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ABSTRACT

Several arenaviruses, chiefly Lassa virus (LASV), cause hemorrhagic fever disease in humans and pose serious public health con-
cerns in their regions of endemicity. Moreover, mounting evidence indicates that the worldwide-distributed prototypic arenavi-
rus, lymphocytic choriomeningitis virus (LCMV), is a neglected human pathogen of clinical significance. We have documented
that a recombinant LCMV containing the glycoprotein (GPC) gene of LASV within the backbone of the immunosuppressive
clone 13 (Cl-13) variant of the Armstrong strain of LCMV (rCl-13/LASV-GPC) exhibited Cl-13-like growth properties in cul-
tured cells, but in contrast to Cl-13, rCl-13/LASV-GPC was unable to establish persistence in immunocompetent adult mice,
which prevented its use for some in vivo experiments. Recently, V459K and K461G mutations within the GP2 cytoplasmic domain
(CD) of rCl-13/LASV-GPC were shown to increase rCl-13/LASV-GPC infectivity in mice. Here, we generated rCl-13(GPC/VGKS) by
introducing the corresponding revertant mutations K465V and G467K within GP2 of rCl-13 and we show that rCl-13(GPC/VGKS) was
unable to persist in mice. K465V and G467K mutations did not affect GPC processing, virus RNA replication, or gene expression. In
addition, rCl-13(GPC/VGKS) grew to high titers in cultured cell lines and in immunodeficient mice. Further analysis revealed that
rCl-13(GPC/VGKS) infected fewer splenic plasmacytoid dendritic cells than rCl-13, yet the two viruses induced similar type I
interferon responses in mice. Our findings have identified novel viral determinants of Cl-13 persistence and also revealed that
virus GPC-host interactions yet to be elucidated critically contribute to Cl-13 persistence.

IMPORTANCE

The prototypic arenavirus, lymphocytic choriomeningitis virus (LCMV), provides investigators with a superb experimental
model system to investigate virus-host interactions. The Armstrong strain (ARM) of LCMV causes an acute infection, whereas its
derivative, clone 13 (Cl-13), causes a persistent infection. Mutations F260L and K1079Q within GP1 and L polymerase, respec-
tively, have been shown to play critical roles in Cl-13’s ability to persist in mice. However, there is an overall lack of knowledge
about other viral determinants required for Cl-13’s persistence. Here, we report that mutations K465V and G467K within the
cytoplasmic domain of Cl-13 GP2 resulted in a virus, rCl-13(GPC/VGKS), that failed to persist in mice despite exhibiting Cl-13
wild-type-like fitness in cultured cells and immunocompromised mice. This finding has uncovered novel viral determinants of
viral persistence, and a detailed characterization of rCl-13(GPC/VGKS) can provide novel insights into the mechanisms underly-
ing persistent viral infection.

Arenaviruses are enveloped viruses with a bisegmented nega-
tive-strand RNA genome (1). Each genome segment, L and S,

uses an ambisense coding strategy to direct the synthesis of two pro-
teins in opposite orientations, separated by a noncoding intergenic
region (IGR) (1). The S RNA encodes the viral nucleoprotein (NP)
and the glycoprotein precursor (GPC), which is cotranslationally
cleaved by the signal peptidase to generate a 58-amino-acid stable
signal peptide (SSP) and posttranslationally processed by the site 1
protease (S1P) to generate the mature virion surface glycoproteins
GP1 and GP2 that, together with SSP, form the GP complex that
mediates virus receptor recognition and cell entry. The L RNA
encodes the viral RNA-dependent RNA polymerase (L) and the
matrix RING finger protein Z (2, 3).

Several arenaviruses cause hemorrhagic fever (HF) disease in
humans and pose important public health problems within their
regions of endemicity (1, 4, 5). Lassa virus (LASV) is the arenavi-
rus with the greatest impact on human health. LASV infects sev-
eral hundred thousand individuals yearly in West Africa, resulting
in a high number of Lassa fever (LF) cases associated with high
morbidity and significant mortality (6). Notably, increased travel

has led to the importation of LF cases into metropolitan areas of
nonendemicity around the globe (7, 8). Moreover, LASV regions
of endemicity are expanding (6), and the association of the re-
cently identified arenavirus Lujo virus with a recent outbreak of
HF in South Africa (9, 10) has raised concerns about the emergence
of novel HF arenaviruses. Concerns about human-pathogenic arena-
viruses are exacerbated because there are no FDA-licensed arenavirus
vaccines (11) and current antiarenaviral therapy is limited to off-
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label use of ribavirin that is only partially effective (12–14). Evi-
dence indicates that morbidity and mortality associated with
LASV, as well as other HF arenaviruses, involves a failure of the
host’s innate immune response to restrict virus replication and to
facilitate the initiation of an effective adaptive immune response
(15). Hence, the development of novel strategies to combat HF
arenaviruses will benefit from the identification and functional
characterization of viral factors that contribute to virus escape
from control by the host defenses at early times of infection.

