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ABSTRACT

Arenaviruses have a significant impact on public health and pose a credible biodefense threat, but the development of safe and
effective arenavirus vaccines has remained elusive, and currently, no Food and Drug Administration (FDA)-licensed arenavirus
vaccines are available. Here, we explored the use of a codon deoptimization (CD)-based approach as a novel strategy to develop
live-attenuated arenavirus vaccines. We recoded the nucleoprotein (NP) of the prototypic arenavirus lymphocytic choriomenin-
gitis virus (LCMV) with the least frequently used codons in mammalian cells, which caused lower LCMV NP expression levels in
transfected cells that correlated with decreased NP activity in cell-based functional assays. We used reverse-genetics approaches
to rescue a battery of recombinant LCMVs (rLCMVs) encoding CD NPs (rLCMV/NP,) that showed attenuated growth kinetics
in vitro. Moreover, experiments using the well-characterized mouse model of LCMYV infection revealed that rLCMV/NP,, and
rLCMV/NP,, were highly attenuated in vivo but, upon a single immunization, conferred complete protection against a subse-
quent lethal challenge with wild-type (WT) recombinant LCMV (rLCMV/WT). Both rLCMV/NP,, and rLCMV/NP,, were
genetically and phenotypically stable during serial passages in FDA vaccine-approved Vero cells. These results provide proof of

concept of the safety, efficacy, and stability of a CD-based approach for developing live-attenuated vaccine candidates against

human-pathogenic arenaviruses.

IMPORTANCE

Several arenaviruses cause severe hemorrhagic fever in humans and pose a credible bioterrorism threat. Currently, no FDA-licensed
vaccines are available to combat arenavirus infections, while antiarenaviral therapy is limited to the off-label use of ribavirin, which is
only partially effective and is associated with side effects. Here, we describe the generation of recombinant versions of the prototypic
arenavirus LCMV encoding codon-deoptimized viral nucleoproteins (rLCMV/NP,). We identified rTLCMV/NP,; and rLCMV/
NP, to be highly attenuated in vivo but able to confer protection against a subsequent lethal challenge with wild-type LCMV. These
viruses displayed an attenuated phenotype during serial amplification passages in cultured cells. Our findings support the use of this
approach for the development of safe, stable, and protective live-attenuated arenavirus vaccines.

Arenaviruses cause chronic infections of rodents across the
world, and human infections occur through mucosal expo-
sure to aerosols or by direct contact of abraded skin with infec-
tious materials (1). Several arenaviruses, chiefly Lassa virus
(LASV), the causative agent of Lassa fever (LF) in West Africa, and
Junin virus (JUNV), the causative agent of Argentine hemorrhagic
fever (AHF) in Argentina, cause hemorrhagic fever (HF) disease
in humans that is associated with high morbidity and significant
mortality and pose important public health problems in their ar-
eas of endemicity (1-3). Notably, increased travel has led to the
importation of LF cases into metropolitan areas around the globe
where LASV is not endemic (1, 4, 5). Moreover, the recent iden-
tification of two novel HF-causing arenaviruses, Chapare virus in
Bolivia (6) and Lujo virus in South Africa (7), have raised concerns
about newly emerging HF arenaviruses. In addition, evidence in-
dicates that the prototypic arenavirus lymphocytic choriomenin-
gitis virus (LCMV), distributed worldwide, is a neglected human
pathogen of clinical significance (8—10). Moreover, arenaviruses
pose a credible biodefense threat, and six of them, including
LCMYV, LASV, and JUNV, are classified as category A agents (2,
11). Public health concerns posed by human-pathogenic arenavi-
ruses are aggravated by the lack of Food and Drug Administration
(FDA)-approved vaccines and the limitation of current antiarena-
viral therapy to the off-label use of ribavirin, which is only partially
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effective and is associated with side effects (12-15). The signifi-
cance of arenaviruses in human health and biodefense readiness,
together with the limited existing armamentarium to combat
them, highlights the urgent need to develop vaccines and therapies
to combat human-pathogenic arenaviruses.

Candid no. 1, aJUNV live-attenuated strain, has been shown to
be an effective vaccine against AHF (16), but outside Argentina,
Candid no. 1 has achieved only investigational new drug status
(17), and yet unpublished studies done by Paessler and colleagues
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at the University of Texas Medical Branch (UTMB)—Galveston
have shown that Candid no. 1 does not protect against LF. More-
over, there is only limited information regarding long-term pro-
tective immunity conferred by Candid no. 1. Likewise, although
cases of reversion of Candid no. 1 to a more virulent strain have
not been reported, its phenotypic stability remains uncertain, as a
single amino acid change on the viral glycoprotein (GPC) can
affect JUNV virulence (18, 19). Likewise, there is evidence suggest-
ing the potential genetic and phenotypic instability of the existing
Candid no. 1 vaccine strain of JUNV (20).

