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ABSTRACT

Infectious clone technologies allow the rational design of live attenuated viral vaccines with the possibility of vaccine-driven coexpression of immunomodulatory molecules for additional vaccine safety and efficacy. The latter could lead to novel strategies
for vaccine protection against infectious diseases where traditional approaches have failed. Here we show for the flavivirus Murray Valley encephalitis virus (MVEV) that incorporation of the internal ribosome entry site (IRES) of Encephalomyocarditis virus between the capsid and prM genes strongly attenuated virulence and that the resulting bicistronic virus was both genetically
stable and potently immunogenic. Furthermore, the novel bicistronic genome organization facilitated the generation of a recombinant virus carrying an beta interferon (IFN-␤) gene. Given the importance of IFNs in limiting virus dissemination and in efficient induction of memory B and T cell antiviral immunity, we hypothesized that coexpression of the cytokine with the live vaccine might further increase virulence attenuation without loss of immunogenicity. We found that bicistronic mouse IFN-␤
coexpressing MVEV yielded high virus and IFN titers in cultured cells that do not respond to the coexpressed IFN. However, in
IFN response-sufficient cell cultures and mice, the virus produced a self-limiting infection. Nevertheless, the attenuated virus
triggered robust innate and adaptive immune responses evidenced by the induced expression of Mx proteins (used as a sensitive
biomarker for measuring the type I IFN response) and the generation of neutralizing antibodies, respectively.
IMPORTANCE

The family Flaviviridae includes a number of important human pathogens, such as Dengue virus, Yellow fever virus, Japanese
encephalitis virus, West Nile virus, and Hepatitis C virus. Flaviviruses infect large numbers of individuals on all continents. For
example, as many as 100 million people are infected annually with Dengue virus, and 150 million people suffer a chronic infection with Hepatitis C virus. However, protective vaccines against dengue and hepatitis C are still missing, and improved vaccines
against other flaviviral diseases are needed. The present study investigated the effects of a redesigned flaviviral genome and the
coexpression of an antiviral protein (interferon) on virus replication, pathogenicity, and immunogenicity. Our findings may aid
in the rational design of a new class of well-tolerated and safe vaccines.

T

he well-established methodologies for generation of infectious
cDNA clones have enabled the rational design of live viral
vaccines using strategies beyond the simple incorporation into the
viral genome of a series of attenuation markers that are the basis
for the reduced pathogenicity of traditional live vaccines. A recent
example is the concept of “codon pair deoptimization” tested for
experimental vaccines against Poliovirus (1) and Influenza A virus
(2). Targeted insertion into these viruses of hundreds of point
mutations that change codon usage without changing protein sequence greatly reduced the virulence but not the immunogenicity
of live vaccine candidates. A second example of a rational attenuation strategy that targets the level and balance of protein production without altering protein sequence is that of internal ribosome
entry site (IRES)-based attenuation developed for the alphaviruses Chikungunya virus (3) and Venezuelan equine encephalitis
virus (4–6). It involved replacement of the alphaviral subgenomic
promoter with an IRES of Encephalomyocarditis virus (EMCV).
Preclinical trials showed protective immunity with IRES-based
alphavirus vaccine candidates despite their highly attenuated virulence phenotypes. The strategy also prevented viral replication in
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mosquito vectors, thereby eliminating the risk of natural transmission of these recombinant arboviruses.
Here we have employed an IRES-based attenuation strategy to
produce a flavivirus vaccine candidate. The family Flaviviridae
includes a number of important human pathogens such as Dengue
virus, Yellow fever virus, Japanese encephalitis virus, West Nile virus,
and Hepatitis C virus. New or improved vaccines are urgently
needed against several flaviviral diseases, most notably dengue and
hepatitis C. Viruses belonging to the Flaviviridae have a plusstrand RNA genome that is translated into a single polyprotein
that is subsequently cleaved by host and viral proteases into the

Received 29 October 2013 Accepted 27 November 2013
Published ahead of print 4 December 2013
Address correspondence to Mario Lobigs, m.lobigs@uq.edu.au.
* Present address: Maximilian Larena, Institute of Biomedicine, The Sahlgrenska
Academy, University of Gothenburg, Gothenburg, Sweden.
Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JVI.03051-13

p. 2056 –2070

February 2014 Volume 88 Number 4

Downloaded from http://jvi.asm.org/ on September 1, 2014 by Australian National Univ.

