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Abstract

Several arenaviruses, chiefly Lassa (LASV) in West Africa, cause hemorrhagic fever (HF) disease
in humans and pose important public health problems in their endemic regions. To date, there are
no FDA-approved arenavirus vaccines and current anti-arenaviral therapy is limited to the use of
ribavirin that has very limited efficacy. In this work we dcument that a recombinant prototypic
arenavirus lymphocytic choriomeningitis virus (LCMV) with a codon deoptimized (CD) surface
glycoprotein (GP), rLCMV/CD, exhibited wild type (WT)-like growth properties in cultured cells
despite barely detectable GP expression levels in rLCMV/CD-infected cells. Importantly,
rLCMV/CD was highly attenuated /n7 vivo but able to induce complete protection against a
subsequent lethal challenge with rLCMV/WT. Our findings support the feasibility of
implementing an arenavirus GP CD-based approach for the development of safe and effective live-
attenuated vaccines (LAVs) to combat diseases caused by human pathogenic arenaviruses.
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1. Introduction

Several members in the Arenaviridae family cause hemorrhagic fever (HF) disease in
humans (Buchmeier et al., 2007; McCormick and Fisher-Hoch, 2002). Thus, Lassa (LASV)
in West Africa and Junin (JUNV) in the Argentine Pampas, cause Lassa fever (LF) and
Argentine HF, respectively, diseases in humans that are associated with high morbidity and
significant mortality, and pose an important public health problem in their endemic areas
(Borio et al., 2002; Buchmeier et al., 2007; McCormick and Fisher-Hoch, 2002). Moreover,
increased travel has resulted in the importation of LF cases into non-endemic metropolitan
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regions in the USA, Europe and Japan (Buchmeier et al., 2007; Holmes et al., 1990;
Isaacson, 2001). Moreover, novel arenaviruses are being discovered every one to three years
(Kunz, 2009), including the recent identification of two novel HF-causing arenaviruses:
Chapare in Bolivia in 2003 (Delgado et al., 2008) and Lujo in Southern Africa in 2008
(Briese et al., 2009). It should be also noted that mounting evidence indicates that the
worldwide-distributed prototypic arenavirus lymphocytic choriomeningitis virus (LCMV) is
a neglected human pathogen of clinical relevance (Fischer et al., 2006; Palacios et al., 2008;
Schafer et al., 2014). In addition, several arenaviruses pose a credible bioterrorism threat and
six of them, including LASV and JUNV are classified as Category A agents by the National
Institute of Allergy and Infectious Diseases (NIAID) (Borio et al., 2002; Charrel and de
Lamballerie, 2003). Despite the significance of arenaviruses in public health and biodefense
readiness, to date there are no vaccines approved by the Food and Drug Administration
(FDA) and current anti-arenavirus therapy is limited to the off-labeled use of the broad-
spectrum nucleoside analog ribavirin that is only partially effective and requires an early and
intravenous administration and can also cause significant side effects (Kilgore et al., 1997;
McKee et al., 1988; Snell, 1988).

Epidemiological studies indicate that live-attenuated vaccines (LAV) represent the most
feasible approach to control HF arenaviruses within their endemic regions, as LAV induce
long-term robust cellular and humoral immune responses following a single immunization
(Falzarano and Feldmann, 2013; Fisher-Hoch and McCormick, 2004; Lukashevich, 2012;
McCormick and Fisher-Hoch, 2002). The JUNV live-attenuated Candid#1 strain developed
from a joint effort between the USA Army Medical Research Institute of Infectious Diseases
(USAMRIID) and the Argentine Ministry of Health in the early 1990 s, has been shown to
be an effective vaccine against Argentine HF (Enria et al., 2008, 2010; Maiztegui et al.,
1998; McKee et al., 1992). However, outside Argentina, Candid#1 remains as an
investigational new drug (IND). The reassortant ML29 carrying the L segment from the non-
pathogenic Mopeia virus (MOPV) and the S segment from LASV has been shown to be
safe, immunogenic and capable of provide protection in guinea pig and non-human primate
models of LF (Carrion et al., 2007; Lukashevich et al., 2005, 2008). Differences in
polymerase activity between LASV and MOPV likely contributed to ML29 attenuation but
the mechanisms of attenuation of ML29 remain unknown, which raises concerns about
whether the acquisition of additional mutations by the L polymerase of ML29 could result in
increased virulence. Likewise, there are concerns that potential reassortants between ML29
and circulating virulent strains of LASV could result in viruses with enhanced virulence
(Greenbaum et al., 2012). Therefore, there is an unmet need for novel strategies to develop
safe and effective LAV against disease caused by arenavirus infections.

Arenaviruses use an ambisense coding strategy to produce two viral proteins from each of its
genome segments (Buchmeier et al., 2007). The large (L) segment encodes for the RNA-
dependent-RNA-polymerase (L) (Buchmeier et al., 2007; Lee et al., 2000) and the matrix
protein (Z) that mediates viral assembly and budding (Perez et al., 2003; Strecker et al.,
2003; Urata and de la Torre, 2011). The small (S) segment encodes for the viral glycoprotein
precursor (GPC) and the viral nucleoprotein (NP). GPC is co-translationally cleaved by
signal peptidase to produce a stable 58 amino acid Stable Signal Peptide (SSP) and GPC that
is post-translationally processed by the cellular Site 1 Protease (S1P) to yield the two mature
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virion GP1 and GP2 glycoproteins that together with SSP form the GP complex involved in
receptor binding and virus cell entry (Beyer et al., 2003; Buchmeier et al., 2007; Pinschewer
et al., 2003; Rojek and Kunz, 2008; Rojek et al., 2008), NP, is the most abundant viral
protein in infected cells and virions (Buchmeier et al., 2007) and performs multiple roles
during infection, including encapsidation of the viral genome RNA species to form, together
with L, the viral ribonucleoprotein (VRNPs) complex that directs the biosynthetic processes
of RNA replication and gene transcription of the viral genome (Lee et al., 2000; Ortiz-Riano
etal., 2012a, 2012b), and inhibition of the cellular type I interferon (IFN-I) (Borrow et al.,
2010; Martinez-Sobrido et al., 2006, 2007, 2009, Pythoud et al., 2012, 2015) and
inflammatory (Borrow et al., 2010; Lee et al., 2000; Rodrigo et al., 2012) responses.

