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ABSTRACT

Hemorrhagic fever arenaviruses (HFAs) pose important public health problems in regions where they are endemic. Concerns
about human-pathogenic arenaviruses are exacerbated because of the lack of FDA-licensed arenavirus vaccines and because cur-
rent antiarenaviral therapy is limited to an off-label use of ribavirin that is only partially effective. We have recently shown that
the noncoding intergenic region (IGR) present in each arenavirus genome segment, the S and L segments (S-IGR and L-IGR, re-
spectively), plays important roles in the control of virus protein expression and that this knowledge could be harnessed for the
development of live-attenuated vaccine strains to combat HFAs. In this study, we further investigated the sequence plasticity of
the arenavirus IGR. We demonstrate that recombinants of the prototypic arenavirus lymphocytic choriomeningitis virus
(rLCMVs), whose S-IGRs were replaced by the S-IGR of Lassa virus (LASV) or an entirely nonviral S-IGR-like sequence (Ssyn),
are viable, indicating that the function of S-IGR tolerates a high degree of sequence plasticity. In addition, rLCMVs whose
L-IGRs were replaced by Ssyn or S-IGRs of the very distantly related reptarenavirus Golden Gate virus (GGV) were viable and
severely attenuated in vivo but able to elicit protective immunity against a lethal challenge with wild-type LCMV. Our findings
indicate that replacement of L-IGR by a nonviral Ssyn could serve as a universal molecular determinant of arenavirus attenua-
tion.

IMPORTANCE

Hemorrhagic fever arenaviruses (HFAs) cause high rates of morbidity and mortality and pose important public health problems
in regions where they are endemic. Implementation of live-attenuated vaccines (LAVs) will represent a major step to combat
HFAs. Here we document that the arenavirus noncoding intergenic region (IGR) has a high degree of plasticity compatible with
virus viability. This observation led us to generate recombinant LCMVs containing nonviral synthetic IGRs. These rLCMVs were
severely attenuated in vivo but able to elicit protective immunity against a lethal challenge with wild-type LCMV. These nonviral
synthetic IGRs can be used as universal molecular determinants of arenavirus attenuation for the rapid development of safe and
effective, as well as stable, LAVs to combat HFA.

Hemorrhagic fever arenaviruses (HFAs) pose important public
health problems in regions where they are endemic (1–3).

Thus, Lassa virus (LASV) infects several hundred thousand indi-
viduals yearly in West Africa, resulting in a high number of Lassa
fever (LF) cases, which are associated with high rates of morbidity
and significant mortality (4). Notably, increased travel has led to
the importation of LF cases into metropolitan areas around the
globe where the virus is not endemic (5, 6). Moreover, the regions
where LASV is endemic are expanding (4), and the association of
the recently identified arenavirus Lujo virus with a recent out-
break of hemorrhagic fever in South Africa (7, 8) has raised con-
cerns about the emergence of novel HFAs. In addition, evidence
indicates that the worldwide-distributed prototypic arenavirus
lymphocytic choriomeningitis virus (LCMV) is a neglected hu-
man pathogen of clinical significance (9–13). Likewise, several
arenaviruses pose credible biodefense threats (14). Concerns
about human-pathogenic arenaviruses are exacerbated because
there are no FDA-licensed arenavirus vaccines (15) and current
antiarenaviral therapy is limited to an off-label use of ribavirin
that is only partially effective (16–18). Therefore, it is important to
develop novel antiviral strategies to combat human-pathogenic
arenaviruses. Epidemiological studies indicate that live-attenu-
ated vaccines (LAVs) represent the most feasible approach to the

control of HFAs in regions where they are endemic, as LAVs in-
duce long-term robust cellular and humoral immune responses
following a single immunization. Moreover, LAVs are very effec-
tive for the establishment of herd immunity, which is particularly
relevant in developing countries, where it is hard to reach optimal
levels of vaccine coverage.

Arenaviruses are enveloped viruses with a bisegmented nega-
tive-strand RNA genome (2). Each genome segment, the L and S
segments, uses an ambisense coding strategy to direct the synthesis
of two proteins in opposite orientation separated by a noncoding
intergenic region (IGR) (2). The S-segment RNA encodes the viral
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nucleoprotein (NP) and surface virion glycoproteins GP1 and
GP2, generated by posttranslational cleavage of the glycoprotein
precursor (GPC), which mediate virus receptor recognition and
cell entry. The L-segment RNA encodes the viral RNA-dependent
RNA polymerase (L) and the matrix RING finger protein Z (19,
20). We have documented that the sequences of the IGRs of the L
and S segments (L-IGR and S-IGR, respectively) have distinct
functional roles in virus multiplication, and we harnessed that
knowledge to implement a general molecular strategy for arena-
virus attenuation (21). Our approach involved replacement of
the IGR of the L genome segment by the IGR of the S genome
segment to generate a recombinant LCMV (rLCMV), rLCM-
V(IGR/S-S), that was highly attenuated in vivo but able to in-
duce protection against a lethal challenge with wild-type (WT)
LCMV. Attenuation of rLCMV(IGR/S-S) was associated with
the stable alteration of the control of viral gene expression by
the IGR at the posttranscriptional level. In the study described
in this report, we have further investigated how to utilize the
sequence plasticity of the IGR to facilitate the development of
attenuated forms of pathogenic arenaviruses. In this work, we
demonstrate that rLCMVs where the S-IGR is replaced by the
S-IGR of a different arenavirus or by a nonviral S-IGR-like
sequence (Ssyn) are viable, supporting the sequence plasticity
of a functional IGR. Likewise, rLCMVs whose L-IGRs were
replaced by Ssyn or the S-IGR of the distantly related reptare-
navirus Golden Gate virus (GGV) (Sggv) (22) were viable and
highly attenuated in vivo but able to elicit protective immunity
against a lethal challenge with wild-type rLCMV. These results
support the feasibility of replacing the L-IGR with a universal
Ssyn as a general molecular determinant of arenavirus attenu-
ation.