John Curtin School of Medical Research, The Australian National University, Canberra, ACT, Australiaa; Faculty of Education, Science, Technology and Mathematics,
University of Canberra, Canberra, ACT, Australiab; Australian Infectious Diseases Research Centre, School of Chemistry and Molecular Biosciences, The University of
Queensland, St Lucia, QLD, Australiac

Bicistronic Flavivirus Vaccine

MATERIALS AND METHODS
Mice. C57BL/6 (B6), BALB/c, IFN-␣/␤ receptor knockout (IFNAR⫺/⫺)
(20), NOD-scid (21), and BALB.A2G-Mx1 mice were bred under specificpathogen-free conditions and supplied by the Animal Breeding Facility at
the John Curtin School of Medical Research, The Australian National
University, Canberra. Congenic BALB.A2G-Mx1 mice were generated locally by crossing B6.A2G-Mx1 with Mx1-negative BALB/c mice (10 backcrosses after the initial cross). Six- to 8-week-old mice were used in virulence and vaccination experiments, unless indicated otherwise. Mice were
infected intraperitoneally (i.p.), intravenously (i.v.), subcutaneously
(s.c.), or intramuscularly (i.m.) with a defined virus dose in 0.1 ml of
Hanks’ balanced salt solution (HBSS) containing 20 mM HEPES (pH 8.0)
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and 0.2% bovine serum albumin (HBSS-BSA). For intracranial (i.c.) infections, 3- to 4-week-old weanling mice were anesthetized with 50 l of a
10% ketamine-xylazole solution in phosphate-buffered saline (PBS) by
i.p. injection, and a defined dose of virus diluted in 20 l HBSS-BSA was
inoculated into the right hemisphere of the brain. Mice were monitored
twice daily, and severely moribund mice were euthanized by cervical dislocation.
Cells and viruses. African green monkey kidney (Vero) cells were
obtained from the American Type Culture Collection and grown in Eagle’s minimal essential medium (EMEM) plus nonessential amino acids
and 5% fetal bovine serum (FBS). Mouse embryo fibroblasts (MEFs) were
established from B6 or IFNAR⫺/⫺ mice and maintained in EMEM plus
nonessential amino acids and 10% FBS. An infectious MVEV clone derived from the prototype strain MVEV-1-51 (22) was used for the generation of bicistronic MVEV constructs (see below) and to produce working
stocks of wild-type (wt) virus. All virus stocks, including those containing
the newly generated viruses, MVEV.IFN-␤ and MVEV.C-IRES (see below), were generated by standard procedures (22). Briefly, plasmid DNA
was linearized with NsiI, and infectious full-length RNA was synthesized
in vitro using T7 RNA polymerase and electroporated into BHK cells that
were cultured for 3 to 4 days to allow the accumulation of virus in the
culture supernatant. Following an additional passage in Vero cells, virus
stocks were stored in single-use aliquots at ⫺80°C and titrated by plaque
assay on Vero cells, as previously described (23).
Construction of bicistronic viruses. A 2,574-bp ApaI/XbaI fragment
encompassing the 5= 1,943 bp of the MVEV infectious clone plasmid
pM212 (22) plus an amber termination codon at the 3= end of the C gene
followed by the EMCV IRES (version as present in pCITE-2a; for example,
see reference 24) was excised from a eukaryotic expression plasmid used
to construct the replicon packaging cell line 293.C.IRES-prM-E (25) and
subcloned into pMVEV-FL-v2 (25) digested with the same enzymes. The
derivative plasmid (pMVEV-FL-C.IRES) was modified by removing an
NsiI restriction site present in the IRES cDNA.
The mouse IFN-␤ gene (GenBank accession number NM_010510.1)
was inserted into plasmid pMVEV-FL-C.IRES as a 1,098-bp ApaI fragment excised from a synthetically synthesized DNA product (GenScript,
Piscataway, NJ). The IFN-␤ gene, lacking its own signal peptide sequence,
was positioned immediately downstream of the MVEV prM signal sequence, allowing translocation of the IFN into the lumen of the endoplasmic reticulum (ER) and subsequent secretion. Cap-dependent translation
of viral capsid and IFN-␤ proteins was terminated at the authentic C-terminal amino acid of the IFN protein sequence. The introduction of the
downstream EMCV IRES drives translation of the remaining viral polyprotein starting with the prM sequence. The prM signal peptide sequence
upstream of the IRES was modified by synonymous mutations (details are
given in Fig. 1) to prevent homologous recombination between it and the
authentic downstream prM signal peptide.
Quantitation of IFN-␤ protein synthesis. The IFN-␤ concentration
in infected Vero cell culture supernatants was measured using an enzymelinked immunosorbent assay (ELISA) kit specific for mouse IFN-␤ (PBL
InterferonSource, Piscataway, NJ) following the manufacturer’s recommended protocol.
Quantitative reverse transcription-PCR (RT-PCR). Total RNA was
extracted from snap-frozen brain tissue samples using Tri Reagent (Molecular Research Center, Cincinnati, OH). The concentration of MVEV
genomic RNA was determined essentially as previously described (25).