Intravenous (i.v.) inoculation of adult immunocompetent
mice with a high dose of the Armstrong (ARM) strain of lympho-
cytic choriomeningitis virus (LCMV) results in an acute infection
that is cleared within 10 to 14 days by a robust protective immune
response mediated mainly by virus-specific CD8� cytotoxic T
lymphocytes (CTLs) (16), whereas infection with the immuno-
suppressive strain of LCMV, clone 13 (Cl-13), causes persistent
infection associated with generalized immune suppression. ARM
and Cl-13 differ at only three amino acid positions, two within
GP1 (N176D and F260L) and one within the L polymerase
(K1079Q) (17, 18). Mutation N176D in GPC was shown to be
dispensable for the persistent phenotype of Cl-13, whereas muta-
tions F260L in GPC and K1079Q in L have been shown to increase
the virus’s ability to infect specific populations of dendritic cells
(DCs), which has been implicated in Cl-13 persistence by increas-
ing the expression levels of negative immune-regulatory mole-
cules, including programmed death 1 (PD-1) (19), while interfer-
ing with the expression of immune-stimulatory molecules known
to contribute to control of chronic viral infection (20–22). Specif-
ically, mutation F260L in GP1 is correlated with a change from low
(ARM; F260) to high (Cl-13; L260) affinity for alpha-dystroglycan
(�DG), a cell surface receptor present at high levels in DCs and
used by several arenaviruses, including Cl-13 and LASV, as the
primary cell entry receptor (18, 23, 24). However, little is known
about other viral factors that may contribute to Cl-13’s ability to
persist in mice.

A recombinant Cl-13 in which LASV-GPC substituted for the
Cl-13 GPC gene (rCl-13/LASV-GPC) grew to high titer in cul-
tured cells but was unable to establish persistence in adult
C57BL/6J (B6) mice (25). However, a point mutation, K461G,
within GP2 that emerged during replication of rCl-13/LASV-GPC
in a mouse resulted in a mutant rCl-13/LASV-GPC that persisted
for about 2 weeks in adult B6 mice (26). Characterization of ad-
ditional LCMV/LASV-GPC mutants revealed that the presence of
both V459K and K461G mutations within LASV GP2 further in-
creased the virus’s ability to replicate in B6 mice (26). These find-
ings led us to investigate whether the counterpart K465 and G467
residues in Cl-13 GP2 played a critical role in Cl-13 persistence. To
address this question, we generated a recombinant Cl-13 contain-
ing amino acid mutations K465V and G467K in the cytoplasmic
domain (CD) of GP2 [rCl-13(GPC/VGKS)] and examined its
phenotypic properties, including its ability to establish persistence
in immunocompetent adult B6 mice. Here, we show that rCl-
13(GPC/VGKS) failed to persist in B6 mice. The K465V and
G467K mutations did not significantly affect the biochemical fea-
tures of GPC or viral fitness in cultured cells and immunocom-
promised mice. Consistent with its inability to persist in B6 mice,
rCl-13(GPC/VGKS) infected a lower number of plasmacytoid
dendritic cells (pDCs) in the spleen than the rCl-13 wild type
(WT), but rCl-13 WT and rCl-13(GPC/VGKS) induced similar
levels of type I interferon (IFN-I) at early times of infection in B6

mice. Our findings indicate that the K465 and G467 residues in the
CD of Cl-13 GP2 are critical for the establishment of Cl-13 persis-
tence in immunocompetent adult mice.

MATERIALS AND METHODS
Plasmids. pCAGGS-NP (pC-NP), pCAGGS-L (pC-L), and pCAGGS-
GPC Cl-13 (pC-GPC) have been described previously (27–29). pC-GPC/
VGKS was generated by PCR-based mutagenesis to incorporate K465V
and G467K mutations into the GPC gene of pC-GPC. Plasmids for rescue
of rLCMV were generated based on the pPol1S Cl-13 and pPol1L Cl-13
plasmids, which direct RNA polymerase I (Pol1)-mediated intracellular
synthesis of S and L, respectively, RNA genome species of the Cl-13 strain
of LCMV (30, 31). pPol1S Cl-13(GPC/VGKS) was generated by PCR-
based mutagenesis introducing K465V and G467K mutations into the
GPC gene of pPol1S Cl-13. pPol1S Cl-13(LASV-GPC/KGGS) was gener-
ated by PCR-based mutagenesis introducing V459K and K461G muta-
tions into the LASV GPC gene of a pPol1S Cl-13 construct in which LASV
GPC substituted for Cl-13 GPC (25).

Cells. BHK-21, L929, Vero, A549, and 293T cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM) (Invitrogen) containing 10%
fetal bovine serum (FBS), 2 mM L-glutamine, 100 �g/ml streptomycin,
and 100 U/ml penicillin at 37°C and 5% CO2.

Generation of rLCMV. The different rLCMVs used in this study were
generated as described previously (30–32) with minor modifications.
BHK-21 cells seeded at 7.5 � 105 cells/well (6-well plate) were cultured
overnight and transfected with plasmids pPol1S (0.8 �g) and pPol1L (1.4
�g), together with plasmids pC-NP (0.8 �g) and pC-L (1.0 �g), using 2.5
�l of Lipofectamine 2000 (LF2000) (Invitrogen)/�g of DNA. After 5 h of
transfection, the transfection mixture was removed and fresh medium
was added. At 3 days posttranfection, the tissue culture supernatant (TCS)
was removed, 3 ml of fresh medium was added, and the cells were cultured
for another 3 days. The TCS collected at 6 days posttransfection was des-
ignated passage 0 (P0). Rescued viruses were amplified by infection of
BHK-21 cells (multiplicity of infection [MOI] � 0.01). At 72 h postinfec-
tion (p.i.), TCSs were collected and clarified by centrifugation at 400 � g
and 4°C for 5 min to remove cell debris and stored at �80°C. To generate
rCl-13(GPC/VGKS) and rCl-13(LASV-GPC/KGGS), pPol1S Cl-13(GPC/
VGKS) and pPol1S Cl-13(LASV-GPC/KGGS), respectively, were used,
together with pPol1L Cl-13.