Despite significant efforts to develop vaccines against LF, not a
single LASV vaccine candidate has entered a clinical trial. How-
ever, the Mopeia virus (MOPV)/LASV reassortant ML29 has
shown promising safety and efficacy profiles in animal models,
including nonhuman primates (21-23), but limited knowledge
about the mechanisms of ML29 attenuation has raised the con-
cern that additional ML29 mutations, or reassortants between
ML29 and circulating LASV strains, could result in viruses with
enhanced virulence. Likewise, a replication-competent attenuated
recombinant vesicular stomatitis virus (VSV) expressing LASV
glycoprotein has been reported to elicit protective immune re-
sponses in nonhuman primates against a lethal LASV challenge
(24). Nevertheless, epidemiological studies indicate that the most
feasible approach to control LF would be a live-attenuated vac-
cine, due to the ability to induce robust and long-term cellular and
humoral immune responses following a single immunization (3,
25, 26).

Redundancy in the genetic code results in many amino acids
being encoded by more than one codon (27). A codon usage bias
exists where synonymous codons are used at different frequencies
by an organism to incorporate the same amino acid residue into a
protein (28). Codon optimization is a frequently used strategy to
improve expression of genes in heterologous systems (29-32),
whereas all mammals exhibit essentially the same codon bias (33,
34). Conversely, replacement of commonly used codons with
nonpreferred codons, or codon deoptimization (CD), can dra-
matically decrease gene expression (35). Proteins encoded by
mammalian viruses are subjected to the codon usage bias of the
cells they infect; therefore, CD is predicted to adversely affect viral
protein translation, which could result in viral attenuation (36—
38). Accordingly, several RNA viruses have been effectively atten-
uated by CD of a single or a limited number of viral gene products
(36-38). In this study, we explored whether the concept of CD-
based live-attenuated vaccine could be implemented with the pro-
totypic arenavirus LCMV in a well-characterized mouse model of
infection.

Arenaviruses are enveloped viruses with a bisegmented, single-
stranded, negative-sense RNA genome (1). Both the large (L) and
small (S) genome RNA segments use an ambisense coding strategy
to express two viral proteins. The L segment encodes the RNA-
dependent RNA polymerase (L) and the matrix RING finger (Z)
protein, whereas the S segment encodes the nucleoprotein (NP)
and glycoproteins GP1 and GP2, which mediate virus receptor
recognition and cell entry (1). NP is the most abundant viral poly-
peptide in infected cells and virions and the main component of
the virus ribonucleoprotein (VRNP), which directs replication and
transcription of the viral genome (1). NP interacts with Z to me-
diate the incorporation of vVRNPs into mature infectious virions
(39, 40), and NP has also been shown to counteract the cellular
host type I interferon (IFN-I) response (41-46). Because NP has
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multiple critical functions in the arenavirus life cycle, we chose to
investigate if CD of NP resulted in viruses that were highly atten-
uated in vivo but still able to afford protection against a subse-
quent challenge with wild-type (WT) recombinant LCMV
(rLCMV/WT). For this, we used reverse-genetics (47-49) and CD
(33-35) approaches to rescue recombinant LCM viruses with dif-
ferent degrees of CD NPs (rLCMV/NP,). We present evidence
that the magnitude of CD of LCMV NP correlated with its reduced
expression and functional activity. Likewise, we show that it is
feasible to rescue rLCMYV encoding CD NPs that exhibit modestly
reduced growth properties in cultured cells, whereas in vivo they
are highly attenuated and able to confer efficient protection
against a lethal challenge with rTLCMV/WT. These results raise the
possibility of using a similar CD approach for the design of live-
attenuated vaccines for the prevention of HF disease caused by
human-pathogenic arenaviruses.

MATERIALS AND METHODS

Cells and viruses. Human lung adenocarcinoma epithelial (A549; ATCC
CCL-185), human embryonic kidney (293T; ATCC CRL-11268), African
green monkey kidney epithelial (Vero; ATCC CCL-81), and baby hamster
kidney (BHK-21; ATCC CCL-10) cells were grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Mediatech, Inc.) supplemented with 10%
fetal bovine serum (FBS), 2 mM L-glutamine, penicillin (100 units/ml),
and streptomycin (100 units/ml) and maintained in a 5% CO, humidified
atmosphere at 37°C. Recombinant LCMV (Armstrong strain; ARM53b)
and wild-type (fLCMV/WT) and CD NP (rLCMV/NP,) viruses were
rescued and propagated in BHK-21 cells as described previously (48).
Sendai virus (SeV), Cantell strain, was grown in 10-day-old embryonated
chicken eggs (50).

Plasmids. Hemagglutinin (HA)-tagged LCMV NP (51) and LCMV L
(52) pCAGGS expression plasmids have been described previously. Gen-
eration of fully CD LCMV NP (LCMV NP,) was done by de novo syn-
thesis in which each wild-type codon was replaced with the codon least
represented in mammalian genomes (Biomatik). LCMV NP, was am-
plified by PCR and cloned into pCAGGS HA-COOH (51) using Sacl and
Kpnl restriction enzymes. To generate LCMV NP, chimeras, restriction
sites were used to subclone LCMV NP,, PCR products into LCMV
NP p,. Plasmids for the rescue of (LCMV/NP [, were obtained by ampli-
fying LCMV NP, from pCAGGS HA-COOH and cloning into the
mouse pPol-I GP/BbsI vector plasmid (47, 49). All plasmids were gener-
ated using standard cloning techniques. The primers used to generate the
described plasmid constructs are available upon request. Plasmid con-
structs were verified by DNA sequencing (ACGT).