MATERIALS AND METHODS
Plasmids. pCAGGS-NP (pC-NP), pCAGGS-L (pC-L), pCAGGS-GPC
(pC-GPC), and pCAGGS-LCMV-Z-FLAG (pC-Z-FLAG) have been de-
scribed previously (23–25). Plasmids pMG/S-CAT/GFP and pMG/S-
CAT/GFP-�IGR have also been described previously (26). The region
containing the S-IGR of pMG/S-CAT/GFP was replaced with the LASV
S-IGR (Slas) to generate pMG/S-CAT/GFP w/Slas. Plasmids for rLCMV
rescue were generated on the basis of the pPol1S ARM and pPol1L ARM
plasmids that direct RNA polymerase I (Pol1)-mediated intracellular syn-
thesis of the S and L RNA genome species of the Armstrong (ARM) strain
of LCMV, respectively (27, 28). The IGR of pPol1S ARM was replaced
with Slas or synthetic S-IGR like sequences (Ssyn1, Ssyn2, or Ssyn3; Table
1) to generate pPol1S w/Slas or pPol1S w/Ssyn1, pPol1S w/Ssyn2, or
pPol1S w/Ssyn3, respectively. The L-IGR of pPol1L ARM was replaced
with Ssyn1, Ssyn2, Ssyn3, or the S-IGR of the reptarenavirus GGV (Sggv)
to generate pPol1L w/Ssyn1, pPol1L w/Ssyn2, pPol1L w/Ssyn3, or pPol1L
w/Sggv, respectively.

Cells. BHK-21, Vero, A549, and 293T (also known as HEK293T) cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen)

containing 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 mg/ml
streptomycin, and 100 U/ml penicillin at 37°C in a 5% CO2 atmosphere.

Generation of rLCMV. The different rLCMVs used in this study were
generated as described previously (27–29) with minor modifications.
BHK-21 cells seeded at 7.5 � 105 cells/6-well plate were cultured over-
night and transfected with plasmids pPol1S (0.8 �g) and pPol1L (1.4 �g),
respectively, together with plasmids expressing the viral trans-acting fac-
tors NP (0.8 �g of pC-NP) and L (1.0 �g of pC-L) using 2.5 �l of the
Lipofectamine 2000 reagent (LF2000; Invitrogen)/�g of DNA. After 5 h of
transfection, the tissue culture supernatant (TCS) containing the trans-
fection mix was removed and fresh medium was added. At 3 days post-
transfection, the TCS was removed, 3 ml of fresh medium was added, and
the cells were cultured for another 3 days. The TCS at 6 days posttrans-
fection was designated passage 0 (P0). Rescued viruses were amplified by
infection of BHK-21 cells (multiplicity of infection [MOI] � 0.01). At 72
h postinfection (p.i.), the TCS was collected and clarified by centrifuga-
tion at 400 � g at 4°C for 5 min to remove cell debris and stored at �80°C.
To generate S-IGR mutant viruses rLCMV(IGR/Slas-L), rLCMV(IGR/
Ssyn1-L), rLCMV(IGR/Ssyn2-L), and rLCMV(IGR/Ssyn3-L), pPol1S
w/Slas, pPol1S w/Ssyn1, pPol1S w/Ssyn2, and pPol1S w/Ssyn3, respec-
tively, were used together with pPol1L ARM. To generate L-IGR mutant
viruses rLCMV(IGR/S-Ssyn1), rLCMV(IGR/S-Ssyn2), rLCMV(IGR/S-
Ssyn3), and rLCMV(IGR/S-Sggv), pPol1L w/Ssyn1, pPol1L w/Ssyn2,
pPol1L w/Ssyn3, and pPol1L w/Sggv, respectively, were used together
with pPol1S ARM. Viruses from either passage 1 (P1) or P2 were used for
the experiments.

Virus titration. LCMV titers were determined using an immunofocus
assay as described previously (30). 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 with 4% paraformaldehyde (PFA) in phosphate-buffered
saline (PBS). After cell permeabilization by treatment with 0.3% Triton
X-100 in PBS containing 3% bovine serum albumin, the cells were stained
using an anti-NP antibody (VL-4; Bio X Cell) and an Alexa Fluor 568-
labeled anti-rat IgG secondary antibody.

Infectious VLP assay. The generation of infectious virus-like particles
(VLPs) has been described previously (24, 26). Briefly, BHK-21 cells
seeded at 3.5 � 105 cells/12-well plate were cultured overnight and trans-
fected with 0.25 �g of minigenome (MG)-expressing plasmid under the
control of murine Pol1, 0.4 �g of pC-NP, 0.5 �g of pC-L, 0.2 �g of
pC-GPC, and 50 ng of pC-Z-FLAG using 2.5 �l of LF2000/�g of DNA.
Empty pCAGGS instead of pC-L was used as a negative control [L(�)].
Five hours later, the TCS containing the transfection mix was removed
and the cells were cultured in 1.5 ml of fresh medium at 37°C in 5% CO2

for 67 h. Then, the TCS was collected and clarified by centrifugation
at 400 � g and 4°C for 5 min to remove the cell debris, and 300 �l of
clarified TCS was used to infect a fresh monolayer of BHK-21 cells. At
2 h p.i. with VLPs, cells were superinfected with the rLCMV WT (MOI �
2) to supply the trans-acting factors NP and L required for RNA replica-
tion and expression of the MG RNA delivered by VLPs. After 90 min of
adsorption, the virus inoculum was removed and the cells were cultured
in fresh medium for 72 h. Chloramphenicol acetyltransferase (CAT) ex-
pression in transfected cells (1st CAT expression level) and VLP-infected
cells (2nd CAT expression level) was measured by enzyme-linked immu-

TABLE 1 Synthetic S-IGR-like sequences (viral RNA)b

IGR Sequencea (5=–3=) �G (kcal/mol)

LCMV S-IGR AGAACAGCGCCUCCCUGACUCUCCACCUCGAAAGAGGUGGAGAGUCAGGGAGGCCCAGAGGGUC �52.00
Ssyn1 AGAACAGCcugcaggacugagaggcugcgauuccgcagccucucaguccugcagCCAGAGGGUC �46.20
Ssyn2 ucgcggcucugcaggacugagaggcugcgauuccgcagccucucaguccugcaguggaucucag �47.3
Ssyn3 ucgcggcuGCCUCCCUGACUCUCCACCUCGAAAGAGGUGGAGAGUCAGGGAGGCuggaucucag �51.70
a Substituted nucleotide sequences are shown in lowercase letters.
b The GC content of all IGRs was 62%.
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nosorbent assay. VLP infectivity was determined as 2nd/1st CAT expres-
sion levels.