Virus titration. LCMV titers were determined using an immunofocus
assay, as described previously (33). Briefly, 10-fold serial virus dilutions
were used to infect Vero cell monolayers in a 96-well plate, and at 20 h p.i.,
the cells were fixed with 4% paraformaldehyde (PFA) in phosphate-buff-
ered saline (PBS). After cell permeabilization by treatment with 0.3%
Triton X-100 in PBS containing 3% bovine serum albumin (BSA), the
cells were stained with a rat monoclonal antibody (MAb) to NP (VL-4; Bio
X Cell) conjugated with Alexa Fluor 488 (protein-labeling kit; Life Tech-
nologies).

Mice and virus infection in vivo. Six-week-old C57BL/6J and IFN-I
receptor knockout (IFNAR�/�) mice were infected i.v. with rLCMVs
(2 � 106 focus-forming units [FFU]) unless otherwise indicated. Blood
was collected from the mice under isoflurane anesthesia, and serum was
isolated by centrifugation at 12,000 rpm for 3 min. Organs were harvested
from euthanized mice and homogenized in DMEM containing 1% FBS.
Virus titers in sera and organs were determined by an immunofocus assay.
All animal experiments were done under protocol 09-0137 approved by
the Scripps Research Institute IACUC.

Western blotting. Total cell lysates were prepared in lysis buffer (1%
NP-40, 50 mM Tris-HCl [pH 8.0], 62.5 mM EDTA, 0.4% sodium deoxy-
cholate) and clarified by centrifugation at 15,000 rpm and 4°C for 10 min.
The clarified lysates were mixed at a 1:1 ratio with loading buffer (100 mM
Tris [pH 6.8], 20% 2-mercaptoethanol, 4% SDS, 0.2% bromophenol blue,
20% glycerol) and boiled for 5 min. Protein samples were fractionated by
SDS-polyacrylamide gel electrophoresis (PAGE) using 4 to 20% gradient
polyacrylamide gels (Mini-Protein TGX gels; 4 to 20%; Bio-Rad) and
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electroblotted onto polyvinylidene difluoride membranes (Immobilon
transfer membranes; Millipore). To detect GPC, GP2, and �-tubulin,
membranes were reacted with mouse monoclonal antibody to GP2
(We33/36) or rabbit polyclonal antibody to �-tubulin (Cell Signaling
Technologies), followed by incubation with horseradish peroxidase-con-
jugated anti-mouse, or anti-rabbit, respectively, immunoglobulin G
(IgG) antibody (Jackson ImmunoResearch Laboratories). SuperSignal
West Pico or Femto chemiluminescent substrate (Thermo Scientific) was
used to elicit chemiluminescent signals that were visualized using an Im-
ageQuant LAS 4000 Imager (GE Healthcare Life Science).

Northern blotting. Total cellular RNA was isolated using TRI Reagent
according to the manufacturer’s instructions and analyzed by Northern
blotting hybridization. RNA samples were fractionated by 2.2 M formal-
dehyde-agarose (1.2%) gel electrophoresis, followed by transfer of the
RNA in 20� SSC (3 M sodium chloride, 0.3 M sodium citrate) to a Mag-
nagraph membrane using the rapid downward transfer system (Turbo-
Blotter; GE Healthcare Life Sciences). The membrane-bound RNA was
cross-linked by exposure to UV light, and the membrane was hybridized
to a 32P-labeled GPC-specific antisense riboprobe to detect virus genome
RNA and GPC mRNA species.

Virus growth kinetics. Cells were infected with rLCMVs at an MOI of
either 0.1 or 0.01, as indicated in the figure legends, and at several times
p.i., TCSs were collected and viral titers were determined using an immu-
nofocus assay.

Flow cytometry for detection of splenocytes expressing LCMV NP.
Spleens were harvested from mice infected (2 � 106 FFU i.v.) with either
rCl-13 WT or rCl-13(GPC/VGKS) for 24 h, incubated with 1 mg/ml col-
lagenase D/100 �g DNase I, and processed into single-cell suspensions
through a 70-�m cell strainer (Corning Life Science) before lysing of the
erythrocytes with ammonium chloride. The splenocytes were stained with
anti-murine antibodies against specific markers for each cell type subset.
The following antibodies were used for splenocyte staining: (i) dendritic
cells (peridinin chlorophyll protein [PerCP]-Cy5.5 CD11c; allophycocya-
nin [APC] PDCA-1; BV421 CD8a; phycoerythrin [PE]-Cy7 CD3, CD19,
and NK1.1; APC-Cy7 F4/80; and PE SiglecH); (ii) macrophages and
monocytes (APC-Cy7 F4/80; PerCP-Cy5.5 Ly6c; Pac Blue Ly6G; APC
CD11b; PE CD169; and PE-Cy7 CD3, CD19, and NK1.1); (iii) T, B, and
NK cells (e450 CD90, APC-Cy7 CD4, PE-Cy7 CD8, PE CD19, APC CD45,
and PerCp-Cy5.5 NK1.1); and (iv) stromal cells (Pac Blue CD45, PAC
CD31, PE-Cy7 CD21/CD35, and PE gp38). Intracellular staining for the
NP was done by incubating the Alexa Fluor 488-conjugated VL-4 anti-
body and analyzed by flow cytometry.