Codon usage bias refers to the redundancy of the genetic code, where amino acids are
determined by synonymous codons at different frequencies (Gustafsson et al., 2004;
Ikemura, 1982; Nakamura et al., 1996). The process of codon optimization (CO), where
each amino acid is encoded by the most abundant codon, is frequently exploited to improve
gene expression in heterologous systems (Kane, 1995; Smith, 1996; Yadava and
Ockenhouse, 2003), a strategy that is used to increase immune responses to antigens (Andre
et al., 1998; Ramakrishna et al., 2004; Tenbusch et al., 2010). Conversely, codon
deoptimization (CD), where each amino acid is encoded by the less abundant codon, is used
to decrease gene expression leading to reduced viral protein production (Zhou et al., 1999).
Accordingly, several RNA viruses have been effectively attenuated by CD of a single or a
limited number of viral gene products (Burns et al., 2006; Cheng et al., 2015b; Le Nouen et
al., 2014; Mueller et al., 2006, 2010; Nogales et al., 2014; Yang et al., 2013). We have
previously documented the feasibility of generating rLCM viruses with partial, but not fully,
CD of the viral NP that were attenuated /7 vivo but able to induce protective immunity
against a lethal challenge with wild type (WT) LCMV (Cheng et al., 2015c). Our inability to
rescue an rLCMV with a fully CD NP likely reflected the multiple critical roles played by
NP in the arenavirus life cycle. Therefore, the generation of arenavirus LAV based on CD of
NP would require extensive testing to identify the degree of NP CD compatible with robust
viral growth in cell substrates used for vaccine production, while resulting in complete lack
of virulence /in vivo while retaining the virus’s ability to induce protective immunity against
a virulent strain. In this work we have investigated whether these limitations could be solved
by the use of an rLCMV expressing a fully CD GP. We successfully rescued a rLCMV
encoding a fully CD GP (rLCMV/CD) that replicated to similar titers as r(LCMV/WT in
cultured cells despite expression levels of GP CD in infected cell were barely detectable.
Notably, rLCMV/CD was highly attenuated /77 vivo and able to confer full protection, upon a
single immunization dose, against a subsequent lethal challenge with r(LCMV/WT. These
results support the feasibility of using a GP CD-based approach for the development of safe
and protective LAV to protect against disease caused by human pathogenic arenaviruses.

2.1. Effect of codon deoptimization (CD) on LCMV GP expression levels

We have shown that magnitude of CD of LCMV NP negatively correlates with NP
expression levels in transfected or infected cells (Cheng et al., 2015c¢). To determine whether
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this was a finding generally applicable to other arenaviral gene products, we synthesized de
novoan LCMV GP where each amino acid was substituted by the least frequently used
codon in mammalians cells (Gustafsson et al., 2004; Ikemura, 1982; Nakamura et al., 1996)
(Supplementary Fig. 1), while preserving the intact LCMV GP WT amino acid sequence
(Fig. 1A). The resulting LCMV GP CD contained a total of 431 nucleotide silent mutations
out of a total of 1,494 (28.8%) that resulted in the codon-deoptimization of 357 out of 498
amino acids (71.7%) (Fig. 1B). LCMV GP CD was cloned into the pPCAGGS plasmid to
evaluate GP CD expression levels in transfected human 293 T cells by IFA (Fig. 1C), FACS
(Fig. 1D) and WB (Fig. 1E) assays (Cheng et al., 2015c). We observed significantly reduced
GP expression levels in cells transfected with LCMV GP CD as compared to cells
transfected with the same amount of plasmid encoding LCMV GP WT.

2.2. Generation and characterization of a recombinant LCMV expressing a CD GP

(rLCMV/CD)

We have described the generation of attenuated rLCM viruses containing partially CD NP
(Cheng et al., 2015c), but we were unable to rescue a rLCMYV containing a fully CD NP
(Cheng et al., 2015c). In contrast, we were able to rescue rLCMV/CD with high efficiency.
The identity of the rLCMV/CD was confirmed by RT-PCR, using RNA extracted from
infected BHK-21 cells and primers specific to either LCMV GP WT or LCMV GP CD (Fig.
2), and sequence analysis of the PCR products (data not shown). Next, we compared the
growth kinetics of the rLCMV/CD and rLCMV/WT in human A549 (Fig. 3A), rodent
BHK-21 (Fig. 3B) and African green monkey kidney Vero cells (Fig. 3C). Complete CD of
GP should result in highly reduced expression levels of GP1 and GP2 proteins, which would
be expected to affect LCMV multiplication. However, unexpectedly, in BHK-21 and Vero
cells rLCMV/CD and rLCMV/WT exhibited similar growth kinetics and peak titers,
whereas in A549 cells r(LCMV/CD displayed a growth kinetics delay and lower peak titers
compared to r(LCMV/WT. These differences could be due to species-specific codon usage
(CD was based on mammalian codon usage), tRNA availability in these 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 (Karki et al., 2012; Martinez-Sobrido et al., 2009).