Immunofluorescence assays (IFA). To evaluate LCMV NP, protein
expression, 293T cells (1.8 X 10° cells/well; 24-well plate format) were
transiently transfected in suspension with 1 pg of LCMV NP expression
plasmids using LPF2000 (Invitrogen). Empty-plasmid-transfected cells
were included as a negative control. LCMV NP, was used as a positive
control. At 48 h posttransfection (p.t.), cells were fixed with 4% parafor-
maldehyde in phosphate-buffered saline (PBS), permeabilized with 0.1%
Triton X-100, and blocked using 2.5% bovine serum albumin (BSA) di-
luted in 1 X PBS. After blocking, the cells were incubated with an anti-HA
monoclonal antibody (Sigma) and probed with a fluorescein isothiocya-
nate (FITC)-conjugated rabbit anti-mouse secondary antibody (Dako).
LCMV NP expression was observed under a Leica fluorescence micro-
scope (40). The microscope images were colored using Adobe Photoshop
CS4 (v11.0) software.

Protein gel electrophoresis and Western blot (WB) analysis. Human
293T cells (3 X 10° cells/well; 6-well plate format) were transiently trans-
fected in suspension with 1 pg of the indicated LCMV NP pCAGGS ex-
pression plasmid. Empty- and LCMV NP, plasmid-transfected cells
were included as negative and positive controls, respectively. At 48 h p.t.,
cells were collected and lysed with 400 pl of lysis buffer (10 mM Tris-HCI,
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pH 7.4, 5 mM EDTA, 100 mM NaCl, 1% NP-40, and a complete cocktail
of protease inhibitors [Roche]). A 20- .l aliquot of the total cell lysates was
separated on SDS-12% PAGE and transferred onto nitrocellulose mem-
branes (Bio-Rad). The membranes were incubated with an anti-HA
monoclonal antibody (Sigma) and probed with a secondary horseradish
peroxidase (HRP)-conjugated anti-mouse antibody (GE Healthcare).
LCMV NP expression was detected using a chemiluminescence kit (Den-
ville Scientific). Cellular GAPDH (glyceraldehyde-3-phosphate dehydro-
genase) was used to normalize the amount of lysates and was detected
using a polyclonal antibody to GAPDH (Abcam). Protein band intensities
were quantified using Image] software (NIH) (51). Band quantifications
were normalized according to GAPDH expression, assigning 100% inten-
sity to LCMV NP,,r. LCMV NP, expression levels were then normal-
ized by their intensity relative to that of LCMV NPy,

MG assay. Human 293T cells (6.5 X 10° cells/well; 12-well plate for-
mat; triplicates) were cotransfected using LPF2000 with 0.6 g of
pCAGGS L, 0.15 pg of the indicated pCAGGS LCMV NP constructs or
empty plasmid, 0.5 pg of a green fluorescent protein (GFP), a Gaussia
luciferase (Gluc) dual-reporter minigenome (MG) plasmid driven by a
human polymerase I promoter (hpPol-I GFP/Gluc) (47), and 0.1 pg of a
mammalian expression vector encoding Cypridina luciferase (Cluc) un-
der the control of the constitutively active simian virus 40 (SV40) pro-
moter (pSV40-Cluc; New England BioLabs) (53) to normalize transfec-
tion efficiencies. An empty pCAGGS plasmid was used to keep the
amount of transfected plasmid DNA constant (47). At 48 h p.t., reporter
gene expression was assessed by fluorescence microscopy (GFP) using a
Leica fluorescence microscope and luciferase activity (Gluc) was assessed
using a Lumicount luminometer (Packard) (47). The microscope images
were colored using Adobe Photoshop CS4 (v11.0) software. Luciferase
gene activities were determined using the Biolux Gaussia and Cypridina
Luciferase Assay kits (New England BioLabs). Reporter gene activation
(Gluc) is indicated as fold induction over the negative pCAGGS empty-
plasmid control (47). The mean value and standard deviation were calcu-
lated and statistical analysis using a two-tailed Student ¢ test was done
using Microsoft Excel software.

IEN-I inhibition assays. The fluorescence- and luminescence-based
assays to evaluate the activity of LCMV NP counteracting the induction of
IEN-I production have been described previously (42—44). Briefly, 293T
cells (4 X 10° cells/well; 12-well plate format; triplicates) were cotrans-
fected with 1 pg of the firefly luciferase (Fluc) reporter gene driven by the
beta interferon (IFN-B) promoter (pIFNB-Fluc), 1 pg of the GFP/chlor-
amphenicol acetyltransferase (CAT) reporter gene driven by the IFN-@3
promoter (pIFNB-GFP/CAT), 0.15 ng of the indicated LCMV NP
PCAGGS expression plasmids, and 0.1 g of a Renilla luciferase (Rluc)
reporter gene under the control of an SV40 promoter (pRL SV40; Pro-
mega) to normalize for transfection efficiencies, using a calcium phos-
phate-based mammalian transfection kit (Stratagene) (42—44). After
overnight transfection, cells were infected with Sendai virus, Cantell strain
(50), for an additional 24 h. IFN-f3 gene promoter activation was then
evaluated by GFP expression using a Leica microscope and by Fluc activity
using the Dual Luciferase reporter kit (Promega). Reporter gene activa-
tion is shown as relative light units (RLU) compared to SeV-infected cells
in the absence of LCMV NP (empty plasmid). The mean value and stan-
dard deviation were calculated and statistical analysis using a two-tailed
Student ¢ test was done using Microsoft Excel software.