Briefly, RNA was reverse transcribed, and quantitative real-time PCR was
performed using the primers 5=-AACTCCAAGAATCTGGCTCCCA-3=
(downstream) and 5=-GGAAATGGTGGATGAGGAAAGG-3= (upstream). Each RNA sample was tested in duplicate, and genome equivalent (GE) concentrations were determined by extrapolation from a standard curve generated within each experiment. In vitro-transcribed MVEV
RNA was used as a standard. The detection limit of the assay was ⬃105
GEs/ml.
For IFN-␣ and Mx1 mRNA quantification, RNA (5 g) was reverse
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mature viral proteins. IRES-based attenuation of a flavivirus
would alter its monocistronic genome organization and generate a
bicistronic genome that would preclude an equimolar production
of viral proteins from a single precursor, unless the IRES were
introduced into the 3= untranslated region (UTR). A bicistronic
flavivirus genome organization would also offer the possibility of
fine-tuning the immune and safety properties of a vaccine candidate by introducing genes for immunomodulatory molecules
such as interferon (IFN) or other cytokine genes.
IFNs were discovered over 50 years ago as the most potent
antiviral factors of the innate immune system (reviewed in reference 7). The human genome encodes 16 different type I IFNs, i.e.,
12 IFN-␣ subtypes plus IFN-␤, -ε, -, and - (8). Research has
largely been focused on IFN-␣ and -␤, which are secreted by most
virus-infected cells and highly specialized leukocytes called natural IFN-producing cells or plasmacytoid dendritic cells (9). IFNs
act by regulating the expression of a multitude of IFN-induced
cellular factors, many of which inhibit viral replication (10). The
direct antiviral activity of these factors slows down the spread of
the infection, reduces the viral load, and in some cases can even
eliminate the infection. In addition, type I IFNs act as critical
factors linking innate and adaptive immunity (reviewed in reference 11). For example, they promote the differentiation, maturation, and migration of dendritic cells and potently enhance humoral and cellular immunity. A deeper understanding of the IFN
system has led to therapeutic application of IFNs not only for viral
diseases but also for cancer and multiple sclerosis and has underscored the potential for an expansion of their clinical application,
for example, as immunological vaccine adjuvants (reviewed in
reference 12). IFN coexpression with a recombinant live vaccine is
hence predicted to not only stimulate the local innate antiviral
immune system, but also provide an adjuvant effect by promoting
local humoral and cellular immune responses in antigen-draining
lymph nodes. Viral coexpression of IFN can therefore boost the
immunogenicity and therapeutic potential of replication-competent viral vectors, while reducing their ability to spread and cause
disease (see, for example, references 13 to 17).
In this study, we have produced the first IRES-based attenuated
flavivirus candidate vaccine and the first flavivirus encoding an
IFN. Murray Valley encephalitis virus (MVEV) was chosen as a
model flavivirus, because well-characterized mouse models that
mimic the virulence and pathogenesis observed in humans are
available (reviewed in reference 18), and immune responses important in recovery from primary infection and in vaccine protection against neurotropic flaviviruses have been defined (reviewed
in reference 19). Furthermore, we address questions relating to the
effect of bicistronic genome organization and IFN-␤ coexpression
on vaccine safety and efficacy.
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transcribed with the Maxima first-strand cDNA synthesis kit (Thermo
Fisher Scientific, Waltham, MA). Quantitative real-time PCR was performed using the TaqMan gene expression assay in a total volume of 10 l
with a 1/100 cDNA dilution, according to the manufacturer’s guidelines
(Applied Biosystems, Foster City, CA). The following mouse TaqMan
probes were used: Mx1, Mm00487796_m1; IFN-␤, Mm00439552_s1; and
L32 (ribosomal protein L32), Mm02528467_g1 (Applied Biosystems).
Each PCR was performed in duplicate. Threshold cycle values from the
PCR amplification plots were converted to arbitrary copy numbers as
described previously (26). The gene transcript levels were normalized to
the housekeeping L32 gene.
Serial passage and genetic stability of bicistronic MVEV. Infectious
clone-derived MVEV.IFN-␤ and MVEV.C-IRES recovered from electroporated BHK cells were passaged 10 times in Vero cells. Briefly, cells were
infected with a multiplicity of ⬃1, virus was grown for 3 to 4 days, and
culture fluids were harvested when signs of cytopathic effects were apparent. To investigate the genome stability of bicistronic viruses by RT-PCR,
Vero cells were infected with virus samples from the passage series at a
multiplicity of ⬃1, and total RNA was extracted at 3 days postinfection
(p.i.) using TRIzol reagent (Invitrogen/Life Technologies, Carlsbad, CA)