Growth kinetics. Cells were infected with rLCMVs (MOI � 0.01), and
at several times p.i., the TCSs were collected and viral titers were deter-
mined using an immunofocus assay.

LCMV immunization. Six-week-old C57BL/6J mice were infected in-
traperitoneally (i.p.) with rLCMVs (105 focus-forming units [FFU]) or
mock infected.

LCMV lethal challenge. Six-week-old C57BL/6J mice were infected
intracranially (i.c.) with rLCMVs (103 FFU). The mice were monitored
daily for the development of clinical symptoms and survival. Infections
using the i.c. route were done with mice under deep anesthesia. All animal
experiments were done under protocol 09-0137, approved by The Scripps
Research Institute IACUC.

Stability of rLCMVs. BHK-21 cells were seeded (7.5 � 105 cells/6-well
plate) 18 h prior to infection with rLCMVs (MOI � 0.01). At 72 h p.i., the
TCSs were collected and clarified of cell debris by centrifugation at 400 �
g at 4°C for 5 min, and virus titers were determined by an immunofocus
assay. The TCS from P1 was used to infect a fresh monolayer of BHK-21
cells, and the same process was repeated over 10 serial passages. At P10,
total RNA was isolated from infected cells and used in reverse transcrip-
tion-PCRs to amplify DNA fragments containing the IGR, and their se-
quences were determined. The data for the rLCMV WT used in Fig. 4B
were also used in a previous study (Fig. 3E in reference 21), as the exper-
iment was carried out at the same time.

ISRE reporter assay. We used an A549 cell line (A549/ISRE-Fluc) that
expresses firefly luciferase (Fluc) via interferon (IFN)-stimulated re-

sponse elements (ISREs) (21). We seeded A549/ISRE-Fluc cells (2.5 � 104

cells/96-well plate) cultured in DMEM containing 10% FBS, 2 mM L-glu-
tamine, 100 mg/ml streptomycin, 100 U/ml penicillin, and 10 �g/ml pu-
romycin at 37°C in 5% CO2 at 20 h prior to infection with rLCMVs
(MOI � 0.1) or treatment for 17 h with universal alpha IFN (IFN-�) at the
concentrations indicated in the corresponding figures. Firefly luciferase
activity was measured using a Steady-Glo luciferase assay kit (Promega)
and a luminometer.

Sensitivity of rLCMVs to exogenous type I interferon (IFN-I). Vero
cells were infected with the rLCMV WT, rLCMV(IGR/Ssyn2-L), or
rLCMV(IGR/Ssyn3-L) (MOI � 0.05) for 90 min and treated with univer-
sal IFN-� at a low (5 U/ml) or a high (500 U/ml) concentration or left
untreated. At 12 h and 48 h p.i., infected cells were fixed with 4% PFA in
PBS and stained with anti-LCMV-NP antibody (VL-4) followed by Alexa
Fluor 568-conjugated anti-rat IgG antibody. Infectivity corresponded to
the average percentage of NP-positive cells in three different fields.

RESULTS
Functional consequences of replacing the LCMV S-IGR by the
LASV S-IGR. IGR sequences exhibit a high degree of genetic di-
versity among arenaviruses, including closely related species like
LASV and LCMV (Fig. 1A). However, the predicted S-IGR struc-
tures of LCMV and LASV are similar (Fig. 1B), suggesting that the
structure, rather than sequence specificity, orchestrates the critical
roles played by the IGRs during the arenavirus life cycle. To exam-
ine this issue, we generated an LCMV minigenome (MG) con-

FIG 1 Sequence plasticity associated with a functional S-IGR. (A, B) Comparison of the predicted structures of the S-IGRs of LASV and LCMV. The sequence
alignment (A) and predicted structures (B) of the LCMV and LASV S-IGRs are shown. Predicted RNA secondary structures were determined using the
CentroidFold web server (http://rtools.cbrc.jp). Each predicted base pair was colored using a heat color gradation from blue to red that corresponds to a
base-pairing probability of from 0 to 1. Hyphens, gaps; asterisks, identical in LCMV and LASV S-IGRs. (C, D) The LASV S-IGR supports the production of LCMV
infectious VLPs. The assay for the production of infectious VLPs was performed using the components of the LCMV S-MG, where the MG directed the expression
of CAT and contained the S-IGR from either LCMV (LCMV-S) or LASV (LASV-S) or lacked an IGR sequence (�IGR). (C) Normalized CAT expression of
transfected cells. The value for the WT MG was set to 100%. (D) Normalized VLP infectivity. The level of CAT expression of VLP-infected cells was divided by
the level of CAT expression of transfected cells. The level of CAT expression in cells infected with VLPs produced by the WT MG was set to 1. Data represent the
means � SDs from three independent experiments. (E) Growth kinetics of rLCMV(IGR/Slas-L). BHK-21 cells were infected (MOI � 0.01) with either the
rLCMV WT or rLCMV(IGR/Slas-L). Virus titers in the TCS were determined at the indicated times p.i. Data represent the means � SDs from three independent
experiments.
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struct where the S-IGR of LASV was substituted for the authentic
LCMV S-IGR (pMG/S-CAT/GFP w/Slas) and examined the effect
of the LASV S-IGR on LCMV MG activity and the production of
infectious VLPs. As previously reported (26), the activity of the
LCMV MG lacking an IGR (MG�IGR) was dramatically reduced
(Fig. 1C). Replacement of the LCMV S-IGR with the LASV S-IGR
caused only a modest reduction in MG activity compared to that
of the wild-type MG (Fig. 1C) and did not affect the production of
LCMV infectious VLPs, whereas, consistent with previous find-
ings (26), the MG�IGR was impaired in its ability to form infec-
tious VLPs (Fig. 1D). Based on these observations, we attempted
to generate an rLCMV containing the LASV S-IGR instead of the
LCMV S-IGR [rLCMV(IGR/Slas-L)]. Even though the LCMV
and LASV S-IGRs differed significantly in their sequences, we
were able to rescue rLCMV(IGR/Slas-L). However, rLCMV(IGR/
Slas-L) showed delayed kinetics, and its peak titer was about 10-
fold lower than that of the rLCMV WT in cultured cells (Fig. 1E).
These results suggested that the sequence specificity within the
S-IGR contributes to optimal viral growth but that the structure of
the S-IGR, rather than its specific sequence, is critical for virus
viability.