Virus rescues and growth kinetics. All the rLCM viruses used in this
study are based on the ARM53b strain (54). To rescue rLCMV, BHK-21
cells (1 X 10° cells/well; 6-well plate format) were cotransfected with 0.8
g of PCAGGS NP, 1 g of pCAGGS L, 1.4 pg of the mouse pPol-IL, and
0.8 g of the mouse pPol-I S containing LCMV NP, using LPF2000
(48). At 12 h p.t., the medium was replaced with 2 ml of postinfection
medium (a 1:2 ratio of 10% FBS DMEM and Opti-MEM). At 72 h p.t., the
cells were trypsinized, scaled up into 10-cm dishes, and maintained for 3
days before tissue culture supernatants (TCS) were collected and assessed
for the presence of virus (47). Briefly, serial dilutions of TCS were used to
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infect Vero cells (4 X 10* cells/well; 96-well plate format; triplicates), and
titers were determined as focus-forming units (FFU)/ml (47) using an
LCMYV NP-specific monoclonal antibody (clone 1.1.3) (55). To evaluate
viral growth kinetics, BHK-21, A549, and Vero cells (1.25 X 10° cells/well;
24-well plate format; triplicates) were infected (multiplicity of infection
[MOI], 0.01) and TCS were collected at the indicated time points and
titrated as described above. The mean value and standard deviation were
calculated using Microsoft Excel software.

Reverse transcription (RT)-PCR. BHK-21 cells (5 X 10° cells/well;
6-well plate format) were infected (MOI, 0.01), and at 72 h p.i., total
cellular RNA was prepared using TRIzol (Invitrogen). Random hexamers
were used for initial cDNA synthesis using Superscript II reverse trans-
criptase (Invitrogen). cDNA was amplified by PCR using a combination
of LCMV NPy ;- or NP ,-specific primers. The amplified gene products
were examined on a 1% agarose DNA gel and analyzed by sequencing
(ACGT).

Viral stability. Vero cells (1 X 10° cells/well; 6-well plate format) were
infected (MOI, 0.1), and at 48 h p.i., TCS were collected and diluted 1:10
in reduced-serum cell medium (2% DMEM) before subsequent infec-
tions in Vero cells. Infected cells from each passage were collected for RNA
extraction, and LCMV NP was amplified by RT-PCR and sequenced
(ACGT).

Mouse experiments. To evaluate the virulence of ILCMV/NP, chi-
meras in vivo, B6 mice (6-week old immunocompetent males; n = 8) were
infected intracranially (i.c.) (10° PFU) with each of the indicated rLCM
viruses. The mice were monitored daily for development of clinical symp-
toms and survival for 12 days. To evaluate the protection efficacy of
rLCMV/NP.,, mice were immunized with PBS or with either
rLCMV/WT or rLCMV/NP,, intraperitoneally (i.p.) (10> PFU; n = 8).
At 4 weeks postinfection, the mice were lethally challenged with
rLCMV/WT (i.c.; 10> PFU) and monitored for development of clinical
symptoms and survival over 12 days. All animal experiments were done
under protocol 09-0137 and approved by The Scripps Research Institute
IACUC.

RESULTS

Effect of CD on LCMV NP expression and function. We selected
NP as a target to examine the potential of a CD-based approach for
the generation of an LCMYV live-attenuated arenavirus vaccine,
because NP plays critical roles in viral RNA replication and gene
transcription (1, 39, 52) and contributes to LCMV’s ability to
counteract the host IFN-I response to viral infection (41-45,
56, 57).

To evaluate the effect of CD on LCMV NP expression and
function, we reengineered its open reading frame (ORF) by incor-
porating at each amino acid position the least frequently used
codon in mammalian cells but preserving the intact LCMV NPy
amino acid sequence (Fig. 1A; see Fig. S1 in the supplemental
material). For this, we synthesized de novo the NP ¢cDNA to intro-
duce a total of 502 nucleotides of silent mutations into the LCMV
NP ORF, which affected 403 out of 558 amino acids (72.22%) (Fig.
1B). The resulting LCMV NP, was cloned into the pCAGGS
protein expression plasmid, which provided an HA tag at the C
terminus (51). Expression levels of LCMV NP, were signifi-
cantly reduced in human 293T cells, as determined by IFA and WB
assays (Fig. 1C and D). Accordingly, reduced NP expression levels
in cells transfected with LCMV NP, compared to cells trans-
fected with the same amount of plasmid expressing LCMV NPy,
correlated with a dramatic decrease of NP activity in viral replica-
tion and transcription using an MG rescue assay (47, 49, 52) (Fig.
2), as well as in its ability to inhibit activation of the IFN-@ pro-
moter in a cell-based reporter assay (42—-44) (Fig. 3).
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FIG 1 Characterization of CD LCMV NP chimeras. (A) Schematic representation of LCMV NP, chimeras. Wild-type LCMV NP (NPy,) regions are
represented by black boxes. The white boxes represent LCMV NP,. The numbers indicate the amino acid lengths of the respective regions. (B) Nucleotide and
amino acid changes in LCMV NP, chimeras. The discrepancies between mutated codons and the amino acid lengths indicated in panel A are due to codons that
are already deoptimized in LCMV NP, or that encode either methionine or tryptophan. (C and D) LCMV NP, chimera expression levels. Human 293T cells
were transiently transfected with expression plasmids encoding LCMV NP, chimeras and evaluated at 48 h p.t. for protein expression by IFA (C) and WB (D)
using an anti-HA mouse monoclonal antibody. Empty plasmid (E) and LCMV NP, were included as negative and positive controls, respectively. GAPDH
expression levels were used as loading controls. Representative images of three independent transfection experiments are shown. (D) The numbers indicate the

percentages of LCM NP, expression compared to that of LCMV NP, after normalization with GAPDH. (C) Scale bars = 100 pm.