and suspended in 20 l of nuclease-free water. RNA was reverse transcribed using random hexamer primers (Promega, Fitchburg, WI), and
PCR was performed as described previously (27) using an oligonucleotide
primer pair (5=-GGAACACTGATTGATGTGGTGAAC-3= [forward] and
5=-TGTGATCTGCCCGCTTCGTG-3= [reverse]) that anneals to sequences in the C and E genes, respectively. The resulting amplicon spans
the entire foreign gene insert, which allowed for the detection of major
deletions in the IFN and/or IRES sequences and nucleotide sequencing of
the IFN gene.
Serological test. For titration of MVEV-reactive antibodies in mouse
serum, ELISAs were performed with horseradish peroxidase-conjugated
goat anti-mouse Ig and the peroxidase substrate 2,2=-azino-di(3-ethylbenzthiasoline sulfonate), as described previously (28). For determination of ELISA endpoint titers, absorbance cutoff values were established as
the mean absorbance in 8 negative-control wells containing sera of naive
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mice plus 3 standard deviations. Absorbance values of test sera were considered positive if they were equal to or greater than the absorbance cutoff,
and endpoint titers were calculated as the log of the reciprocal of the last
dilution giving a positive absorbance value. Neutralization titers measured in a 50% plaque reduction neutralization test (PRNT50) were determined as previously described (29).
B cell transfer. B6 mice were sacrificed at 9 weeks after completion of
a two-dose i.m. immunization schedule with 105 PFU of MVEV.C-IRES
or MVEV.IFN-␤, spleens aseptically removed, and single-cell suspensions
prepared by pressing the spleen tissue gently through a fine metal mesh
tissue sieve. Erythrocytes were lysed by suspending the splenocyte pellet in
4.5 ml distilled water, followed immediately by the addition of 0.5 ml of
10⫻ PBS. Lysed cells were discarded after centrifugation at 400 ⫻ g for 5
min. For B cell enrichment, isolated splenocytes were incubated with 1:3
dilutions of anti-CD4 (RL172) plus anti-CD8 (31M) hybridoma supernatant in MEM plus 5% FBS for 30 min at 4°C, followed by incubation with
rabbit serum complement (Cedarlane Laboratories, Burlington, Ontario,
Canada) for 30 min at 37°C. Cells were washed twice with PBS before
transfer into recipient mice. The efficiency of depletion of CD4⫹ and
CD8⫹ cells was ⬎95% as assessed by flow cytometry (data not shown).
Immune or naive B cells (1 ⫻ 107 cells) were resuspended in 100 l PBS
and injected i.p. into 4-week-old B6 recipient mice. Recipient mice were
challenged a day later with 1 ⫻ 105 PFU MVEV via footpad injection.
Immunohistochemistry and immunohistofluorescence analysis.
After dissection, brain tissue samples were placed in 10% neutral buffered
formalin fixative and stored at room temperature for at least 6 weeks
before sagittal tissue sections of 4 m in thickness were prepared and
mounted on slides. For immunohistochemistry, sections were immunostained using the mouse monoclonal antibody M143 (directed against the
human MxA protein; M143 recognizes a conserved epitope in the N-terminal region of Mx proteins and cross-reacts with murine Mx1 [30]), 4G4
(cross-reactive against the flavivirus NS1 protein [31]), and the LSAB2
system horseradish peroxidase (HRP) kit (Dako Denmark A/S, Glostrup,
Denmark), essentially as described previously (32). Sections were then
counterstained with either hematoxylin (in combination with 4G4) or
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FIG 1 Schematic representation of the wild-type MVEV genome and two genetically engineered, bicistronic MVEV-based constructs. (A) MVEV.wt has a single,
long open reading frame encoding all structural (C, prM, and E) and nonstructural (NS1 to NS5) proteins and flanked by untranslated regions (5= and 3= UTR).
(B) For construction of MVEV.C-IRES, an opal stop codon (filled triangle) was introduced at the C terminus of C protein, followed by an EMCV IRES, which
drives translation of all other viral proteins, starting at the signal peptide of prM (black box). (C) Construct MVEV.IFN-␤ has the mouse IFN-␤ gene (blue box)
inserted downstream of the prM signal peptide, which directs the nascent IFN protein into the lumen of the ER; the IFN-␤ gene is flanked at the 3= end by an opal
stop codon (filled triangle), followed by EMCV IRES sequence (yellow arrow). The amino acid sequence (single-letter code) and corresponding nucleotide
sequence of the prM signal peptide are shown at the bottom (60). Note that synonymous nucleotide changes were introduced into the prM signal peptide
upstream of the IRES in construct MVEV.IFN-␤ to prevent homologous recombination and deletion of the foreign sequences from the viral genome (see
sequence alignment; the top and bottom nucleotide sequences encode the wild-type and the altered prM signal peptide, respectively; the resulting amino acid
sequence is in uppercase letters, and dots represent identical residues).