Stability of rLCMVs. Cells were seeded 18 h prior to infection with
rLCMVs (MOI � 0.01). At 72 h p.i., TCSs were collected and clarified
from cell debris by centrifugation at 400 � g and 4°C for 5 min, and virus
titers were determined by an immunofocus assay. TCS from P1 was used
to infect a fresh monolayer of cells, and the same process was repeated
over four serial passages. At P4, total RNA was isolated from infected cells
and used in reverse transcription (RT)-PCRs to amplify DNA fragments
containing GPC, and their sequences were analyzed with Sequencher
DNA sequence analysis software (Gene Codes Corporation).

IFN bioassay. L929 cells seeded in 24-well plates at 1.25 � 105 cells/
well and cultured overnight were treated with sera (1:100 dilution) from
mice infected with rLCMVs (2 � 106 FFU i.v.) collected at 20 h p.i. or
infected with rLCMVs (MOI � 0.1). Twenty-four hours later, the cells
were infected with recombinant wild-type vesicular stomatitis virus
(rVSV) (34) (MOI � 0.01), and at 36 h p.i. with rVSV, the cells were fixed
with 4% PFA in PBS and stained with crystal violet.

Detection of apoptotic cells. L929 cells (2.5 � 105 cells/well) seeded in
a 12-well plate and cultured overnight were infected with either rCl-13
WT or rCl-13(GPC/VGKS) (MOI � 0.1) for 90 min or remained unin-
fected (mock infected). At 48 h p.i., cells were collected using Accutase cell
detachment solution (Innovative Cell Technologies). For a positive con-
trol, mock-infected cells were incubated at 55°C for 20 min. The cells were
then stained with fluorescently labeled annexin V according to the man-

ufacturer’s instructions (annexin V apoptosis detection kit APC; eBiosci-
ence) and fixed with 2% PFA in PBS, and intracellular staining for the NP
was done by incubating the Alexa Fluor 488-conjugated VL-4 antibody
and analyzed by flow cytometry.

Sensitivity of rLCMVs to exogenous IFN-I. L929 or Vero cells (1.25 �
105 cells/24-well plate) were infected with either rCl-13 WT or rCl-
13(GPC/VGKS) (MOI � 0.1) for 90 min and treated with universal IFN-�
at a low (5-U/ml) or high (500-U/ml) concentration or remained un-
treated. At 24 h and 48 h p.i., TCSs were collected, and viral titers were
determined using an immunofocus assay.

RESULTS
Generation and characterization of rCl-13 containing muta-
tions K465V and G467K within GP2. LCMV surface glycopro-
teins are expressed as a single polypeptide, GPC, which is co- and
posttranslationally processed into SSP and mature GP1 and GP2
(Fig. 1A). GP2 contains a transmembrane domain (TMD) and a
C-terminal CD (Fig. 1B). Residues V459K and K461G within GP2
played a critical role in conferring on rCl-13/LASV-GPC the abil-
ity to persist longer in mice (26). To examine whether the corre-
sponding residues were required for Cl-13 persistence, we gener-
ated rCl-13(GPC/VGKS), where K465 and G467 were mutated to
V and K, respectively, which corresponded to the residues found
in LASV GP2 (Fig. 1B). We injected (2 � 106 FFU i.v.) adult
C57BL/6J mice with either rCl-13 WT or rCl-13(GPC/VGKS). As
expected, rCl-13 WT was able to persist, and viremia was readily
detected at 4 and 10 days p.i. (Fig. 1C). In contrast, sera from mice
infected with rCl-13(GPC/VGKS) did not contain detectable lev-
els of infectious virus at 4 or 10 days p.i. (Fig. 1C). We examined
whether rCl-13(GPC/VGKS) was able to replicate in tissues in the
absence of detectable levels of viremia (Fig. 1C). Consistent with
previous findings, mice infected with WT Cl-13 contained high
levels of infectious virus in the spleen, liver, and kidney at 10 days
p.i., whereas we did not detect infectious virus in these tissues in
mice infected with rCl-13(GPC/VGKS) (Fig. 1C). These data sug-
gested that K465 and G467 residues are critical for Cl-13 persis-
tence in immunocompetent adult mice.

Effects of K465V and G467K mutations within the CD of GP2
on GPC processing, virus RNA replication, and gene transcrip-
tion. To investigate possible mechanisms whereby K465V and
G467K mutations disrupted Cl-13’s ability to persist, we exam-
ined whether these mutations affected S1P-mediated processing
of GPC, as there is evidence indicating that mutations within the
CD of GP2 could influence the efficiency of GPC processing (35,
36). For this, we transfected 293T cells with plasmids expressing
either wild-type Cl-13 GPC (GPC WT) or Cl-13 GPC containing
K465V and G467K mutations (GPC/VGKS) and assessed GPC
processing by Western blotting using an anti-GP2 antibody (Fig.
2A). GPC WT and GPC/VGKS were processed with similar effi-
ciencies. We also examined whether K465V and G467K mutations
could interfere with virus RNA replication and gene transcription.
For this, we infected BHK-21 cells with either rCl-13 WT or rCl-
13(GPC/VGKS) (MOI � 1) and assessed the levels of virus RNA
replication and gene transcription by Northern blotting (Fig. 2B).
Levels of virus RNA replication and gene transcription were
slightly higher in cells infected with rCl-13(GPC/VGKS) than in
cells infected with rCl-13 WT at all time points examined, which
correlated with slightly (�7.5-fold) higher levels of infectious-
virus titers in tissue culture supernatants from cells infected with
rCl-13(GPC/VGKS) than in cells infected with rCl-13 WT. These
findings suggested that K465V and G467K mutations within the
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CD of GPC did not negatively impact virus RNA replication and
gene transcription.