2.3. GP expression levels in rLCMV/CD-infected cells

Our results from cells transfected with WT and CD GPs (Fig. 1) were consistent with the
expected negative effect of CD on protein translation efficiency (Zhou et al., 1999).
However, CD of GP did not affect significantly growth properties of rLCMV/CD in cultured
cells (Fig. 3). This could reflect that translation efficiency of GP CD was not affected in the
context of infection, or that reduced expression levels of GP in rLCMV/CD-infected cells
were still sufficient to support high levels of LCMV multiplication. To evaluate these
possibilities, we infected (moi=0.1) BHK-21 cells with LMCV/WT and rLCMV/CD and
analyzed the kinetics of RNA synthesis, both replication and transcription (Fig. 4A) and GP
expression (Fig. 4B-D). Consistent with the results of production of infectious progeny over
time (Fig. 3), we did not detect significant differences in the kinetics and levels of viral RNA
synthesis, both replication and transcription, between rLCMV/WT- and rLCMV/CD-
infected cells (Fig. 4A). In contrast, GP expression levels were significantly lower in
rLCMV/CD than in r(LCMV/WT-infected BHK-21 cells as determined by WB (Fig. 4B) and
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FACS (Fig. 4D), even with similar levels of infection, as determined by NP expression (Fig.
4C and D). These results indicated that reduced levels of GP expression caused by CD of GP
were still sufficient to promote WT-like growth properties in cultured cells.

2.4. Morphology of rLCMV/CD virions

We next evaluated if reduced GP expression levels in rLCMV/CD-infected cells (Figs. 3 and
4) resulted in lower incorporation of GP into virions or had an effect on virus morphology.
For this, we purified rLCMV/WT and rLCMV/CD virions from the TCS of infected
BHK-21 cells. Both rLCMV/WT (Fig. 5A) and rLCMV/CD (Fig. 5B) exhibited similar
spherical shape morphology with a heterogeneous (60-100 nm) size in diameter, when
observed at low or high magnification, which was consistent with previous findings
(Rodrigo et al., 2011). These results indicated that the significantly lower expression levels
of GP in rLCMV/CD compared to rLCMV/WT-infected cells (Figs. 3 and 4), did not
significantly affect virion morphology. We also evaluated the presence of GP in purified
rLCMV/WT and rLCMV/CD by immunostaining with a monoclonal antibody to LCMV
GP1 (36.1) (Fig. 5C). We observed that significant higher levels of GP WT than GP CD
were incorporated into virion particles as determined by the presence of 12 nm gold particles
(Fig. 5C). We quantified the presence of viral gold particles/virion (Fig. 5D), which
indicated that purified rLCMV/WT contained about 10-fold higher levels of gold particles
than purified rLCMV/CD (Fig. 5D), indicating a lower density of GP in purified
rLCMV/CD as compared to r(LCMV/WT.

2.5. Virulence and protective efficacy of rLCMV/CD against a lethal challenge with
rLCMV/WT in mice

To assess the potential of GP CD-based approach for the development of arenavirus LAV, we
examined the safety (Table 1) and protection efficacy (Table 2) of our (LCMV/CD using the
well-characterized mouse model of LCMYV induced fatal choriomeningitis (Cheng et al.,
20154, 2015c¢). In this model, six week-old male and female WT B6 mice inoculated i.c.
with (LCMV/WT (102 PFU) succumb (100% mortality) between 7 and 8 days p.i. due to a
robust immune cellular response to viral antigens present at high levels in the choroid plexus
and meninges, which causes a fatal lymphocytic choriomeningitis (LCM). This infection
model provides us with a reliable and rapid test to assess the attenuation /n vivo of
rLCMV/CD. As expected, all mice infected i.c. with r(LCMV/WT developed clinical
symptoms of LCM disease and died within the first 8 days of infection (Table 1). In contrast,
all mice infected with rLCMV/CD survived and remained free of clinical symptoms
throughout the duration (12 days) of the experiment. Attenuation of rLCMV/CD correlated
with significantly reduced levels of virus multiplication in brains of infected mice, compared
to rLCMV/WT-infected mice (Fig. 6). We then assessed whether a single-dose immunization
with rLCMV/CD using a standard protocol of immunization (10° FFU, i.p.) was capable of
inducing protective immunity against a subsequent lethal challenge with WT LCMV (103
FFU, i.c.) (Table 2). Within this model, mice immunized with rLCMV/CD can be
subsequently exposed to a lethal challenge with rLCMV/WT (103 FFU, i.c.) to assess the
protective efficacy of rLCMV/CD as candidate LAV. All mice vaccinated with rLCMV/CD
were fully protected against the lethal challenge with rLCMV/WT and remained free of
clinical symptoms throughout the duration of the experiment (12 days). As expected, all
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PBS-vaccinated mice developed clinical symptoms and died within the 8 days after the
challenge with rLCMV/WT (Table 2) (Cheng et al., 2015a, 2015c). These results
demonstrated that rLCMV/CD was highly attenuated /n7 vivo (Table 1) but able to trigger a
protective immune response against a subsequent lethal challenge with (LCMV/WT (Table
2).

2.6. Generation of rSLCMV/CD

We have documented the generation of r3 arenaviruses expressing foreign genes of interest
(GOI) (Cheng et al., 2013; Emonet et al., 2009; Ortiz-Riano et al., 2013; Popkin et al.,
2011). Several r3 arenaviruses tested exhibited attenuation in mice, but still retained a
significant degree of pathogenicity upon i.c. inoculation of adult immune mice (Emonet et
al., 2009). Therefore, the use of r3 arenaviruses as vaccine vectors would require to increase
their degree of attenuation. To evaluate if the GP CD-based approach could be used for the
development of safer r3 arenavirus vaccine vectors, we generated a r3LCMV/CD that
expressed GFP and Gaussia luciferase (Gluc) from the NP and GPC loci, respectively (Fig.
7). Growth kinetics in A549 (Fig. 7Ai), BHK21 (Fig. 7Bi) and Vero (Fig. 7Ci) cells
demonstrated further attenuation of r3LCMV/CD as compared to r3LCMV/WT. Reduced
r3LCMV/CD multiplication was further confirmed in each of these cell lines by measuring
expression levels of Gluc (Fig. 7A-C, ii) and GFP (Fig. 7A-C, iii).