Functional characterization of LCMV NP, chimeric con-
structs. The strong decrease in expression and function of LCMV
NP, suggested that rescue via reverse genetics of [LCMV con-
taining the NP, ORF (rLCMV/NP.,) might not be feasible,
which was confirmed by our several independent failed attempts
to rescue (LCMV/NP, (data not shown). We reasoned that this
obstacle could be overcome by finding a level of CD that resulted
in NP expression levels compatible with the generation of a viable
rLCMV. We therefore generated a collection of chimeric con-
structs containing varying lengths of CD sequences at the N ter-
minus (NP.p,_5) and C terminus (NP.p,_4) and the central re-
gion (NP, o) of LCMV NP (Fig. 1A and B), all containing a
C-terminal HA tag to facilitate their detection (51). Next, we ex-
amined the correlation between the expression levels of these
LCMV NPps and their degrees of CD by IFA (Fig. 1C) and WB
(Fig. 1D). Constructs NPcpy, NPepg, NPep,, NPepg, and NP,
which contained <<30% CD, displayed expression levels similar to
those obtained with a construct expressing LCMV NPy,. On the
other hand, constructs NP-p,, NP-ps, and, to a lesser extent,
NP6, which contained 30 to 50% CD, were moderately affected
in protein expression, whereas LCMV NP5, containing ~55%
CD, was severely affected in its expression, to levels comparable to
those of LCMV NP(,. We next examined whether the magnitude
of the effect on protein expression caused by the different degrees
of CD correlated, as predicted, with the effects observed on LCMV
NP functional activities. For this, we evaluated the activities of the
LCMV NP, chimeric constructs in the MG rescue assay (47, 49,
52) and in cell-based reporter assays that measured IFN-f3 pro-
moter activation (42—44). Levels of viral replication and gene ex-
pression of the MG, as determined by GFP expression (Fig. 2A)
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and Gaussia luciferase activity (Fig. 2B), correlated with the degree
of CD and protein expression afforded by each LCMV NP, con-
struct (Fig. 2C).

LCMV (and other arenavirus) NP has been shown to block
IFN-I induction during viral infection (42—44). This anti-IFN ac-
tivity of arenavirus NP has been attributed to a recently identified
3’-5" exoribonuclease domain in the C terminus of NP, which is
thought to digest double-stranded RNA (dsRNA) substrates
formed during viral replication in an attempt to mask infection
from cellular detection (56—60). Thus, we evaluated whether re-
duced protein expression levels would affect the abilities of differ-
ent NP chimeras to inhibit SeV-mediated activation of an IFN-3
promoter (42—44). The magnitude of LCMV NP ,-mediated in-
hibition of IFN-B promoter activation in response to SeV
infection, as determined by GFP expression (Fig. 3A) or firefly
luciferase activity (Fig. 3B), correlated with LCMV NP expression
levels (Fig. 3C). These results demonstrated that the degree of
CD (NPyyp > NP¢p; > NPcpy > NPepg > NPep; = NPepg >
NPp, = NPps > NP > NP > NP, correlated well with
reduced levels of LCMV NP expression and its functional activi-
ties.

Generation of recombinant viruses expressing LCMV NP,
chimeric constructs (rLCMV/NP.p,). We next used reverse-ge-
netics approaches (47, 49, 52) to rescue r(LCMV containing NPs
with different degrees of CD that were predicted to be viable based
on results from expression and function analyses of the corre-
sponding NP, constructs. The identity of the rescued rLCMV
was confirmed by RT-PCR using RNA extracted from infected
BHK-21 cells and primers specific for LCMV NPy, or NP, (Fig.
4), followed by sequencing of the amplified PCR products (data
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FIG 2 Functional characterization of LCMV NP, chimeras in viral replication and transcription. Human 293T cells were transiently cotransfected (triplicates)
with the indicated pPCAGGS LCMV NP, expression plasmids, together with pPCAGGS LCMV L, the human LCMV MG plasmid pPol-I GFP/Gluc, and an SV40
Cypridinaluciferase expression plasmid (pSV40-Cluc), to normalize transfection efficiencies. (A and B) At 48 h p.t., MG activities were evaluated by GFP (A) and
Gluc (B) expression. Representative images of three independent transfections are shown. Luciferase activity is represented as fold induction over cells transfected
with empty plasmid (E) in place of LCMV NP. The error bars indicate standard deviations. *, P < 0.05; **, P =< 0.005. (C) LCMV NP, expression levels in
collected total cell lysates were determined by WB using an anti-HA mouse monoclonal antibody and an HRP-conjugated rabbit anti-mouse polyclonal antibody.
GAPDH was included as a loading control. The numbers indicate the percentages of LCMV NP, expression compared to that of LCMV NP, after

normalization to GAPDH. Scale bars, 100 pm.