Effects of K465V and G467K mutations within the CD of
Cl-13 GP2 on virus fitness in cultured cells. Next, we asked
whether K465V and G467K mutations could affect virus fitness in
cultured cells. For this, we examined virus growth kinetics in sev-
eral types of cell lines, including BHK-21 (a hamster kidney cell
line), L929 (a mouse fibroblast line), Vero (an African green mon-
key kidney cell line), and A549 (a human lung epithelial cell line)
cells (Fig. 3A). We observed only modest differences between
rCl-13 WT and rCl-13(GPC/VGKS) regarding their growth kinet-
ics and peak titers in BHK-21, A549, and Vero cells. In contrast, in
L929 cells, rCl-13(GPC/VGKS) exhibited significantly slower ki-
netics and a lower peak titer than rCl-13 WT. To gain some initial
insights into the genetic stability of rCl-13(GPC/VGKS) in these
different cell environments, we conducted serial passages of rCl-
13(GPC/VGKS) in each of the cell lines and determined their cor-
responding GPC sequences from passage 4. Both the K465V and
G467K mutations were retained through serial passages in all cell
lines tested without evidence of revertant or potential compensa-
tory mutations being present at low frequency. These serial pas-
sages of rCl-13(GPC/VGKS) in cultured cells were done using an
MOI of 0.1 and infecting 1 � 106 cells each time. Therefore, each
infection was initiated with 105 infectious particles, which it is
highly unlikely to promote exclusion of variants with increased
fitness due to bottleneck effects. These findings suggest that the
K465V and G467K mutations did not have a major impact on
virus fitness in the cell lines tested.

We noticed that in cultured cells rCl-13(GPC/VGKS) showed

slower growth kinetics than rCl-13 WT at early times of infection
(Fig. 3A). This finding raised the possibility that delayed viral
growth at early times of infection was responsible for the failure of
rCl-13(GPC/VGKS) to persist in mice, as virus-host interactions
at very early times of infection have been shown to dictate whether
the host defense responses control and clear the virus or viral
persistence takes place (37). However, this is unlikely, because
rCl-13(GPC/VGKS) exhibited faster growth kinetics and higher
peak titers than rCl-13(LASV-GPC/KGGS), a virus that persisted
in mice for about 2 weeks (26) (Fig. 3B).

Effects of K465V and G467K mutations within the CD of GP2
on virus replication in IFN-I-deficient mice. The inability of rCl-
13(GPC/VGKS) to persist in mice despite not showing major de-
fects in fitness in cultured cells could have been related to re-
stricted growth of rCl-13(GPC/VGKS) in mice, which would be
consistent with our finding that in L929 cells, a mouse fibroblast
line, rCl-13(GPC/VGKS) exhibited delayed growth kinetics and
lower peak titers than rCl-13 WT. To further investigate this issue,
we examined multiplication of rCl-13(GPC/VGKS) in IFN-I-de-
ficient mice. For this, we injected (2 � 106 FFU i.v.) IFNAR�/�

mice with either rCl-13 WT or rCl-13(GPC/VGKS). In contrast to
infection of WT B6 mice, rCl-13(GPC/VGKS) grew efficiently in
IFNAR�/� mice, and viremia was readily detected throughout the
experimental period (Fig. 4A). To examine whether K465V and
G467K mutations were retained through multiple rounds of in-
fection in mice, we determined the GPC sequences of rCl-
13(GPC/VGKS) present in sera at days 4, 10, and 20 p.i. For this,
we infected BHK-21 cells with sera from rCl-13(GPC/VGKS)-in-
fected IFNAR�/� mice, and at 72 h p.i., we prepared total cellular
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FIG 1 Generation and characterization in mice of rCl-13 containing mutations K465V and G467K within the CD of GP2. (A) Schematic diagram of LCMV GPC.
LCMV surface glycoproteins are expressed as a single polypeptide, GPC, which is co- and posttranslationally processed into SSP and the mature GP1 and GP2.
The TMD of GP2 is shaded. The asterisks indicate the positions where the mutations were introduced. (B) Amino acid sequence alignment of the C-terminal ends
of GP2 from Cl-13, LASV, and Cl-13 containing mutations K465V and G467K (GPC/VGKS). (C) rCl-13(GPC/VGKS) does not persist in adult immunocom-
petent mice. Six-week-old B6 mice (n � 6 per group) were injected (2 � 106 FFU i.v.) with either rCl-13 WT or rCl-13(GPC/VGKS). Blood (4 and 10 days [d]
p.i.) and tissues (10 days p.i.), samples were collected from infected mice, and virus titers were determined. The data represent means 	 standard deviations (SD)
of six mice per group from two independent experiments.
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RNA that we used to amplify, by RT-PCR, DNA fragments con-
taining the GPC open reading frame (ORF). Sequence analysis
revealed that reversion K467G became dominant in one out of five
mice at 4 days p.i. (Fig. 4B), and at 10 and 20 days p.i., reversion
K467G was detected in all five mice. On the other hand, the K465V
mutation was retained in all five mice at all time points examined.
These results indicated that rCl-13(GPC/VGKS) can grow to lev-
els similar to those of rCl-13 WT in mice in the absence of the
IFN-I system and that G467 has a fitness advantage in mice.