3. Discussion

LF poses a major public health problem in West Africa, and the importation of LF cases, due
to traveling, to non-endemic regions across the world illustrates the global public threat
posed by LASV, and underscores the need of having in place intervention strategies to
control LASV within its endemic regions (Buchmeier et al., 2007; Holmes et al., 1990;
Isaacson, 2001). Currently, there are no FDA-approved vaccines to combat human
arenavirus infections and current anti-arenaviral therapy is limited to an off-label use of the
nucleoside analog ribavirin that is only partially effective (Kilgore et al., 1997; McKee et al.,
1988; Snell, 1988). The ML29 reassortant is a promising LASV LAV that has been shown to
provide effective protection in different animal models of LASV induced disease (Carrion et
al., 2007; Lukashevich et al., 2005, 2008). However, the mechanisms responsible for ML29
attenuation remain unknown (Olschlager and Flatz, 2013), and therefore the incorporation of
a limited number of additional mutations into the ML29 genome might result in viruses with
enhanced virulence (Greenbaum et al., 2012). Similarly, the phenotypic stability of
Candid#1, the JUNV LAV, has not been fully examined and safety concerns have recently
arose since a single amino acid substitution (F4271) in the GP of the pathogenic JUNV XJ13
leads to an Candid#1-like attenuated phenotype (Albarino et al., 2011; Droniou-Bonzom et
al., 2011), suggesting that a limited number of mutations could result in reversion of
Candid#1 into a more virulent strain.

The use of suboptimal codon pair bias has gained attention recently as a novel strategy for
the development of viral LAV. This strategy has been used for the generation of LAV
candidates for poliovirus (Burns et al., 2009; Mueller et al., 2006), influenza A virus
(Mueller et al., 2010; Nogales et al., 2014; Yang et al., 2013), and respiratory syncytial virus
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(Le Nouen et al., 2014), among others. This approach, however, requires the use of computer
algorithms to design viral genomes with appropriate pair-deoptimized codons. The use of
different combinations of deoptimized codon pairs results in different degrees of viral
attenuation (Burns et al., 2006; Le Nouen et al., 2014; Mueller et al., 2006, 2010; Yang et
al., 2013), and therefore this approach needs to be evaluated for each codon pair-
deoptimized virus. With the aim of overcoming these difficulties we have explored the
alternative approach of using a purely CD-based strategy where each amino acid residue in a
given viral protein is encoded by the corresponding least preferred codon in mammalian
cells. We provided for the first time evidence supporting the feasibility of this approach for
the generation of arenavirus LAV by showing that cells infected with rLCMV containing a
CD NP, rLCMV/NP¢p, expressed highly reduced levels of NP but was able to grow to high
titers (Cheng et al., 2015c). More importantly, rLCMV/NPcp was highly attenuated in mice
but able to induce protective immunity, upon a single immunization dose, against a
subsequent lethal challenge with (LCMV/WT (Cheng et al., 2015c). These earlier results
had the limitation that we were unable to rescue a r(LCMV encoding a fully CD NP, and we
therefore had to identify the optimal degree of CD for NP to generate a viable recombinant
virus that lack virulence /in vivo whereas it retained WT-like growth properties in cell
substrates used for vaccine production (e.g. Vero cells). This strategy would pose the
problem that similar levels of attenuation and protection efficacy might not be achieved by
introducing comparable CD regions in other arenavirus NPs. The results provided in this
present work have overcome these limitations by showing that a rLCMV with a completely
CD GP exhibited WT-like growth properties in cultured cells but was highly attenuated /n
vivo and able to provide a very effective protective immunity against a lethal challenge with
rLCMV/WT. Notably, our results also suggest that rLCMV/WT produces more GP than is
required for incorporation into virions and explains the similar replication kinetics of
rLCMV/CD infection /n vitro. It is worth noting that the lower expression levels of GP CD
in both GP CD transfected and rLCMV/CD infected cells may parallel the situation
observed during persistent LCMV infection, where GP expression levels have been shown to
be significantly lower to GP levels observed during acute LCMV infection (Pasqual et al.,
2011). This could explain why drastic lower expression levels of GP in rLCMV/CD infected
cells do not have a strong impact in production of infectious LCMV progeny. It should be
noted that compared to the acute infection, production of infectious LCMV progeny is
significantly reduced. This, however, could reflect additional mechanisms, including
production defective interfering genomes, which operate during persistent LCMV infection
and down-regulate virus multiplication. Our findings resemble also to those observed with
other RNA viruses, including influenza virus for which CD of the viral HA resulted in lower
protein expression levels during viral infection without significantly affecting virus
multiplication in cultured cells but with significant attenuation /n vivo (Mueller et al., 2010;
Nogales et al., 2014; Yang et al., 2013). It remains to be determined whether the attenuation
observed with rLCMV containing CD genes is entirely due to reduced translation efficiency
of the corresponding gene product, or whether altered CpG/UpA frequencies generated as a
consequence of CD can play a critical role in attenuation as documented for other CD
recombinant viruses (Tulloch et al., 2014).
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The generation of LAV candidates using this CD-based approach offers several unique
advantages. Current LAVs usually rely on a few amino acid changes to generate the
attenuated phenotype, like the current temperature-sensitive live-attenuated influenza
vaccines, LAIV (Cox et al., 1988, 2015; Jin et al., 2003; Snyder et al., 1988). In contrast,
CD-based LAV candidates would be the result of hundreds of silent nucleotide mutations,
thus making viral reversion to a virulent WT phenotype highly unlikely, if possible at all.
Accordingly, we have shown that (LCMV/NPcp was very stable during serial passages in
Vero cells (Cheng et al., 2015c¢). This is particularly important for arenaviruses, as their error
prone replication machinery confer them with the potential for rapid evolution (Drake and
Holland, 1999). Another advantage of a CD-based approach for vaccine development is that
the corresponding LAV candidate retains the intact antigenic repertoire of the WT virus and
can generate similar B and T cell immune responses against all the viral polypeptides.
Moreover, reassortment between a circulating pathogenic arenavirus strain and the
corresponding CD-based arenavirus LAV cannot result in a viral reassortant with increased
virulence as compared to the already circulating pathogenic strain. It should be also noted
that with the implementation of de novo synthesis of genes and already developed robust
plasmid-based reverse genetics technologies (Cheng et al., 2013, 2015a; Ortiz-Riano et al.,
2013), generation of CD-based LAV candidates can be rapidly executed. Likewise, as
illustrated in the present work, it is feasible to implement the use of a CD-based approach
for arenavirus attenuation in combination with our arenavirus tri-segmented platform (Cheng
et al., 2013; Emonet et al., 2009; Ortiz-Riano et al., 2013; Popkin et al., 2011) that allows for
virus directed expression of additional GOI, including antigens from relevant pathogens,
which could facilitate the generation of polyvalent LAV against a given arenavirus and other
pathogen of interest.