not shown). We evaluated the growth kinetics of the rescued
rLCMV/NP, in BHK-21 (Fig. 5A), A549 (Fig. 5B), and Vero
(Fig. 5C) cells. We observed a correlation between the expression
levels of LCMV NP, chimeras and their ability to replicate in the
different cell lines (r(LCMV/NP¢p, > rLCMV/NP g > rLCMV/
NPcpy > rLCMV/NP.,, > rLCMV/NPcp,). Importantly,
rLCMV/NPp,, ILCMV/NP g, and rTLCMV/NP -, were slightly
attenuated compared with TLCMV/WT. As expected, based on the
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degree of CD, r(LCMV/NPp; and rLCMV/NP,, were the most
attenuated rLCM viruses in all the cell lines tested. Interestingly,
viral attenuation was more pronounced in A549 cells than in Vero
or BHK-21 cells. These differences could be due to species-specific
codon usage (CD was based on mammalian codon usage), tRNA
availability in the different cell lines, or a decrease in viral fitness
in IFN-I-competent A549 cells compared to IFN-I-deficient
BHK-21 and Vero cells (42, 61). Intriguingly, -(LCMV/NP,; and

jviasm.org 3527


http://jvi.asm.org

Cheng et al.

E WT

C)

N ADVOY DO Lo
¢ S

CD CD1 CD2 CD3 CD4 CD5 CD6 CD7 CD8 CD9

’\(9%(9%

0 100 O 84 40 4 11271 60122135 78

a-GAPDH ---..--“-..ﬂ

FIG 3 Inhibition of IFN- promoter activation by LCMV NP, chimeras. Human 293T cells were transiently cotransfected with the indicated pPCAGGS LCMV
NP, expression plasmids, along with pIFNB-GFP/CAT and pIFN-Fluc, and an SV40-driven Renilla luciferase plasmid (pRL SV40) to normalize transfection
efficiencies. At 24 h p.t., the cells were infected with SeV (MO], 3), and 24 h later, IEN-[3 promoter activity was determined by GFP (A) and Fluc (B) activities. (A)
Mean values and standard deviations are shown. Statistical analysis using a two-tailed Student ¢ test was done using Microsoft Excel software. *, P < 0.05. (B)
Representative images of three independent transfections are shown. Luciferase activity is represented as RLU normalized to cells transfected with empty plasmid
(E) in place of LCMV NP. (C) LCMV NP, expression levels in total cell lysates were determined by WB using GAPDH as a loading control. The numbers
indicate the percentages of LCMV NP, expression compared to that of LCMV NP, after normalization with GAPDH. Scale bars, 100 pm.

rLCMV/NPp, kinetics were very similar in all three cell lines
tested, while their expression levels (Fig. 1) and their activities in
the minigenome assay (Fig. 2) using plasmid-based transfections
seemed different.

Safety and protective efficacy of rLCMV/NPy, viruses. To
assess the potential use of a CD-based approach for the develop-
ment of arenavirus live-attenuated vaccine candidates, we evalu-
ated the virulence and protective efficacies of selected rLCMV/
NP, in vivo using the well-characterized mouse model of LCMV
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infection. To that end, we infected 6-week-old male B6 mice i.c.
with 10° PFU of rLCMV/WT, rLCMV/NPp,,, rLCMV/NPp,,
and rLCMV/NP,, (Table 1). As predicted, by day 6 p.i., all mice
infected with TLCMV/WT developed clinical symptoms of LCM
disease and died within 8 days after inoculation. Mice infected
with rLCMV/NP,, exhibited the same morbidity and mortality
as mice infected with rLCMV/WT. In contrast, all mice infected
with rTLCMV/NP¢p,; and rLCMV/NP,, survived and remained
free of clinical symptoms throughout the duration of the experi-

April 2015 Volume 89 Number 7


http://jvi.asm.org

A)
WT
CD1 347
D2 | %68 290 |
CD7 211 [57 ] 290
CcDS8 268 [ 151 KL}
CcDh9 211 [ 208 |
B) &
D Q A ) )
e &S SSS
WT5
WT 3’
cD5
cb3
WT5
cb3
cD5
WT 3’

FIG 4 Confirmation of rLCMV/NP,. (A) Schematic representation of
rLCMV/NP, rescued viruses. Wild-type LCMV NP regions are represented
by black boxes. The white boxes represent LCMV NP.,. The numbers indicate
the amino acid lengths of the respective regions. (B) Genetic characterization
of (LCMV/NP,. BHK-21 cells were mock infected or infected (MOI, 0.01)
with either TLCMV/NPyy. or ILCMV/NP, chimeras. At 72 h p.i., cells were
collected and rLCM viruses were characterized by RT-PCR using the indicated
primers. The RT-PCR products were analyzed on a 1% agarose gel.

ment (12 days). Moreover, they were fully protected against an i.c.
lethal challenge with rLCMV/WT administered 4 weeks after the
initial infection (Table 2). These findings indicated that rTLCMV/
NPp, and rLCMV/NP,, had a highly attenuated phenotype in
vivo while retaining the ability to trigger a protective immune
response against a subsequent rLCMV/WT lethal challenge. We
then assessed whether, in a commonly used protocol of LCMV
immunization (10° PFU; i.p. route), TLCMV/NPp, and rLCMV/
NP, were also capable of inducing protective immunity against
a subsequent rLCMV/WT lethal challenge (10° PFU, i.c.) (Table
3). All mice immunized i.p. with rLCMV/WT, rLCMV/NP,,, or
rLCMV/NP, survived the challenge and remained free of clin-
ical symptoms throughout the duration of the experiment (12
days). As expected, all mock (PBS)-immunized mice developed
severe clinical symptoms and died within 8 days of the i.c. chal-
lenge with [LCMV/WT. Altogether, these results demonstrate the
feasibility of using rLCMV/NP, to develop safe and protective
live-attenuated vaccines.