Effects of K465V and G467K mutations on virus tropism at
early times of infection in mice. The ability of Cl-13 to infect a
larger proportion of pDCs than ARM (20, 38, 39) has been asso-
ciated with Cl-13’s ability to persist in mice, which is due to its
higher affinity than ARM for the cell surface receptor �DG (21,
40). Residues K465 and G467 are located within the cytoplasmic
domain of GP2, and therefore, it is unlikely that they participate
directly in the interaction of rCl-13(GPC/VGKS) with �DG.
However, we cannot rule out the possibility that the K465V and
G467K mutations could affect, via indirect interactions, the affin-
ity of Cl-13 GP1 for �DG. Alternatively, the K465V and G467K
mutations could influence other Cl-13– host interactions that

would result in higher numbers of infected pDCs. We therefore
examined whether the K465V and G467K mutations affected vi-
rus antigen distribution among different immune cell populations
in splenocytes isolated from infected mice. For this, we inoculated
adult B6 mice (2 � 106 FFU i.v.) with either rCl-13 WT or rCl-
13(GPC/VGKS), and 24 h later, we collected spleens and assessed
NP-positive (NP�) cells in different immune cell populations by
flow cytometry (Fig. 5A). For all the different immune cell popu-
lations examined, with the exception of pDCs, the numbers of
NP� cells were very similar in rCl-13 WT- and rCl-13(GPC/
VGKS)-infected mice. In the case of pDCs, the numbers of NP�

cells were 2-fold lower in mice infected with rCl-13(GPC/VGKS)
than in rCl-13 WT-infected mice. It has been reported that in mice
coinfected i.v. with a high dose (2 � 106 PFU each) of Cl-13 (per-
sistent) and ARM (acute), the persistent phenotype of Cl-13 is
dominant over the acute phenotype of ARM (16, 37). To examine
whether a similar situation was found with rCl-13 WT and rCl-
13(GPC/VGKS), we injected (i.v.) adult B6 mice with 2 � 106 FFU
of rCl-13 WT, together with 2 � 106 FFU of either rARM WT or
rCl-13(GPC/VGKS) (Fig. 5B). Mice coinfected with rCl-13 WT
and rCl-13(GPC/VGKS) did not clear the virus and exhibited lev-
els of viremia similar to those of mice coinfected with rCl-13 WT
and rARM WT.

Effects of K465V and G467K mutations on virus-mediated
induction of IFN-I. IFN-I signaling plays a major role in estab-
lishing Cl-13 persistence (39), and differences in the time of onset,
magnitude, and duration of virus-mediated induction of IFN-I
can significantly influence the outcome of infection (37, 41). We
therefore investigated the effects of K465V and G467K mutations
on virus-mediated induction of IFN-I in both cultured cells and
mice. We first examined whether rCl-13(GPC/VGKS) retained
the rCl-13 WT ability to inhibit induction of IFN-I. For this, we
infected L929 cells with rCl-13 WT or rCl-13(GPC/VGKS) or, as a
control, with mutant rCl-13(NP/D382A), which has been shown
to be impaired in its ability to inhibit induction of IFN-I (42). At
24 h p.i. with Cl-13, we infected cells with rVSV WT, and 36 h
later, we examined the cells for symptoms of VSV-induced cyto-
pathic effect (CPE) (Fig. 6A). Consistent with previous findings,
cells infected with rCl-13(NP/D382A), but not cells infected with
rCl-13 WT, were protected against CPE caused by rVSV infection
as a result of the cell’s antiviral state established by induction of
biologically active levels of IFN-I in rCl-13(NP/D382A)-infected
cells. In contrast, infection with either rCl-13 WT or rCl-13(GPC/
VGKS) did not prevent rVSV-induced CPE, indicating that
K465V and G467K mutations within the CD of GP2 did not affect
the ability of Cl-13 to prevent induction of IFN-I. These results
also indicated that reduced levels of rCl-13(GPC/VGKS), com-
pared to rCl-13 WT, observed in L929 cells (Fig. 3A) were highly
unlikely to be related to IFN-I-mediated restriction. Increased lev-
els of apoptosis in rCl-13(GPC/VGKS)-infected L929 cells could
also have contributed to reduced levels of virus multiplication.
However, L929 cells infected with either rCl-13(GPC/VGKS) or
rCl-13 WT displayed only baseline levels of apoptosis, as deter-
mined by levels of phosphatidylserine present on the outer leaflet
of the plasma membrane detected using fluorescently labeled an-
nexin V (Fig. 6B). Unlike the situation observed in cultured cells,
mice infected with Cl-13 exhibit high levels of IFN-I at early times
of infection, which has been shown to contribute to establishment
of Cl-13 persistence (39). We therefore examined whether rCl-
13(GPC/VGKS) and rCl-13 WT induced similar IFN-I responses
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in mice. For this, we treated L929 cells with sera (1:100 dilution)
prepared from mice at 20 h p.i. (2 � 106 FFU i.v.) with rCl-13 WT,
rCl-13(GPC/VGKS), or rCl-13(NP/D382A) or mock-infected
(PBS-injected) mice. After 24 h of treatment, we infected the cells
with rVSV for 36 h and monitored for the appearance of CPE (Fig.
6C). Treatment with sera from mice infected with either rCl-13
WT or rCl-13(GPC/VGKS), as well as rCl-13(NP/D382A), re-
sulted in the establishment of an effective cell antiviral state re-
flected in protection against VSV-induced CPE. These data indi-
cated that K465V and G467K mutations affected neither the
ability of Cl-13 to inhibit induction of IFN-I in cultured cells nor
the IFN-I response in mice following infection (2 � 106 FFU i.v.)
with Cl-13. We next asked whether the K465V and G467K muta-
tions could affect the sensitivity of Cl-13 to IFN-I. For this, we
infected L929 and Vero cells with either rCl-13 WT or rCl-
13(GPC/VGKS) at an MOI of 0.1 for 90 min, followed by treat-
ment with universal IFN-�. At 24 and 48 h p.i., we determined