4. Conclussions

Currently, there are no FDA-licensed vaccines or antiviral drugs to combat arenavirus
infections. Here we demonstrate that a recombinant lymphocytic choriomeningitis virus
(LCMV) encoding a codon-deoptimized glycoprotein (GP CD) exhibits wild type (WT)-like
growth properties in cultured cells, while being highly attenuated /n vivo but able to confer
protective immunity against a subsequent lethal challenge with WT LCMV. These results
provide proof-of-concept support for the feasibility of implementing an arenavirus GP codon
deoptimized (CD)-based approach as a strategy to develop safe and effective live-attenuated
vaccines (LAVSs) to combat diseases caused by human pathogenic arenaviruses.

5. Materials and methods

5.1. 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
modified 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 (Cheng et al., 2013, 2015g;
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Ortiz-Riano et al., 2013). Recombinant wild-type (WT) and CD GP (CD) bi-segmented and
tri-segmented (r3) LCM viruses were based on Armstrong (ARM53b) strain of LCMV
(Cheng et al., 2013, 2015a; Ortiz-Riano et al., 2013).

5.2. Plasmids

Fully codon deoptimized (CD) LCMV GP was generated by de novo synthesis (Biomatik).
GP WT codons were replaced with the codon least represented in mammalian genomes
(Supplementary Fig. 1). LCMV GP CD was amplified by PCR and cloned into pCAGGS
using EcoRI and Bglll restriction enzymes. The S segment VRNA-expressing plasmid for
the rescue of r(LCMV/CD was generated by amplifying LCMV GP CD and cloned into the
mouse (m)pPol-1 BsmBI/NP viral (v) RNA rescue plasmid (Cheng et al., 2013, 2015a;
Ortiz-Riano et al., 2013). Likewise, LCMV GP CD was cloned into a modified mpPol-1 S
BsmBI/GFP plasmid for the generation of the r3SLCMV/CD (Cheng et al., 2013, 2015a;
Ortiz-Riano et al., 2013). Primers used to generate the described plasmid constructs are
available upon request. Plasmid were verified by DNA sequencing.

5.3. Immunofluorescence assays (IFA)

Human 293T cells (1.8x10° cells/well; 24-well plate format) were transiently transfected in
suspension with 1 pg of the respective pPCAGGS GP expression plasmids using
lipofectamine 2000 (LPF2000) (Invitrogen). Empty plasmid-transfected cells were included
as negative control, whereas LCMV GP WT was included as positive control. At 48 h post-
transfection (h p.t.), cells were fixed with 4% (vol/vol) formaldehyde diluted in 1X PBS,
permeabilized with 0.1% (vol/vol) Triton X-100, and blocked using 2.5% bovine serum
albumin (BSA) diluted in 1X PBS. After blocking, LCMV GP-transfected cells were
incubated with the cross-reactive anti-LCMV GP mouse monoclonal antibody clone 83.6
(Cheng et al., 2013, 2015a, 2015c) and probed with a FITC-conjugated rabbit anti-mouse
secondary antibody (Dako). Anti-LCMV NP (1.1.3) (Ortiz-Riano et al., 2011, 2012a, 2012b)
was used for detection of LCMV in infected cells. Staining with 4”,6-diamindino-2-
phenylindole (DAPI) was used to visualize cell nuclei. Protein expression was observed
under a Leica fluorescent microscope. Microscope images were colored using Adobe
Photoshop CS4 (v11.0) software.