Genetic and phenotypic stability of rLCMV/NP,. Due to the
high mutation rates associated with RNA viruses, it was important
to determine that serial passages of attenuated rLCMV/NP, in
Vero cells, which mimics the process of manufacturing and gen-
erating stocks of vaccine in an FDA-approved cell line, did not
accumulate genetic changes that could affect the attenuated phe-
notype. To examine this, we conducted serial passages of ILCMV/
WT, rLCMV/NP,;, and r[LCMV/NP, in Vero cells and deter-
mined the NP sequence at passage 10 (P10) for each of the viruses.
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FIG 5 rLCMV/NP, growth kinetics. BHK21 (A), A549 (B), and Vero (C)
cells were infected with the indicated viruses (MOI, 0.01), and viral titers in
TCS were determined by immunofocus assay (FFU/ml) at the indicated times
postinfection. The dashed lines indicate the limit of detection (20 FFU/ml).

We found only two silent mutations in rfLCMV/NP,, and
rLCMV/NP,, (Fig. 6A). We next assessed whether these muta-
tions in rTLCMV/NP¢p; and rLCMV/NP,, restored rLCMV/
WT-like growth properties in cultured cells or altered the in vivo
attenuated phenotype. P10 of both r(LCMV/NP,; and r(LCMV/
NP, exhibited growth kinetics properties in BHK-21 (Fig. 6B),
A549 (Fig. 6C), and Vero (Fig. 6D) cells similar to those observed
for the corresponding parental rTLCMV/NP.,, and rLCMV/
NP, viruses. More importantly, all the mice infected (i.c.; 10
PFU) with r(LCMV/NP¢p; or r(LCMV/NPp,, P10 survived and
remained free of any noticeable clinical symptoms through the
entire duration of the study (data not shown).

DISCUSSION

Genome scale changes in codon pair bias have been successfully
used to generate attenuated viruses exhibiting properties amena-
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TABLE 1 In vivo attenuation of (LCMV/NP_, correlates with the
degree of codon deoptimization”

TABLE 3 Immunization with rLCMV/NP,; or (LCMV/NP,,
induces protection against a lethal challenge with r(LCMV/WT*

Survival (%) at day p.i.:

Survival (%) at day postchallenge:

rLCMV 6 7 8 12 Immunization 6 7 8 12
PBS 100 100 100 100 PBS 100 25 0

WT 100 37.5 0 WT 100 100 100 100
CD1 100 100 100 100 CD1 100 100 100 100
CD2 100 100 100 100 CD2 100 100 100 100
CD7 100 25 0

@ Six-week-old male B6 mice (1 = 8) were infected (i.c; 10° PFU) with the indicated
rLCM viruses or inoculated with the virus diluent, PBS. The mice were monitored daily
for morbidity and mortality until the experimental endpoint (12 days p.i.).

ble for the development of live-attenuated vaccines (36-38).
These approaches, however, require the use of computer algo-
rithms to design viral genomes with appropriate pair-deoptimized
codons (36-38), and the use of alternative codon pair deoptimi-
zation might result in different degrees of attenuation. In this
work, we used a more direct approach to engineer rLCMVs in
which the majority of the amino acid residues of the viral NP are
encoded by the least-preferred codon in mammalian cells, which
was predicted to result in reduced protein expression and, there-
fore, viral attenuation. We selected NP for our initial studies to
explore the effect of CD of the arenavirus genome, because NP is
the most abundant viral protein present in infected cells and viri-
ons (1) and NP also plays many essential roles in the virus life cycle
(40, 41, 44, 45, 51). We succeeded in generating a variety of
rLCMV/NP, viruses that were highly attenuated in vivo but able
to induce protection against a subsequent lethal challenge with
rLCMV/WT.

CD for the generation of live-attenuated vaccine candidates
offers several unique advantages over other current strategies.
First, a CD live-attenuated vaccine contains hundreds of silent
mutations at the nucleotide level that would make viral reversion
to a virulent WT phenotype extremely unlikely, if not impossible
(36-38). Concern about reversion to a virulent phenotype is par-
ticularly important for RNA viruses, because their error-prone
replication machinery has the potential for rapid evolution (62).
Thus, in the case of the influenza virus live-attenuated vaccines,
viral attenuation is produced by 4 amino acid changes in the viral
polymerase subunits (K391E, E581G, and A661T in PB1; N265S in
PB2) and 1 amino acid change in the viral NP (D34G) (63). These
amino acid changes confer a temperature-sensitive phenotype on
the virus, allowing its replication only at 33°C (63). Due to the
potential to revert to a pathogenic phenotype, as well as the ability
to cause symptoms associated with natural influenza virus infec-