Bicistronic Flavivirus Vaccine

eosin (with M143). Slides were examined using an Olympus IX 71 microscope.
Statistical analyses. Standard deviations were calculated using Excel
functions. Mortality data were plotted into Kaplan-Meier curves and assessed for significance by the log rank test.
Ethics statement. All animal experiments were approved by the Australian National University (ANU) Animal Ethics Committee (protocol
number J.IG.76.09), under guidelines of the National Health and Medical
Research Council of Australia (NHMRC).

RESULTS

February 2014 Volume 88 Number 4

FIG 2 Recombinant IFN expression from a bicistronic flavivirus. (A) Vero
cells grown in 6-well culture trays (5 ⫻ 105 cells/well) were infected with
MVEV.IFN-␤ (IFN-␤) or the control virus MVEV.C-IRES (C.IRES) at a multiplicity of 5 PFU per cell. At 24 h p.i., the entire culture supernatant (1 ml) was
harvested and replaced with 1 ml of fresh medium, a second harvest was taken
at 48 h p.i., and the IFN-␤ protein concentration in both samples was determined by ELISA. Means from 2 samples ⫾ standard deviations (SD) are
presented. (B) Wild-type B6 MEFs in 6-well culture trays (5 ⫻ 105 cells/
well) were treated for 16 h with 1.5 ml of 102- or 103-fold dilutions of
UV-inactivated culture fluid that was harvested 48 h p.i. from Vero cells
infected with MVEV.IFN-␤ or MVEV.C-IRES. After this pretreatment,
MEFs were infected with Semliki Forest virus (multiplicity of infection of
⬃1), and 24 h later, virus yields were measured by plaque titration on Vero
cells. Means from 3 samples ⫾ SD are presented.