Generation of rLCMVs with an Ssyn in the S segment. The
sequences of the LASV and LCMV S-IGRs are quite different, but
both S-IGRs are present in bona fide arenaviruses. Therefore, we
could not rule out the possibility that both contain a virus-specific
motif sequence that is difficult to identify. To address this issue, we
generated a series of synthetic S-IGR-like sequences (Ssyns) that
are unrelated to any known arenavirus S-IGR sequence but that
retained the same GC content as the LCMV S-IGR and had pre-
dicted structures similar to that of the LCMV S-IGR (Table 1 and
Fig. 2A). To generate Ssyn1, Ssyn2, and Ssyn3, nucleotide sub-
stitutions were introduced into the stem-loop region of S-IGR,
the entire S-IGR, and the 3= and 5= ends but not the stem-loop
region of S-IGR, respectively. We substituted each Ssyn for the
wild-type S-IGR in the pPol1S ARM plasmid and used the con-
structs to rescue the corresponding rLCMV-containing Ssyn in
its S segment, referred to as rLCMV(IGR/Ssyn-L). We success-
fully rescued all three rLCMV(IGR/Ssyn-L) constructs: rLCM-
V(IGR/Ssyn1-L), rLCMV(IGR/Ssyn2-L), and rLCMV(IGR/
Ssyn3-L). Both rLCMV(IGR/Ssyn1-L) and rLCMV(IGR/
Ssyn2-L) grew more slowly than the rLCMV WT in BHK-21 cells
and reached peak titers slightly lower than those of the rLCMV
WT (Fig. 2B). In contrast, rLCMV(IGR/Ssyn3-L) showed growth
kinetics and peak titers similar to those of the rLCMV WT (Fig.
2B). These results indicated that the structure rather than the
overall S-IGR sequence appears to be critical for virus viability but
that sequence specificity within the stem-loop region contributes
to optimal viral growth.

Ability of rLCMV(IGR/Ssyn-L) to inhibit induction of IFN-I
expression. The IGR plays a critical role in the control of viral
gene expression at the posttranscriptional level (21). Replacement
of the WT S-IGR with Ssyn could therefore affect viral gene ex-
pressions in infected cells, which may result in lower levels of NP
expression and, subsequently, compromise the ability to inhibit
type I interferon (IFN-I) induction (31). To address this issue, we
examined the growth kinetics of rLCMV(IGR/Ssyn-L) in IFN-I-
competent A549 cells. rLCMV(IGR/Ssyn3-L) and the rLCMV WT
grew to similar titers, whereas rLCMV(IGR/Ssyn1-L) and, espe-
cially, rLCMV(IGR/Ssyn2-L) were significantly impaired in their
ability to grow in A549 cells compared to that of the rLCMV WT

(Fig. 3A). Consistent with this finding, both rLCMV(IGR/
Ssyn1-L) and rLCMV(IGR/Ssyn2-L) induced a high level of ISRE-
mediated reporter gene expression, while rLCMV WT or rLCMV
(IGR/Ssyn3-L) infection resulted in minimal levels of ISRE-
mediated reporter gene expression (Fig. 3B). These data also
suggested that rLCMV(IGR/Ssyn2-L) might be more sensitive to
IFN-I than rLCMV(IGR/Ssyn3-L). To address this issue, we ex-
amined the sensitivity of rLCMV(IGR/Ssyn-L) to exogenous
IFN-I treatment. For this we treated IFN-I-deficient Vero cells
with IFN-� at a low (5 U/ml) or a high (500 U/ml) concentration
or left them untreated immediately after infection with rLCMV
WT, rLCMV(IGR/Ssyn2-L), or rLCMV(IGR/Ssyn3-L) at a low
(0.05) MOI, and 12 h and 48 h later, the numbers of infected cells
were determined by an immunofluorescence assay (IFA) to assess
virus propagation in the IFN-I-treated cells (Fig. 3C). All three
viruses were able to spread efficiently in the presence of exog-
enous IFN-�, which indicated that rLCMV(IGR/Ssyn2-L) and
the rLCMV WT were similarly resistant to IFN-I and that the
decreased fitness of rLCMV(IGR/Ssyn2-L) in A549 cells oc-
curred via a mechanism that remains to be determined.