TABLE 2 Ability of (LCMV/NP, to protect against an r(LCMV/WT
lethal challenge”

Survival (%) at day postchallenge:

Primary

infection 6 7 8 12
PBS 100 0

CD1 100 100 100 100
CD2 100 100 100 100

“ Mice (n = 8) infected (i.c; 10> PFU) with rLCMV/NP,, or (LCMV/NP.,, (Table 1)
were fully protected against a subsequent lethal challenge with [LCMV/WT (i.c; 10°
PFU). The mice were monitored daily for morbidity and mortality until the
experimental endpoint (12 days p.i.).
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@ Six week-old male B6 mice (n = 8) were immunized with the indicated viruses (i.p.;
10° PFU) or inoculated with the virus diluent (PBS) and infected for 4 weeks with
rLCMV/WT (i.c.; 10° PFU). The mice were monitored daily for morbidity and
mortality.

tion, the influenza virus live-attenuated vaccine is limited to use in
healthy individuals 5 to 65 years old with a competent immune
system but excluded for use in immunocompromised individuals
and pregnant women (64—67). Notably, in the case of the live-
attenuated vaccine Candid no. 1 strain of JUNV, a single amino
acid mutation in the viral GPC (F427I) (18, 19) has been shown to
confer the phenotype of the pathogenic XJ13 strain of JUNV, the
causative agent of AHF in humans (68), which raises significant
safety concerns. In our studies, 10 sequential passages of [LCMV/
NPp; and rLCMV/NP ., in Vero cells, a cell substrate approved
by the FDA for production of human vaccines, resulted in two
silent point mutations in each of the viruses that did not affect
their attenuated phenotype either in cultured cells or in vivo. Nev-
ertheless, we cannot formally rule out the possibility that accumu-
lation of compensatory mutations during scale-up vaccine
production could result in enhanced NP expression and the emer-
gence of a virus genotype associated with increased virulence. Sec-
ond, CD does not affect the viral protein sequence, and thus, the
virus retains an intact antigenic repertoire identical to that of WT
virus, which should help to generate comparable B and T cell
immune responses. Third, generation of CD live-attenuated vac-
cine can be rapidly achieved by combining the de novo synthesis of
CD genes (or gene segments) with our state-of-the-art plasmid-
based reverse-genetics technologies (47—49). Moreover, it should
be noted that reassortment between a circulating pathogenic are-
navirus strain and a CD live-attenuated arenavirus vaccine it is
highly unlikely to result in a genetic combination associated with
increased virulence compared to the already circulating patho-
genic strain. A similar argument is applicable to potential recom-
bination events between a pathogenic circulating arenavirus strain
and its corresponding CD-based live-attenuated arenavirus vac-
cine. Moreover, it should be noted that the characteristics of the
ribonucleoprotein (RNP) complex responsible for directing RNA
replication and gene transcription of negative-strand (NS) RNA
viruses, including arenaviruses, determines that recombination
events are highly unlikely to occur during multiplication of NS
RNA viruses.

Contrary to the situation observed with other viruses slated for
CD (36-38), we were not able to generate an rLCMV containing a
fully CD NP due to the very low NP expression levels and corre-
sponding reduced functional properties (1). Thus, we first had to
identify the optimal degree of CD in LCMV NP that allowed us to
rescue a viable CD rLCMV. We observed that the degree of CD
introduced in LCMV NP correlated with NP expression and func-
tionality. Importantly, this approach allowed us to generate
rLCMVs displaying different degrees of attenuation in vitro and in
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FIG 6 Genetic and phenotypic stability of [LCMV NP, chimeras. (A) Genetic stability. Vero cells were infected (MOI, 0.1) with [LCMV/NPy., [LCMV/
NP¢py, and rLCMV/NP ., viruses. At 48 h p.i., TCS were collected and used to infect (1:10 dilution) fresh Vero cells for 10 passages. Total RNA from last-passage
(P10)-infected Vero cells was extracted and used for RT-PCR of LCMV NP. The PCR products were sequenced, and the mutations identified in LCMV NP are
indicated. (B to D) Growth kinetics. BHK-21 (B), A549 (C), and Vero (D) cells were infected with rLCMV/NPy,, ILCMV/NP,,, and r(LCMV/NP,, P10
viruses (MOI, 0.01), and the viral titers at the indicated times postinfection were determined by immunofocus assay (FFU/ml). The error bars indicate standard

deviations.

vivo based on their levels of CD. Unexpectedly, we could not res-
cue rLCMV/NP, or any rLCMV containing CD sequences at
the C-terminal end of LCMV NP, the reason for which remains to
be determined. Whether similar levels of attenuation and protec-
tion efficacy could be achieved by CD of similar NP regions in
other arenaviruses, including those causing HF disease in humans,
is currently being evaluated. Nevertheless, our findings support
the idea that a CD-based strategy might be effective for the devel-
opment of a safe, stable, and protective live-attenuated vaccine to
combat human-pathogenic arenaviruses. Moreover, this CD-
based approach could be used in combination with our triseg-
mented arenavirus platform (47, 69, 70), which could facilitate the
development of attenuated recombinant trisegmented arenavi-
ruses expressing antigens from different human pathogens to fa-
cilitate the development of recombinant live-attenuated vaccines
that could induce protection against several different human
pathogens.
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