virus in the culture medium by ⬎10-fold relative to infection with
MVEV.wt alone, but titers continued to rise beyond 24 h p.i. However, despite using a slightly higher multiplicity of infection, titers
in coinfection experiments never reached wild-type levels.
We concluded that the growth restriction of MVEV.IFN-␤ in
B6 MEFs and L929 cells was due to the ability of these cells to
mount an effective antiviral state in response to mouse IFN-␤,
because MEFs from IFNAR⫺/⫺ mice supported the growth of the
IFN-coexpressing virus to titers that were only marginally (⬃2fold) lower than those for MVEV.C-IRES (Fig. 3D). The growth of
both bicistronic viruses in the IFN response-defective MEFs was
markedly reduced relative to that of MVEV.wt, as was observed in
MEFs from wild-type B6 mice.
Together the results show that coexpression of IFN-␤ potently
restricts flavivirus growth in cells that are responsive to the cytokine. This suggests that IFN-␤ codelivery results in an abortive
infection with MVEV.IFN-␤ and an antiviral state that restricts
growth of coinfecting wild-type viruses. The data also demonstrate that bicistronic translation of a flaviviral genome (as with
MVEV.C-IRES) per se affects virus replication in IFN-competent
mouse cells but has only a marginal inhibitory effect on virus
growth in Vero cells. The latter is important in terms of a translational application of the bicistronic flaviviruses, since it demonstrates that high-titer recombinant virus stocks can be generated
in Vero cells, a cell line that is suitable for the production of vaccines and other therapeutic reagents.
Genetic stability of bicistronic MVEV. Ten consecutive passages of MVEV.C-IRES in Vero cells did not result in deletion of
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Construction of bicistronic MVEV and viral coexpression of
IFN-␤. MVEV contains a relatively small genome of ⬃10.7 kb in
length. Its only open reading frame is translated into a polyprotein
that is proteolytically processed into at least 10 viral proteins (Fig.
1). To construct a vaccine candidate with IRES-based attenuation,
a bicistronic virus (MVEV.C-IRES) was produced by inserting a
termination codon followed by the EMCV IRES downstream of
the coding sequence of the capsid (C) protein (Fig. 1). In this
artificially generated genome, translation of the C protein occurs
by a 5=-cap-dependent mechanism, while that of all other viral
proteins (prM to NS5) is driven by the IRES, which reduces the
likelihood of mutations that delete or damage the IRES.
For coexpression of an immunomodulatory cytokine with the
bicistronic vaccine candidate, the mouse IFN-␤-coding sequence
followed by the EMCV IRES was inserted between the coding
sequences for the C protein and the precursor-to-membrane
(prM) protein (Fig. 1). In this construct (MVEV.IFN-␤), the signal sequence for prM serves for ER luminal translocation of the
IFN. To ascertain translocation of prM, a second copy of the prM
signal peptide was used, and 22 synonymous substitutions were
introduced into the first signal peptide to reduce the possibility of
homologous recombination that could lead to a deletion of the
entire insert (Fig. 1).
The bicistronic expression strategy allowed recovery of a
mouse IFN-␤-encoding virus that was capable of producing high
levels of the IFN in Vero cells, which are defective in the synthesis
of endogenous (monkey) IFN-␤ (33). Forty-eight hours after infection with MVEV.IFN-␤, Vero cells produced more than 400
ng/ml of recombinant mouse IFN-␤, whereas no IFN-␤ was detectable in the culture fluid from Vero cells infected with
MVEV.C-IRES (Fig. 2A). The virus-produced IFN-␤ was biologically active: pretreatment of wild-type B6 MEFs with a 103-fold
dilution of a supernatant harvested from MVEV.IFN-␤ infected
Vero cells at 48 h p.i. inhibited the growth of Semliki Forest virus by
⬎106-fold in comparison to control supernatants harvested from
MVEV.C-IRES-infected Vero cells (Fig. 2B).
Growth of bicistronic viruses in cultured cells. MVEV.CIRES and MVEV.IFN-␤ produced plaques on Vero cells that were
of similar size but smaller than those for MVEV.wt (Fig. 3A).
Further characterization revealed that both bicistronic viruses
multiplied in Vero cells with similar kinetics and reached similar
virus titers (Fig. 3B). While the growth kinetics of both viruses
were somewhat slower than that of the parental virus, comparable
peak viral titers were eventually achieved. In sharp contrast, the
growth of MVEV.IFN-␤ was completely abolished in B6 MEFs
(Fig. 3C) and in mouse L929 cells (data not shown), while
MVEV.C-IRES produced 10- to 100-fold-lower titers in B6 MEFs
and L929 cells in comparison to MVEV.wt over the course of the
growth experiment. Coinfection of B6 MEFs with wild-type and
IFN-␤-encoding MVEV initially reduced the yield of infectious
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the IRES (data not shown), while serial passage of MVEV.IFN-␤
showed that both the IFN gene and IRES were maintained in the
recombinant genome over at least 7 passages (Fig. 4). Moreover,
all of the 12 plaque-purified viruses derived from passage 7 produced detectable amounts of IFN-␤ upon infection of a fresh Vero
cell monolayer. Sequence analysis of the IFN gene in plaque-purified passage 7 viruses revealed no mutations, consistent with the
notion that there is no particular evolutionary pressure on the IFN
transgene in cells that do not respond to the heterologous IFN
being made (most IFNs act in a species-specific manner, and
mouse IFN-␤ does not induce signaling in Vero cells). However,
after three further passages, major genome heterogeneity ap-
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peared, as exemplified by the detection of an RT-PCR amplicon
only slightly larger than that for the wild-type virus (Fig. 4B, compare lanes 1 and 7). Sequence analysis of the amplicon showed
almost complete reversion to the wild-type virus sequence, except
for the presence of an additional 14 amino acids at the N terminus
of the prM protein, which corresponded to the N-terminal 14
amino acids of IFN-␤ (INYKQLQLQERTNI). This finding points
to a suitable insertion site for foreign, albeit small, polypeptides
into the flavivirus polyprotein. We also performed 5 consecutive
passages of MVEV.IFN-␤ in MEFs from B6 mice to test whether in
the context of an abortive infection in the IFN-responsive cells the
extreme selection pressure would result in loss of functional IFN
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FIG 3 Growth of MVEV.wt and two bicistronic MVEV-based viruses in cell culture. (A) Plaque morphologies for MVEV.wt, MVEVC.IRES, and MVEV.IFN-␤
on Vero cell monolayers. (B, C, and D) Growth kinetics in Vero cells, IFN-sufficient (wt), and defective (IFNAR⫺/⫺) MEFs, respectively. Cells were infected at
a multiplicity of infection of 0.1 (Vero), 1 (wt MEFs), or 0.2 (IFNAR⫺/⫺ MEFs); in a double-infection experiment (blue diamonds), MEFs were simultaneously
infected with MVEV.wt and MVEV.IFN-␤ (with a multiplicity of infection of 1 for each virus). Virus titers in the cell culture fluid were determined by plaque
titration on Vero cells. The dotted lines denote the detection limit of virus yield by plaque assay. The mean titers ⫾ standard errors of the means (SEM) from two
independent experiments are shown.