5.4. Fluorescence-activated cell sorting (FACS) analysis

FACS analysis was performed as previously described (jvi2011. w.w. Shanaka et al. use of
single-cycle...). Briefly, mock or LCMV infected single-cell preparations were incubated
with blocking buffer (2.5% BSA, 1% FBS in 1X PBS) for 30 min on ice and then incubated
with the mouse monoclonal antibody clone 36.1 for 40 min on ice. Cells were washed with
1X PBS and incubated with an allophycocyanin (APC)-conjugated goat anti-mouse antibody
in blocking buffer for 30 min on ice. Cells were washed with 1X PBS and fixed with 0.5%
formaldehyde diluted in 1X PBS for 10 min. For the intracellular staining of NP, after the
incubation in blocking solution, cells were fixed and permeabilized with 4% formaldehyde
and 0.1% Saponin diluted in 1X PBS. Then cells were stained with the anti-LCMV NP
mouse monoclonal antibody clone 1.1.3 diluted in blocking buffer with 0.1% Saponin. Cells
were washed with 1X PBS and incubated with APC-conjugated goat anti-mouse antibody in
blocking buffer for 30 min on ice and washed twice with 1X PBS. All cells preparations
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were resuspended in blocking buffer before analysis using an Accuri C6 flow cytometer and
the FlowJo software.

5.5. Protein Western blot (WB) analysis

Human 293T cells (3x10° cells/well; 6-well plate format) were transiently transfected in
suspension with 1 pg of the LCMV GP CD pCAGGS protein expression plasmid using
LPF2000. Empty and LCMV GP WT 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, pH 7.4, 5 mM EDTA, 100 mM NacCl, 1% (vol/vol) NP-40,
complete cocktail of protease inhibitors (Roche)). Aliquots (20 pl) of the total cell lysates
were separated on a 12% SDS-PAGE and transferred onto nitrocellulose membranes (Bio-
Rad). Membranes were incubated with the cross reactive LCMV GP mouse monoclonal
antibody 83.6 and probed with a secondary HRP-conjugated rabbit anti-mouse antibody (GE
Healthcare). LCMV GP expression was detected using a chemiluminescent kit (Denville
Scientific). Cellular GAPDH (Abcam ab9485-100) or p-actin (Sigma clone AC-15, A1978)
were used to normalize amount of cell lysates.

5.6. Northern blot (NB) analysis

Total cellular RNA was isolated using Tri-Reagent (Sigma) according to the manufacturer’s
instructions. RNA samples were fractionated by 2.2 M formaldehyde-agarose (1.2%) gel
electrophoresis followed by transfer in 20xSSC [3 M sodium chloride, 0.3 M sodium citrate]
of the RNA to a Magnagraph membrane using the rapid downward transfer system
(TurboBlotter). Membrane-bound RNA was cross-linked by exposure to UV. The position
and amounts of 28 and 18 S rRNA species transferred and immobilized to the membrane
were determined by methylene blue staining. After removal of methylene blue staining by
washing with SDS, the membrane was hybridized to a 32P-labeled double strand NP probe
that hybridized to both the S genome RNA and NP mRNA.

5.7. Virus rescue and growth kinetics in cultured cells

Rescue of rLCMV/CD (Cheng et al., 2013, 2015a; Ortiz-Riano et al., 2013) was performed
in biosafety level (BSL) 2 conditions, in accordance with the University of Rochester
institutional biosafety committee. To rescue rLCMV/CD, BHK-21 cells (1x10° cells/well; 6-
well plate format) were co-transfected with 0.8 pg of pCAGGS NP, 1 pg of pCAGGS L, 1.4
ug of the mpPol-1 L, and 0.8 ug of the mpPol-1 S encoding LCMV GP CD, using LPF2000
(Cheng et al., 2013, 2015a; Ortiz-Riano et al., 2013). To rescue r3LCMV/CD we followed a
similar protocol, but the mpPol-I S plasmid was substituted with the mpPol-1 S Gluc/NP and
mpPol-1 S GP CD/GFP plasmids (Cheng et al., 2013, 2015a; Ortiz-Riano et al., 2013). At 12
h p.t. media was replaced with 2 ml of post-infection media (1:2 ratio of DMEM 10% FBS
and Opti-MEM). At 72 h p.t., cells were trypsinized and scaled up into 10 cm dishes and
maintained for 3 days, before tissue culture supernatants (TCS) were collected and virus
titers determined using an immunofocus assay (fluorescent forming units [FFU]) (Cheng et
al., 2013, 2015a; Ortiz-Riano et al., 2013). Briefly, serial dilutions of TCS were used to
infect Vero cells (4x104 cells/well, 96-well plate format, triplicates) and 16-20 h later cells
were fixed and NP positive cells identified using an LCMV NP-specific monoclonal
antibody (1.1.3). To evaluate viral growth kinetics, BHK-21, A549 and Vero cells (1.25x10°
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cells/well; 24-well plate format, triplicates) were infected (moi=0.01) and TCS were
collected at indicated time points and virus titers (FFU/ml) determined by immunofocus
assay. Mean value and standard deviation were calculated using Microsoft Excel software.

BHK-21 cells (5x10° cells/well; 6-well plate format) were infected with LCMV/WT or
rLCMV/CD (mo0i=0.01) and at 72 h post-infection (h p.i.) total cellular RNA was prepared
using Trizol (Invitrogen) (Cheng et al., 2015a). Random hexamers were used for cDNA
synthesis using Superscript Il reverse transcriptase (Invitrogen) (Cheng et al., 2015a). cDNA
was amplified by PCR using a combination of LCMV GP WT or GP CD specific 5" and 3’
primers (Cheng et al., 2015a). Amplified gene products were examined on a 1% (wt/vol)
agarose DNA gel and analyzed by sequencing (ACGT) (Cheng et al., 2015a).