FIG 2 Generation of rLCMVs containing synthetic S-like IGR sequences
(Ssyns) in their S segments [rLCMV(IGR/Ssyn-L)]. (A) Predicted RNA sec-
ondary structures of Ssyn IGRs were determined using the CentroidFold web
server (http://rtools.cbrc.jp). Each predicted base pair was colored using a heat
color gradation from blue to red that corresponds to a base-pairing probability
of from 0 to 1. (B) Growth kinetics of rLCMV(IGR/Ssyn-L). BHK-21 cells were
infected (MOI � 0.01) with the rLCMV WT or the indicated rLCMV(IGR/
Ssyn-L) construct. Virus titers in the TCS were determined at the indicated
times p.i. Data represent the means � SDs from three independent
experiments.
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Phenotypic characterization of rLCMV(IGR/Ssyn-L). To ex-
amine whether the decrease in fitness observed for rLCMV(IGR/
Ssyn1-L) and rLCMV(IGR/Ssyn2-L) in cultured cells had a signif-
icant impact on virulence in vivo, we inoculated 6-week-old WT

C57BL/6J mice intracranially (i.c.) with 103 FFU of the rLCMV
WT or each of the rLCMV(IGR/Ssyn-L) constructs (Fig. 4A).
Consistent with previous findings (32), mice infected with the
rLCMV WT developed a fatal case of lymphocytic choriomenin-
gitis (LCM) and succumbed within 8 days of infection. Mice in-
jected with rLCMV(IGR/Ssyn3-L) succumbed by 8 days p.i.,
which was anticipated, because rLCMV(IGR/Ssyn3-L) exhibited
WT-like properties in cultured cells. In contrast, all mice infected
with either rLCMV(IGR/Ssyn1-L) or rLCMV(IGR/Ssyn2-L) sur-
vived and showed no overt signs of disease throughout the course
of the experiment (Fig. 4A). Moreover, rLCMV(IGR/Ssyn1-L)- or
rLCMV(IGR/Ssyn2-L)-infected mice subjected 28 days later to a
lethal challenge with the rLCMV WT (103 FFU i.c.) were fully
protected and did not develop noticeable clinical symptoms (Fig.
4A). These results indicated that rLCMV(IGR/Ssyn1-L) and
rLCMV(IGR/Ssyn2-L) exhibit in vivo features characteristic of
live-attenuated vaccines.

A key concern with LAVs relates to genetic stability and the
possibility that phenotypic revertants with increased virulence
may be selected during multiple rounds of virus replication. We
therefore examined the stability of rLCMV(IGR/Ssyn-L) during
several serial passages in cultured cells (Fig. 4B). The titers of all
three rLCMV(IGR/Ssyn-L) virus constructs remained stable over

FIG 3 Growth of rLCMV(IGR/Ssyn-L) in IFN-competent cells. (A) Growth
kinetics of the rLCMV(IGR/Ssyn-L) constructs in IFN-competent A549 cells.
A549 cells were infected with the rLCMV WT or an rLCMV(IGR/Ssyn-L)
construct (MOI � 0.01). Virus titers in the TCS were determined at the indi-
cated times p.i. Data represent the means � SDs from three independent
experiments. (B) Ability of the rLCMV(IGR/Ssyn-L) constructs to induce ISRE-
mediated reporter gene expression. A549/ISRE-Fluc cells were infected with the
rLCMV WT or an rLCMV(IGR/Ssyn-L) construct (MOI � 0.1) or treated with
IFN-�at the concentrations indicated on the x axis, and 17 h later, the levels of Fluc
activity were determined. Values of Fluc activity from mock-infected and un-
treated cells were subtracted as background activity. Data represent the means �
SDs from three independent experiments. RLU, relative light units. (C) Sensitivity
of rLCMVs to exogenous IFN-I. Vero cells were infected with the rLCMV WT,
rLCMV(IGR/Ssyn2-L), or rLCMV(IGR/Ssyn3-L) (MOI � 0.05) for 90 min and
treated with IFN-� (5 or 500 U/ml) or left untreated. At 12 and 48 h p.i., cells were
fixed and virus infectivity was determined by IFA.

FIG 4 In vivo virulence and stability of the rLCMV(IGR/Ssyn-L) constructs.
(A) Six-week-old C57BL/6J mice (4 mice/group) were infected (103 FFU i.c.)
with the rLCMV WT or an rLCMV(IGR/Ssyn-L) construct or left uninfected
(naive). At 28 days p.i. (broken line), mice that survived were subjected to a
lethal challenge with the rLCMV WT (103 FFU i.c.). (B) Stability of the
rLCMV(IGR/Ssyn-L) constructs. BHK-21 cells were infected with the rLCMV
WT or an rLCMV(IGR/Ssyn-L) construct (MOI � 0.01). At 72 h p.i., the TCS
was collected and the virus titers in the TCS were determined by an immuno-
focus assay. Fresh BHK-21 cell monolayers were infected with the TCS
(MOI � 0.01); this process was serially repeated throughout P2 to P10. (Panel
B includes data republished from reference 21.)
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10 passages in BHK-21 cells. Likewise, sequence analysis showed
that all Ssyn constructs retained the initial sequence (Table 1) after
10 serial passages in BHK-21 cells.

Generation of rLCMVs with L-IGR replaced by an Ssyn IGR.
We have shown that rLCMV(IGR/S-S), whose L-IGR was re-
placed by S-IGR, was highly attenuated in vivo but able to induce
protection against a lethal challenge with the LCMV WT (21).
These findings motivated us to examine the possibility of using an
Ssyn IGR instead of L-IGR as a universal molecular determinant
of arenavirus attenuation that could be used for the development
of an arenavirus LAV. This approach would have the advantage
that Ssyn would not exist in nature and could be used as a molec-
ular marker to distinguish a vaccine strain from field-circulating
virus. We successfully rescued all three rLCMV(IGR/S-Ssyn) con-
structs, which grew to relatively high titers but exhibited some
decrease in fitness compared to that of the LCMV WT (Fig. 5A).
The growth properties of rLCMV(IGR/Ssyn-L) correlated with
the degree of sequence alteration incorporated into the S-IGR,
which suggested that the authentic S-IGR sequence is favored for
optimal virus growth. In contrast, all rLCMV(IGR/S-Ssyn) con-
structs exhibited similar growth properties. These findings may
reflect the fact that the complete range of functions played by the
S-IGR is influenced by its segment location via interactions that
remain to be determined.