titers of infectious virus in TCS. Although virus titers of rCl-13
WT in L929 TCS were consistently higher than those of rCl-
13(GPC/VGKS), rCl-13 WT and rCl-13(GPC/VGKS) showed
similar patterns of sensitivity to IFN-�: a low concentration of
IFN-� (5 U/ml) reduced virus titers less than 1 log unit at 24 h p.i.
and about 1 log unit at 48 h p.i., whereas a high concentration of
IFN-� (500 U/ml) reduced virus titers by more than 1 log unit at
24 h p.i. and by more than 3 log units at 48 h p.i. (Fig. 6D). In
contrast, and consistent with previous findings (43), rCl-13 WT
and rCl-13(GPC/VGKS) were similarly resistant to exogenous
IFN-� treatment in Vero cells.

DISCUSSION

Previous work has documented that mutations K1079Q in the L
polymerase and F260L in GP1 of ARM resulted in Cl-13’s ability
to persist in mice. Mutation F260L within GP1 was found to pro-
vide Cl-13 with high affinity for �DG (21, 23, 44). This, in turn,
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facilitated Cl-13 infection of high numbers of DCs, which resulted
in higher expression levels of negative immune regulators, includ-
ing interleukin 10 (IL-10) (45), PD-1 (19), T cell immunoglobulin
mucin 3 (TIM-3) (46), and lymphocyte activation protein 3
(LAG-3) (47, 48), thus promoting Cl-13 persistence (17, 18, 49).
On the other hand, the Q residue at position 1079 within the L
polymerase is critical for Cl-13 persistence, and it was associated
with robust replication of Cl-13 within DCs (18, 20), but the un-
derlying mechanisms for it remain to be elucidated. In the present
work, we have examined the role of residues K465 and G467
within the CD of Cl-13 GP2 in the virus’s ability to establish a
persistent infection in adult immunocompetent mice. The ratio-
nale for these studies stemmed from observations that mutations
in the counterpart residues, V459 and K461, of LASV GP2 played
a critical role in the early clearance of rCl-13/LASV-GPC in adult
immunocompetent B6 mice (26). Our findings have shown that
rCl-13 carrying K465V and G467K mutations within the CD of
GP2 was unable to persist in mice, which identified these residues
as additional viral determinants that play a critical role in the
ability of Cl-13 to persist.

Mutations K465V and G467K are located within the CD of
GP2 and therefore are highly unlikely to directly affect rCl-
13(GPC/VGKS) interaction with �DG, a critical receptor for
Cl-13 efficient infection of DCs. However, we cannot rule out the
possibility that these mutations could affect, via indirect interac-

tions, the affinity of Cl-13 GP1 for �DG. Residues K465 and G467
are located within the zinc-binding domain (ZBD) in GP2, which
is thought to mediate retention of SSP in the GPC complex (50).
This GP2-SSP interaction might be affected by mutations K465V
and G467K, which could impact virus GPC complex and host cell
factor interactions that contribute to the virus’s ability to persist
in vivo.

Our results indicated that the inability of rCl-13(GPC/VGKS)
to persist in mice was not due to impaired GPC processing or
impaired viral-genome replication and gene transcription. More-
over, rCl-13 WT and rCl-13(GPC/VGKS) exhibited similar fitness
in different cell substrates. It is plausible that rCl-13(GPC/VGKS)
failed to modulate or abrogate some components of the host early
defense responses required to control and clear LCMV. IFN-I sig-
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naling plays a critical role in Cl-13 persistence, and IFN-I blockade
disrupts the establishment of an immune-suppressive milieu
characterized by induction of negative immune regulators, dis-
ruption of the splenic architecture, and alteration of lymphocyte
migration, which result in early clearance of rCl-13 (39). On the
other hand, IFN-I signaling triggers the induction of hundreds of
interferon-stimulated genes (ISGs) that contribute to the estab-
lishment of an antiviral state within cells that inhibits virus mul-
tiplication via a plethora of mechanisms. As with many other
viruses (51), arenaviruses are also endowed with genes that coun-
teract the host IFN-I response. Thus, both arenavirus NP (52, 53)
and Z (54, 55) have been shown to exert a strong inhibitory effect
on the induction of IFN-I. rCl-13(GPC/VGKS) encodes WT NP
and Z proteins, and as predicted, it was able to efficiently inhibit
induction of IFN-I in cultured cells. Notably, many viruses, in-
cluding LCMV, that efficiently inhibit induction of IFN-I in cul-
tured cells nevertheless trigger a potent host IFN-I response in
vivo. The contributions of different pattern recognition receptors
to LCMV sensing has not been elucidated yet. Likewise, the iden-
tities of the specific cell types responsible for the early burst of
IFN-I production in LCMV-infected mice have not been unequiv-
ocally established, but it appears to involve a complex network of