5.9. Transmission electron microscopy (TEM) and immunoelectron microscopy (IEM)

5.10. Mouse

WT and CD rLCM viruses were collected from the TCS of BHK-21 cells (10 cm dishes)
infected (moi=0.01) with WT and CD rLCM viruses at 72 h p.i. and clarified (SW-32 Ti
rotor, 10,000 rpm, 30 min), followed by pelleting the virus at high-speed ultracentrifugation
(SW-32 Ti rotor, 25,000 rpm, 2.5 h) through a 20% (wt/vol) sucrose cushion (Rodrigo et al.,
2011). Virus pellet was resuspended in PBS and stored at =80 °C. Purified virus was fixed
using 2.5% (vol/vol) glutaraldehyde (diluted in filtered water) for 5 min at room
temperature, then absorbed onto Formvar-carbon-coated 200-mesh copper grids for 2 min at
room temperature (Rodrigo et al., 2011). After 20 s of drying, the grids were negatively
stained using 2% (vol/vol) uranyl acetate (pH 4.2—-4.5) for 1 min at room temperature before
imaging using a Hitachi (Tokyo, Japan) 7650 TEM with an attached Gatan 11-megapixel
Erlangshen (Pleasanton, CA) digital camera at 80-kv acceleration voltage, 3.5 s exposures,
and magnification x200k (Rodrigo et al., 2011). For IEM, fixed viruses were absorbed onto
Formvar-carbon-coated 200-mesh nickel grids for 30 min and placed on droplets of 2.5%
(vol/vol) of BSA for 30 min. Virions were stained with a mouse monoclonal antibody
against LCMV GP1 (36.1) diluted 1:1 in 2.5% BSA for 2 h at room temperature. The grids
were rinsed with 1X PBS and transferred onto droplets of 12 nm colloidal gold-AffiniPure
goat anti-mouse 1gG (Jackson ImmunoResearch) diluted 1:40 in 2.5% of BSA for 1 h at
room temperature. The grids were rinsed with 1X PBS and post-fixed in 2% phosphate-
buffered glutaraldehyde for 15 min, rinsed in distilled water, and negatively stained with an
aqueous solution of 2% (vol/vol) uranyl acetate for 1 min at room temperature. The grids
were examined and photographed as previously described. Representative micrographs were
obtained. The average number of gold particles/virion was calculated by counting the
number of gold particles present in 19 (rLCMV/WT) or 32 (rLCMV/CD) immune stained
viruses.

experiments

LCMV virulence /n vivo was assessed using the mouse model of fatal LCM (Cheng et al.,
2015a, 2015c). WT B6 mice (six-week old immune competent males and females, N=8)
were infected intracranially (i.c.) with 103 FFU of rLCMV/CD or rLMCV/WT and
monitored daily for development of clinical symptoms and survival for 12 days (Cheng et
al., 20153, 2015c¢). To evaluate protection efficacy of rLCMV/CD, mice were immunized
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with PBS or with either (LCMV/WT or rLCMV/CD intraperitoneally (i.p.) with 10° FFU
(N=8). At 4 weeks (h p.i, mice were subjected to a lethal challenge with rLCMV/GPy (i.C.,
108 FFU), and monitored for development of clinical symptoms and survival over 12 days
(Cheng et al., 2015a, 2015c¢). To determine virus titers in brain, mice were perfused i.c. with
PBS (30 ml/mouse) and collected brain tissue used to prepare 20% (W/V) homogenates in
DMEM. Homogenates were clarified (12,000 g for 10 min at 4 °C) and virus titers
determined by immune focus assay in Vero cells. All animal experiments with rLCM viruses
were performed under protocol 09-0137 approved by The Scripps Research Institute
IACUC.
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Fig. 1.
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CD reduces LCMV GP expression levels. A) Amino acid sequence of LCMV GP CD. CD
LCMYV GP amino acid residues are indicated in red. Methionine (M) and tryptophan (T)
residues in LCMV GP, as well as amino acids already associated with deoptimized codons
are indicated in black. Underlined (solid) amino acids represent the stable signal peptide

(SSP).

No underlined region represents GP1. Underlined (dotted) amino acids represent

GP2. Box represents the GP transmembrane domain. Amino acids highlighted in gray
represent the GP cytoplasmic tail. B) Mutations in LCMV GP CD. Number of nucleotide
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mutations and the percentage (%) of CD amino acids are indicated. C-E) LCMV GP CD
expression levels in transfected cells. Human 293 T cells were transiently transfected with
pCAGGS expression plasmids encoding LCMV GP WT or GP CD and at 48 h p.t. GP
expression was assessed by IFA (C), FACS (D) and WB (E) using the LCMV GP mouse
monoclonal antibody 83.6 (GP2). Empty (E) plasmid was included as negative control (C—
D). IFA, FACS and WB results correspond to representative of three independent
transfection experiments. (C) Scale bar=100 um. (D) Blue line: mock-transfected cells.
Black line: cells transfected with LCMV GP WT. Red line: cells transfected with LCMV GP
CD. (E) GAPDH expression levels were used as loading controls.
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Fig. 2.
Genetic identity of r(LCMV/CD. BHK-21 cells were infected (m0i=0.01) with LCMV/WT

or r(LCMV/CD. At 72 h p.i., RNA was isolated from LCMV- and mock-infected control cells
and subjected to RT-PCR using WT (top) or CD (bottom) LCMV GP specific primers. PCR
products were analyzed by agarose (1% wt/vol) gel electrophoresis.
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Fig. 3.