Recently, a number of snake arenaviruses have been identified
in members of the Boidae and Pythonidae families with a diagno-
sis of inclusion body disease (IBD) (22, 33–35). Snake arenavi-
ruses are genetically significantly different from the mammalian
arenaviruses and constitute the newly proposed genus Reptarena-
virus (36). Accordingly, both the sequence and the predicted
structure of the S-IGR of the reptarenavirus Golden Gate virus
(GGV) (Sggv) are significantly different from those of the LCMV
S-IGR (Fig. 5B). We anticipated that Sggv could also be used as a
genetic module to attenuate arenaviruses. rLCMV(IGR/S-Sggv)
was successfully rescued and grew to titers similar to those of
rLCMV(IGR/S-Ssyn1) in BHK-21 cells (Fig. 5C).

Ability of rLCMV with altered L-IGR to inhibit induction of
IFN-I expression. We have previously shown that rLCMV(IGR/
S-S) has significantly impaired growth in IFN-I-competent A549
cells and induces a high level of reporter gene expression driven by
the ISRE promoter (21). Compared to the fitness of the rLCMV
WT, all rLCMVs containing an altered L-IGR exhibited signifi-
cantly reduced fitness in A549 cells (Fig. 6A and B). Likewise,
infection of A549/ISRE-Fluc cells with rLCMV containing an al-
tered L-IGR resulted in ISRE-mediated reporter gene expression
at levels higher than those in cells infected with the rLCMV WT
(Fig. 6C). We observed differences in the induction of IFN-I
among the different rLCMVs with altered L-IGRs. rLCMV(IGR/
S-Ssyn3) induced the highest level of reporter gene expression but
also showed better growth properties than rLCVM(IGR/S-Ssyn1)
and rLCVM(IGR/S-Ssyn2) in A549 cells, suggesting that the re-
duced fitness of rLCMVs with an altered L-IGR in A549 cells
might not be explained only by the magnitude of the IFN-I re-
sponse that they induced. We have documented that aspartic acid
(D) at position 382 of NP is critical for the NP’s ability to inhibit
IFN-I induction and an rLCMV with the NP mutation D382A
[rLCMV(NP/D382A)] lacks the IFN-I-counteracting activity
(37). We used rLCMV(NP/D382A) as a benchmark to evaluate
the level of IFN-I induced by rLCMV(IGR/S-Ssyn2). The levels of
ISRE-mediated reporter gene expression were significantly higher

FIG 5 Generation of rLCMVs containing an altered L-IGR. (A) Growth
kinetics of rLCMVs containing a synthetic S-like IGR in their L segment
[rLCMV(IGR/S-Ssyn)]. BHK-21 cells were infected with the rLCMV WT
or an rLCMV(IGR/S-Ssyn) construct (MOI � 0.01). Virus titers in the TCS
were determined at the indicated times p.i. Data represent the means � SDs
from three independent experiments. (B) The predicted RNA secondary struc-
tures of genome (viral RNA [vRNA]) and antigenome (cRNA) S-IGRs of GGV
were determined using the CentroidFold web server (http://rtools.cbrc.jp).
Each predicted base pair was colored using a heat color gradation from blue to
red that corresponds to a base-pairing probability of from 0 to 1. (C) Growth
kinetics of rLCMV containing the GGV S-IGR in its L segment [rLCMV(IGR/
S-Sggv)]. BHK-21 cells were infected with the rLCMV WT or rLCMV(IGR/S-
Sggv) (MOI � 0.01). Virus titers in the TCS were determined at the indicated
times p.i. Data represent the means � SDs from three independent
experiments.
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in cells infected with rLCMV(NP/D382A) than in cells infected
with rLCMV(IGR/S-Ssyn2) (Fig. 6D). This result could have re-
flected differences in expression levels rather than differences in
the function of NP in cells infected with the different viruses. To
investigate this possibility, we infected (MOI � 1) A549 cells with
the rLCMV WT, rLCMV(IGR/S-Ssyn2), or rLCMV(IGR/S-Sggv)
and examined the kinetics of NP expression (Fig. 6E and F). As
with rLCMV(IGR/S-S), NP expression levels in cells infected
with rLCMVs containing an altered L-IGR were similar to

those in rLCMV WT-infected cells, suggesting that the reduced
IFN-I-counteracting activity associated with rLCMV(IGR/S-
Ssyn2) cannot be explained on the basis of reduced levels of NP
expression.

Phenotypic characterization of rLCMVs containing an al-
tered S-IGR in their L segments. We next asked whether, as for
rLCMV(IGR/S-S), replacement of the L-IGR with either Ssyn or
Sggv could lead to an attenuated phenotype in vivo. For this, we
inoculated (i.c.) 6-week-old WT C57BL/6J mice with 103 FFU of