Bicistronic Flavivirus Vaccine

.IFN-␤. (B) Electrophoresis profiles of RT-PCR products of MVEV.wt (lane 1) and MVEV.IFN-␤ after cell passages 2, 5, 7, 8, 9, and 10 (lanes 2 to 7, respectively).
Positions of marker bands and expected product sizes are shown on the left and right, respectively.

expression and a complete or partial restoration of virus growth.
However, no infectious virus was recovered from the culture supernatants of this passage series.
Virulence attenuation of bicistronic MVEV. Three different
mouse models were used to assess the virulence of bicistronic
MVEV in the presence and absence of IFN-␤ coexpression: (i)
weanling mice, (ii) severely immunocompromised (NOD-scid)
mice, and (iii) type I IFN response-deficient (IFNAR⫺/⫺) mice.
(i) Weanling mice. MVEV is highly neuroinvasive (as measured by mortality rate after extraneural infection). The 50% lethal doses (LD50) of wild-type isolates and infectious clone-derived MVEV in weanling mice correspond to only 10 to 100 PFU
(as measured in Vero cells) when inoculated by the i.p. route and
do not exceed by more than 10-fold the LD50 following intercranial (i.c.) injection of viruses (22, 34). The neuroinvasiveness of
MVEV decreases in adult mice, while neurovirulence (mortality
rate after i.c. infection) is not strictly age dependent (23). We
found that both bicistronic MVEVs were highly attenuated in
both neuroinvasiveness and neurovirulence (Table 1). The i.p.
LD50 of MVEV.IFN-␤ could not be determined but is expected to
exceed that of the wild-type virus by more than 10,000-fold (i.e.,
no mortality was observed even at the highest dose, 105 PFU),
while MVEV.C-IRES produced some mortality (40%, 4 out of 10
mice) in mice that were infected with 105 PFU. Furthermore, i.c.
infection of mice with 103 PFU of either of the bicistronic viruses
did not result in any mortality, which contrasted with an i.c. LD50
of only 1 to 10 PFU for the wild-type virus (22). An i.c. dose of 104
PFU was lethal in a small number of animals, again with a higher
number of deaths in animals infected with MVEV.C-IRES than in
animals infected with MVEV.IFN-␤ (3 and 1 out of 14 mice, respectively) (Table 1).
(ii) Severely immunocompromised mice. Given the high level
of virulence attenuation of the bicistronic viruses in weanling
mice, we next examined whether they were also attenuated in
severely immunocompromised animals (Fig. 5A). Adult NOD-
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scid mice that lack functional B and T cells were challenged with
103 or 105 PFU of MVEV by the i.v. route; all mice succumbed to
MVEV.wt infection by day 12 and day 9, respectively, while a dose
response in mortality rate was clearly apparent for the bicistronic
viruses. Notably, all animals infected with 103 PFU of MVEV.IFN-␤
survived past 28 days, and infection with 103 PFU of MVEV.C-IRES
resulted in the death of only one out of 8 mice. Infection with 105 PFU
resulted in 67% and 90% mortality for MVEV.IFN-␤ and MVEV.CIRES, respectively. Accordingly, we again saw a trend of decreased
virulence as a result of IFN coexpression, although this did not reach
statistical significance with the number of NOD-scid mice used.
(iii) Type I IFN receptor-deficient mice. Knockout mice that
lack a functional type I IFN response are highly susceptible to many
viruses, including MVEV; even a relatively small virus inoculum (102
PFU delivered by an extraneural route) results in a fulminating infection, high viral loads in extraneural tissues and in the central nervous

TABLE 1 Neuroinvasiveness and neurovirulence in weanling BALB/c
micea
Virus

Route of
infection

Dose
(PFU)

Mortality (%)

MVEV.wt

i.p.

