (Invitrogen)
per microgram of plasmid DNA. The mixture plasmid included 0.8 �g of pC-NP
and 1 �g of pC-L, together with plasmids pol-I L (1.4 �g) and pol-I S (0.8 �g) that
directed intracellular synthesis, via RNA pol-I, of the viral L and S genome RNA
species. For therescueofa r3LCMVcontaining1Land2SgenomeRNAs,eachpol-I
S (0. 8 �g) expressing the modified S segment was incorporated into the trans-
fection mix. The vectors used to insert a GOI into the S genomic segment
backbonewerepol-IGPC/BbsIandpol-IBsmBI/NP.GOIwereclonedviaeitherBbsI
(NP locus)orBsmBI (GPC locus) cloningsites. TheBbsI sitenaturally found inLCMV
Armstrong GPC sequence was removed by site-directed mutagenesis. Foreign
genes were amplified by using the PCR Extender System (5 Prime) and primers
with either BsmBI or BbsI sites, and inserted into the opened vectors.

Foreign Gene Expression Analysis. CAT expression was determined as described
in ref. 11 and normalized to equal amounts of protein in each cell lysate, as
determined by using the BCA protein assay kit (Pierce). FLuc activity was quanti-
fied by using the ONE-Glo luciferase assay system (Promega), following the
manufacturer’s recommendations. GFP expression was monitored by using an
epifluorescence microscope. GFP expression in LCMV-infected cells was quanti-
fied by determining their green light emission. For this, infected cells were
identified based on their NP expression detected by immunofocus assay, and
images of a field of infected cells were collected by using constant parameters
either on the red channel (anti-LCMV NP staining) or on the green channel (GFP
expression). The software Photo-paint 12 (Corel) was used to define a mask based
on the red color to delimit infected cells. The surface covered by the mask was
then used to measure the green luminosity on the green channel by using the
histogram function of the software. We also measured the light detected on the
greenchannelontheremainingsurfaceofthecollectedimage(noninfectedcells)
to determine the light background level.

Mice Experiments. To assay the virulence of r3LCMV, C57/BL6 mice were inocu-
lated i.c. with the indicated r3LCMV or LCMV WT by using either 103 or 105 ffu.
Mice were monitored daily for clinical symptoms and survival. To determine the
tropism and the in situ GFP expression of r3LCMV GFP/GFP, brains from infected
mice were collected at day 5 p.i., and 6-�m sagittal sections were prepared by
immunohistochemistry with antibodies against GPC (LCMV) and/or GFP. Three-
color organ reconstructions to visualize the distribution of GFP (green), LCMV
(red), and cell nuclei (blue) were obtained by using an immunofluorescence

microscope (Axiovert S100; Carl Zeiss MicroImaging) and a 5� objective. Recon-
structions were performed by using the MosaiX function in KS300 image analysis
software (Carl Zeiss MicroImaging). Higher-resolution images were captured
with a 5� objective and AxioVision software (Carl Zeiss MicroImaging). All
experiments involving the use of mice were done according to the protocol
approved by the Institutional Animal Care and Use Committee (IACUC) at The
Scripps Research Institute.

Electron Microscopy Studies. Supernatants from infected BHK-21 were filtrated
by using Amicon Ultra-15 100K columns (Millipore) for 10 min at 1,500 � g to
concentrate virus particles. Concentrate virus samples were layered over a dis-
continuous sucrose gradient, consisting of two 1-mL cushions of 60% and 20%
sucrose in TNE [10 mM Tris, 150 mM NaCl, 1 mM EDTA (pH 8.0)] and centrifuged
at 4 °C for 2 h at 50,000 rpm in a Beckman SW60 rotor. The interphase between
the 20% and 60% sucrose was collected, diluted 1/3 with TNE buffer, and
centrifugedat4 °Contoa20%sucrosecushionfor2hat50,000rpminaBeckman
SW60 rotor. The supernatant was removed, and the pellet was resuspended into
100 �L of TNE. Samples were fixed by using 2.5% (final concentration) glutaral-
dehyde and stained with 2% uranyl acetate before being charged onto carbon-
coated grids.

Drug Treatment. Stock solutions (10 mM) of Rib and 2-OHM (Sigma) were
prepared in Opti-MEM and ethanol, respectively. Rib and 2-OHM were used at a
final concentration of 100 �M.

RNA Preparation and Sequencing. RNA was extracted from cells by using TRI
reagent (Molecular Research Center). Reverse-transcription reaction was done
with 600 ng of RNA by using the Masterscript kit (5 PRIME) and primers specific
for either GFP or LCMV GPC genes. PCRs were done with the PCR Extender System
(5 PRIME) with 2 �L of cDNA from the RT reaction. Amplified products were
ligated into pCR 2.1 vector by using the Original TA cloning kit (Invitrogen).
Ligation products were used to transform One Shot TOP10 bacteria. DNA was
isolated from individual clones by using the QIAprep spin miniprep kit (Qiagen)
and their sequence determined.
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