FIG 6 (A, B) Growth properties in IFN-competent cells of rLCMVs containing an Ssyn (A) or Sggv (B) in their L segments. A549 cells were infected (MOI � 0.01)
with the indicated rLCMV, and the virus titers in the TCS were determined at the indicated times p.i. Data represent the means � SDs from three independent
experiments. (C) Ability of the rLCMV(IGR/S-Ssyn) constructs and rLCMV(IGR/S-Sggv) to induce ISRE-mediated reporter gene expression. A549/ISRE-Fluc
cells were infected (MOI � 0.1) with the indicated rLCMV or treated with IFN-� at the concentrations indicated on the x axis. At 17 h p.i., the levels of Fluc
activity were determined. Values of Fluc activity from mock-infected and untreated cells were subtracted as background activity. Data represent the means � SDs
from three independent experiments. (D) Comparison of the levels of IFN-I production in cells infected with rLCMV(NP/D382A) and rLCMV(IGR/S-Ssyn2).
A549/ISRE-Fluc cells were infected (MOI � 0.1) with the indicated rLCMV or treated with IFN-� at the concentrations indicated on the x axis. At 17 h p.i., the
levels of Fluc activity were determined. Values of Fluc activity from mock-infected and untreated cells were subtracted as background activity. Data represent the
means � SDs from three independent experiments. (E, F). Comparison of NP expression levels in cells infected with rLCMV/WT, rLCMV(IGR/S-Ssyn2), and
rLCMV(IGR/S-Sggv). A549 cells were infected with rLCMV WT, rLCMV(IGR/S-Ssyn2), or rLCMV(IGR/S-Sggv) (MOI � 1). At 8 and 24 h p.i., infected cells
were harvested and NP expression was analyzed by flow cytometry. The percentage of NP-positive cells (E) and the mean signal intensity of the NP-positive cell
population (F) are shown. Data represent the means � SDs from three independent experiments.
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the rLCMV WT, rLCMV(IGR/S-Ssyn2), or rLCMV(IGR/S-Sggv).
As expected, mice infected with the rLCMV WT developed LCM
and succumbed by day 8 p.i. (Fig. 7A). In contrast, all mice in-
fected with rLCMV(IGR/S-Ssyn2) or rLCMV(IGR/S-Sggv) sur-
vived without showing overt clinical symptoms and were fully

protected from a lethal challenge with the rLCMV WT (103 FFU
i.c.), done 30 days after the initial infection (Fig. 7A). These results
indicated that both rLCMV(IGR/S-Ssyn2) and rLCMV(IGR/S-
Sggv) were highly attenuated in vivo but able to replicate to a
sufficient degree to elicit protective immunity against a lethal
challenge with the LCMV WT. We also examined whether rLCMV
(IGR/S-Ssyn2) and rLCMV(IGR/S-Sggv) could be successfully
used in a standard LCMV immunization protocol (i.p. inocula-
tion with 105 FFU). Both rLCMV(IGR/S-Ssyn2) and rLCMV
(IGR/S-Sggv) induced protective immunity against a lethal chal-
lenge with the rLCMV WT (103 FFU i.c.) (Fig. 7B). Likewise,
rLCMV(IGR/S-Ssyn2) and rLCMV(IGR/S-Sggv) exhibited the
stable production of infectious progeny during serial passages in
cultured cells (Fig. 7C), and sequencing analysis revealed that both
rLCMVs were also genetically very stable. Together these results
indicated that it is possible to generate rLCMV(IGR/S-Ssyn) that
exhibits key features of a safe and effective LAV: (i) growth to high
levels in cultured cells, (ii) a highly attenuated phenotype in vivo
but an ability to elicit protective immunity against a lethal chal-
lenge with wild-type LCMV, and (iii) genetic and, therefore, phe-
notypic, stability.

DISCUSSION

Because LAVs induce robust cellular and humoral immune re-
sponses following a single immunization, they represent the most
feasible approach to the control of LASV in West Africa and other
emergent HFAs in their respective regions of endemicity (38).
Accordingly, significant efforts aimed at developing safe and ef-
fective vaccines against HFAs have been made (15, 39). The Mo-
peia virus/LASV reassortant ML29 is a promising LASV LAV can-
didate (40). However, although the genetic differences that
distinguish ML29 from the pathogenic LASV are known, the
mechanisms of ML29 attenuation remain unknown, which raises
concerns about the phenotypic stability of ML29 in response to
additional mutations. The identification of a general strategy to
generate recombinant arenaviruses with highly attenuated and
stable phenotypes driven by well-defined molecular mechanisms
would facilitate the development of safe and effective arenavirus
LAVs. Virus attenuation without incorporation of amino acid
changes into the gene products encoded by the viral genome has
an advantage that the resulting virus would have the same anti-
genic composition. In this regard, several strategies, including
codon deoptimization (41) and gene rearrangement (42), which
do not involve amino acid changes in viral gene products, have
recently been proposed to develop LAVs for arenaviruses. Simi-
larly, our strategy of generating rLCMVs where the L-IGR is re-
placed with either Ssyn or Sggv also avoids the introduction of
amino acid changes into any of the viral gene products. This alter-
ation of the L-IGR resulted in viruses that had a severely attenu-
ated phenotype in vivo but that were still able to induce protective
immunity against a subsequent lethal challenge with wild-type
LCMV. Ssyn and Sggv are genetically very distinct from the S-
IGRs of any known mammarenavirus, and therefore, they could
be used to attenuate currently known as well as potentially newly
emerging HFAs to develop LAV strains. Moreover, because of its
unique sequence, Ssyn could be also used as a universal molecular
marker to distinguish LAV strains from field-circulating virus.

We have shown that the IGR plays critical roles in the virus
life cycle. The IGR is necessary for the production of infectious
VLPs (26), but the efficiency of production of infectious VLPs

FIG 7 In vivo virulence and stability of rLCMV(IGR/S-Ssyn2) and rLCMV
(IGR/S-Sggv). (A) Six-week-old C57BL/6J mice (4 mice/group) were infected
(103 FFU i.c.) with the rLCMV WT, rLCMV(IGR/S-Ssyn2), or rLCMV(IGR/
S-Sggv) or left uninfected (naive). At 30 days p.i. (broken line), mice that
survived were subjected to a lethal challenge with the rLCMV WT (103 FFU
i.c.). (B) Immunization with rLCMV(IGR/S-Ssyn2) or rLCMV(IGR/S-Sggv)
induces protection against a lethal LCMV challenge. Six-week-old C57BL/6J
mice (4 mice/group) were infected (105 FFU i.p.) with the rLCMV WT, rLC-
MV(IGR/S-Ssyn2), or rLCMV(IGR/S-Sggv) or left uninfected (naive). At 28
days p.i. (broken line), mice were subjected to a lethal LCMV challenge (103