rL%MV/CD growth Kinetics in cultured cells. A549 (A), BHK-21 (B), and Vero (C) cells
(triplicates) were infected (moi=0.01) with either rLCMV/WT or rLCMV/CD. Viral titers in
TCS at the indicated h. p.i were determined by immune-focus assay (FFU/ml) (left). Dotted
line indicates the limit of detection (20 FFU/mI). Replicates of cells infected as before were
evaluated for NP and GP expression levels by IFA assay (right) using the LCMV GP and NP
mouse monoclonal antibodies 83.6 and 1.1.3, respectively. DAPI was used for nuclear
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staining. Representative images of three independent infection experiments are illustrated.
Scale bar=100 um.
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Fig. 4.
Viral RNA synthesis (A) and GP expression levels (B-D) in r(LCMV/CD-infected BHK-21

cells. A) Cells were infected (moi=0.1) with LCMV/WT or rLCMV/CD. At the indicated
times, RNA was isolated and analyzed by NB hybridization using a double strand DNA NP
probe that hybridized to the S genome and NP mRNA species. Signals corresponding to the
S and NP mRNA species were quantified and normalized first with respect levels of 18 S
rRNA used as loading and transfer control. Corrected S and NP mRNA species signals were
then normalized to the signals detected at 24 h p.i. in rLCMV/WT-infected cells. B-D) Cells
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were mock (M) infected or infected (moi=0.01) with r(LCMV/WT or rLCMV/CD. At 48 h
p.i., cells lysates were prepared and evaluated for GP expression levels by WB (B) using the
LCMV GP mouse monoclonal antibody 83.6. Expression levels of B-actin were used as
loading controls. Infection levels at the same times post-infection were evaluated by IFA
using the LCMV NP mouse monoclonal antibody 1.1.3 (C). Nuclei were stained with DAPI.
Scale bar=100 pm. Cells mock-infected (blue line) or infected with rLCMV/WT (black line)
or r(LCMV/CD (red line) were subjected to FACS analysis with the LCMV NP monoclonal
antibody 1.1.3 or the LCMV GP monoclonal antibody 36.1 (D).
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Fig. 5.
Comparison of rLCMV/WT and rLCMV/CD virion particles. (LCMV/WT and rLCMV/CD

virions were purified from infected (moi=0.01) BHK-21 cells at 72 h p.i. by
ultracentrifugation through an 20% (wt/vol) sucrose cushion. Morphology of (LCMV/WT
(A) and rLCMV/CD (B) was assessed by TEM using negative straining. Same viral
preparations were surface stained with the LCMV GP1-specific monoclonal antibody 36.1
and counterstained with 12-nm-gold-labeled goat anti-mouse IgG antibody (C). The number
of gold particles/virion was determined for rLCMV/WT (N=19) and rLCMV/CD (N=32)
immune stained viruses (D). Representative images are shown. Scale bar=100 pm.
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Fig. 6.

M?Jltiplication of rLCMV/CD in brains of mice infected by the i.c. route. B6 mice (6-8
weeks, females and males) were infected (103 FFU) with either (LCMV/WT (N=6) or
rLCMV/CD (N=15). At the indicated days p.i. brain tissue was collected and virus titers
determined. Titers correspond to average and SD of three mice. Dotted line indicates the
limit of detection (20 FFU/mI).

Virology. Author manuscript; available in PMC 2017 January 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Cheng et al.

S

~ —f— r3LCMV/WT
=3¢~ r3LCMV/CD

Virus titer (Log,, FFU/mI) &

S B N W B U N

0 12 24 48 72 96
Hours post-infection

S

/~— r3LCMV/WT
~~ r3LCMV/CD

N W R U0 O N

-;'(.
J
[/

0 12 24 as 72 96
Hours post-infection

Virus titer (Log,,.FFU/mI) 29

LT

~— r3LCMV/WT
== r3LCMV/CD

ST T - S ¥ I - s

Virus titer (Log,,.FFU/mI)

0 12 24 48 72 96
Hours post-infection

Fig. 7.

Page 26

ii) 10000 -
1000 -

100 A
10 I I
Lol

12 24 48 96

Hours post-infection

RLU

i)

12 24 48 72 96
r3LCMV/WT
r3LCMV/CD

1) sooves
1000 4

100 1

1 [
12 24 48 72 96

RLU

1

Hours post-infection
iii) -

e [REE Y 3F

.

ii) 10000 -

1000 -

100 A

RLU

10 7

12 24 48 72 9
Hours post-infection
48 72 96

-

Growth kinetics of r3LCMV/CD in cultured cells. A549 (A), BHK-21 (B), and Vero (C)
cells (triplicates) were infected (moi=0.01) with either r3SLCMV/WT (black) or
r3LCMV/CD (green) and viral titers in TCS at the indicated h. p.i. were determined by

fluorescent forming units (FFU/ml) (i). Dotted line indicates the limit of detection (20 FFU/

ml). Gluc activity from same TCS was determined by luminescence (ii). Viral replication
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was also assessed by GFP expression by fluorescence microscopy (iii). Representative
images are illustrated. Scale bar=100 um.
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Table 1

In vivo attenuation of rLCMV/CD. Six week-old male and female B6 mice (N=8) were infected intracraneallly

(i.c) with 103 FFU of rLCMV/WT or rLCMV/CD, or mock-infected (PBS) as control. Mice were monitored
daily for morbidity and mortality until the experimental endpoint (12 days p.i.).

Daysp.i. (i.c. 103 PFU) % Survival (n=8)
6 7 8 12

PBS 100 100 100 100
rLCMV/WT 100 375 0 -
rLCMV/CD 100 100 100 100
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Table 2

Ability of a single dose of rLCMV/CD to protect against a lethal challenge with rLCMV/WT. Six week-old
male and female B6 mice (N=8) were immunized intraperitoneally (i. p.) with 10° FFU of r(LCMV/WT,
rLCMV/CD, or mock-immunized (PBS). Four weeks after immunization, mice were subjected to a lethal
challenge with [LCMV/WT (i.c., 103 FFU) and then monitored daily for morbidity and mortality until the
experimental endpoint (12 days p.i.).

Days post-challenge (i.c. 103 PFU; rLCMV/WT) % Survival (n=8)
6 7 8 12

PBS 100 25 0 -
rLCMV/WT 100 100 100 100
rLCMV/CD 100 100 100 100
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