cellular interactions, including pDCs (56, 57). We observed re-
duced (2-fold) numbers of NP� pDCs in mice infected with rCl-
13(GPC/VGKS) compared to mice infected with rCl-13, which
could have resulted in differences in the host IFN-I response that
contributed to the inability of rCl-13(GPC/VGKS) to establish
persistence. This scenario seems unlikely, however, as mice in-
fected with either rCl-13 WT or rCl-13(GPC/VGKS) induced sim-
ilar levels of biologically active IFN-I at early times of infection.
We cannot rule out the possibility that in rCl-13(GPC/VGKS)-
infected mice, higher (2-fold) numbers of pDCs underwent a non-
productive, or very restricted (NP below detection levels), infec-
tion but were still able to trigger production of IFN-I. It is also
plausible that biologically active IFN-I at early times of infection
was produced by rCl-13(GPC/VGKS)-infected cells other than
pDCs. Intriguingly, multiplication of both rCl-13 WT and rCl-
13(GPC/VGKS) was similarly inhibited by IFN-� treatment in
L929 cells. In contrast, multiplication of both viruses was not sig-
nificantly affected by treatment with IFN-� in Vero cells, which
are unable to produce IFN-I but are fully responsive to treatment
with exogenous IFN-I. The reasons for the very different sensitiv-
ity of rCl-13(GPC/VGKS), as well as rCl-13 WT, to the IFN-I-
induced antiviral state in L929 and Vero cells remain to be deter-
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the cells were fixed and stained with crystal violet to assess rVSV-induced CPE. (B) Detection of apoptosis in L929 cells infected with either rCl13 WT or
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collected and virus titers were determined by an immunofocus assay. The data represent means 	 SD of the results of three independent experiments.
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mined. It is plausible that LCMV sensitivity to the IFN-I-induced
cell antiviral state is highly dependent on the cell type and species.
Together, our results argue against differential susceptibilities be-
tween rCl-13 WT and rCl-13(GPC/VGKS) to the IFN-I-induced
antiviral state as a contributing factor in the inability of rCl-
13(GPC/VGKS) to persist. Likewise, mice infected with either
rCl-13 WT or rCl-13(GPC/VGKS) exhibited similar levels of bio-
logically active IFN-I at early times of infection, which has been
shown to be required for Cl-13 persistence (39). These results
suggest that rCl-13(GPC/VGKS) failed to modulate an as-yet-un-
identified immune signaling pathway that is critical for virus per-
sistence.

We did not observe reversions V465K and K467G during serial
passages of rCl-13(GPC/VGKS) in cultured cells. In contrast, dur-
ing replication in IFNAR�/� mice, we observed the selection of
revertant K467G. These findings suggest that both K465 and G467
are not strictly required to retain virus fitness, but they are critical
for Cl-13 expansion at very early times of infection in the presence
of a functional IFN-I system. In addition, G467 seems to be re-
quired for long-term robust virus replication in mice independent
of the presence or absence of a functional IFN-I system. These
results are consistent with previous findings showing that rCl-13/
LASV-GPC with a single G461 mutation was able to persist in
mice for up to 2 weeks, whereas rCl-13/LASV-GPC carrying both
K459 and G461 further enhanced viral replication in mice (26).
Future studies aimed at phenotypically characterizing rCl-13 with
either V465 or K467 mutations will contribute to a better under-
standing of the roles played by the CD of GP2 in arenavirus per-
sistence.

Cl-13 infects a larger number of pDCs than ARM (20, 38, 39),
which results in the establishment of an immune environment
beneficial for virus persistence, including disruption of DC func-
tion (22), disorganization of the splenic architecture (58, 59), and
robust expression of negative immune regulators (19, 45, 46, 60,
61). Consistent with these findings, K465V and G467K mutations
within the CD of GP2 of the nonpersistent rCl-13(GPC/VGKS)
were associated with reduced numbers of Cl-13-infected pDCs
compared to rCl-13 WT. Reduced numbers of NP� pDCs in mice
infected with rCl-13(GPC/VGKS) could reflect the fact that rCl-
13(GPC/VGKS) replicates less efficiently than rCl-13 WT in
pDCs. However, this seems unlikely, because rCl-13(GPC/VGKS)
has the Q1079 mutation within the L polymerase, which has been
shown to increase replication in DCs and to provide robust repli-
cation in cell-based assays (18, 20). Alternatively, the K465V and
G467K mutations may interfere with virus cell entry, despite these
mutations being located within the CD of GP2. Interestingly, hu-
man pDCs are refractory to rCl-13 WT infection when infected ex
vivo (62), suggesting the existence of a yet-unidentified cell entry
pathway required for infection of pDCs in vivo that could be af-
fected by K465V and G467K mutations. Published data support a
very strong correlation between high affinity for �DG of the
LCMV GP and the virus’s ability to persist. However, the role of
�DG in Cl-13 infection of pDCs has not been entirely elucidated.
We have shown that human pDCs are refractory ex vivo to infec-
tion with Cl-13. Accordingly, human pDCs did not produce IFN-I
in response to infection with cell-free Cl-13, but they produced
high levels of IFN-I following cell-cell contact with Cl-13-infected
cells (62). Thus, infection of pDCs in vivo might require direct
contact with other LCMV-infected cells. It is plausible that rCl-
13(GPC/VGKS) inefficiently infects cells required for infection of

pDCs through cell-cell contact, which resulted in reduced num-
bers of NP� pDCs in mice infected with rCl-13(GPC/VGKS).
This, in turn, prevented the establishment of persistence by rCl-
13(GPC/VGKS).
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