FFU i.c.). (C) Stability of rLCMV(IGR/S-Ssyn2) and rLCMV(IGR/S-Sggv) in
cultured cells. BHK-21 cells were infected with the rLCMV WT, rLCMV(IGR/
S-Ssyn2), or rLCMV(IGR/S-Sggv) (MOI � 0.01). At 72 h p.i., the TCS was
collected and virus titers were determined by an immunofocus assay. Fresh
BHK-21 cell monolayers were infected with the TCS (MOI � 0.01); this pro-
cess was serially repeated throughout P2 to P10.
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appears to be mainly determined by 3= and 5= untranslated
regions (UTRs) within each genome segment (21). The se-
quence of Slas is very different from that of the LCMV S-IGR,
but the production of LCMV infectious VLPs was minimally
affected when Slas was substituted for the LCMV S-IGR. More-
over, we were able to rescue viable rLCMVs containing altered
IGRs that nonetheless grew to about 10-fold lower titers than
the rLCMV WT. These results indicate that the attenuation of
rLCMV containing an altered IGR is unlikely related to a sig-
nificantly reduced budding efficiency. On the other hand, are-
navirus gene expression is exquisitely regulated by the IGR.
Both S- and L-IGRs act as bona fide transcriptional termina-
tion signals that generate nonpolyadenylated viral mRNA spe-
cies whose 3= ends have been mapped to multiple sites within
the distal site of the IGR (26, 43). In addition to their role as
transcription termination signals, those IGR sequences present
at the 3= ends of mRNA species contribute to the regulation of
the efficiency of translation (21). Replacement of L-IGR with
Ssyn or Sggv is predicted to alter this orchestrated mechanism
of viral gene expression control, thus resulting in an attenuated
phenotype.

Arenavirus genome RNA species contain 3= and 5= UTRs that
are highly conserved within the initial 19 nucleotides (nt) of the 3=
UTR, and the complementary sequence is found in the corre-
sponding 5= UTR, which results in the formation of predicted
panhandle structures that are consistent with results from elec-
tron microscopy (2, 44). This terminal complementarity is re-
quired for genome RNA encapsidation by NP and subsequent
promoter recognition by the L polymerase. Mutations introduced
within the highly conserved most 3=-terminal 19 nt disrupt termi-
nal complementarity and abrogate the activity of the genome pro-
moter. Importantly, compensatory mutations within the 5= end to
reestablish terminal complementarity did not rescue promoter
activity, indicating that both sequence specificity and structure are
strictly required for viral RNA synthesis, mediated by the virus L
polymerase (45). In contrast, the data presented in this report
indicate that the IGR exhibits a large degree of sequence plasticity,
as replacement of the entire IGR with a nonviral synthetic IGR
could still support the production of infectious virus, suggesting
that the IGR structure, rather than its sequence, is critical for virus
viability. We observed a decreased fitness of rLCMVs with altered
S-IGRs in cultured cells, indicating that sequence specificity
within the S-IGR contributes to optimal viral growth. We were
also able to rescue rLCMV(IGR/S-Sggv). Because the structure, in
addition to the sequence, of Sggv is significantly different from
that of the naturally found LCMV S-IGR, this finding would ques-
tion the view that the structure of the S-IGR is important for virus
viability. It should be noted that Sggv is a naturally found arena-
virus S-IGR that can generate the stem-loop structures character-
istically predicted for arenavirus S-IGRs. It is plausible that Sggv
might contain structural elements that facilitated the rescue of a
viable rLCMV.

Notably, none of the mutated IGR sequences incorporated
nucleotide substitutions during serial passages in cultured
cells. This could partially be explained by the restriction im-
posed by the need to maintain the stem-loop structure of the
IGR, which would require that 2 complementary nucleotides
would have to change simultaneously. Therefore, an already
viable arenavirus IGR might be intrinsically resistant to the
incorporation of mutations, which is consistent with the fact

that the IGR exhibits a high degree of conservation within the
same arenavirus species. As the rLCMVs containing altered
IGRs exhibited different abilities to counteract the induction of
the IFN-I response, it would be of great interest to examine the
genetic stability of the recombinant viruses during serial pas-
sages in IFN-I-competent cells, as well as in both immunocom-
petent and immunocompromised mice.

We documented that rLCMV(IGR/S-S) lost its ability to
efficiently inhibit the induction of IFN-I (21), although the
expression levels of NP, a virus-counteracting IFN-I factor
(31), in rLCMV(IGR/S-S)-infected cells were not reduced. One
possible explanation for this is that newly synthesized RNA
species which might be generated as a consequence of the im-
proper termination of viral RNA synthesis or possible RNA
complexes formed by the interaction between the identical se-
quences present at both IGRs in rLCMV(IGR/S-S) could in-
duce IFN-I in rLCMV(IGR/S-S)-infected cells through a path-
way that the NP cannot inhibit. Likewise, all rLCMVs with
altered IGRs that we have examined in this work were also
impaired to different degrees in their ability to prevent the
induction of IFN-I expression. Intriguingly, among all three
tested rLCMV(IGR/S-Ssyn) constructs, rLCMV(IGR/S-Ssyn3)
induced the highest level of reporter gene expression driven by
an ISRE promoter. Ssyn3 has the same stem-loop region se-
quence as wild-type S-IGR. Therefore, it is plausible that RNA
complexes generated by the interaction between the identical
stem-loop sequences of S- and L-IGRs could be a major cause
of IFN-I induction. Alternatively, viral RNAs containing the
synthetic IGR might be more immunogenic or somewhat re-
sistant to degradation by the 3=-5= exoribonuclease activity of
NP, and they would thereby provide a more potent or more
stable, or both, danger signal. The degree of IFN-I induction by
the different rLCMVs with altered IGRs did not necessarily
correlate with the defect in growth in A549 cells. Accordingly,
these rLCMV constructs and the rLCMV WT exhibited similar
degrees of resistance to exogenous IFN-� treatment in Vero
cells. These results also indicated that specific sequences within
the S-IGR contributed to the significantly reduced fitness of
rLCMV(IGR/Ssyn2-L) in A549 cells via a mechanism that re-
mains to be determined.
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