1,000
100
10
100,000
10,000
1,000
100,000
10,000
1,000
10,000
1,000
10,000
1,000

17/17 (100)
4/5 (80)
2/5 (40)
4/10 (40)
0/5 (0)
0/5 (0)
0/10 (0)
0/5 (0)
0/5 (0)
3/14 (21)
0/5 (0)
1/14 (7)
0/5 (0)

MVEV.C-IRES
MVEV.IFN-␤
MVEV.C-IRES
MVEV.IFN-␤

i.c.

Avg survival time
(days) ⫾ SD
7.9 ⫾ 1.4
10.0
8.0
9.0

8.3 ⫾ 0.6
9.0

a
Groups of 23- to 27-day-old male or female BALB/c mice were infected i.p. or i.c. with
the given virus doses, and morbidity and mortality were monitored over a period of 14
days. The data were compiled from 5 experiments.
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FIG 4 Genome stability of MVEV.IFN-␤ after serial passaging. (A) Schematic diagram of the experimental setup to measure the genetic stability of MVEV-

Frese et al.

system (CNS), and rapid and uniform mortality (35). In contrast to
the high virulence of MVEV.wt in IFNAR⫺/⫺ mice, MVEV.C-IRES
did not cause mortality in a group of mice challenged with 102 PFU
i.p. (Fig. 5B). Challenges with a much higher virus dose (105 PFU,
i.p.) of MVEV.IFN-␤ or MVEV.C-IRES killed only a proportion of
IFNAR⫺/⫺ mice (Fig. 5B). The result demonstrates strong but not
complete attenuation of both bicistronic viruses in mice that lack a
functional type I IFN system. The virulences of MVEV.IFN-␤ and
MVEV.C-IRES as assessed by mortality rate and viremia at day 2 p.i.
did not differ significantly (Fig. 5B and C), a result that is consistent
with the comparable growth properties of the bicistronic viruses
in mouse IFN-␤ response-deficient Vero cells and MEFs from
IFNAR⫺/⫺ mice (Fig. 3).
Collectively, the data show that bicistronic flaviviral genome
organization provides a remarkable degree of attenuation of virulence that is exemplified by the recovery of weanling mice from
high-dose i.c. infections and the survival of severely immunocom-
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promised mice from challenges with virus doses that are uniformly lethal for wild-type MVEV. Furthermore, the result of a
meta-analysis (Table 2) demonstrates a further, statistically significant reduction in virulence when IFN-␤ is coexpressed.
Viral burden in the CNS is reduced by IFN-␤ coexpression.
We also examined virus growth and spread in the CNS of weanling mice after i.c. infection with 103 PFU of either MVEV.wt,
MVEV-C.IRES, or MVEV.IFN-␤. For these experiments, we
used congenic BALB.A2G-Mx1 mice that are genetically and
phenotypically very similar to standard BALB/c mice but carry
the wild-type Mx1 allele of A2G mice. While the IFN-induced,
antiviral nuclear molecule Mx1 does not contribute to suppression of flaviviral infection (36), it is a sensitive biomarker for
measuring type I IFN responses (see below). Mice were killed at
different times p.i., and whole-brain sections cut from the right
hemisphere were stained for the presence of the MVEV NS1
protein as a correlate of infection levels. NS1 is an intracellular,
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FIG 5 Virus attenuation in immunodeficient mice. (A and B) Groups of 6- to 7-week-old NOD-scid mice or 6- to 8-week-old IFNAR⫺/⫺ mice were infected with
103 to 105 PFU i.v. (scid mice) or 102 to 105 PFU i.p. (IFNAR⫺/⫺ mice) of MVEV.wt, MVEV.C.IRES, or MVEV.IFN-␤. Mice were monitored daily for a period
of 28 days and morbidity and mortality were recorded. (C) At 2 days p.i., sera were collected from MVEV.C-IRES (n ⫽ 8)- and MVEV.IFN-␤ (n ⫽ 9)-infected
IFNAR⫺/⫺ mice and viremia titers determined by plaque assay on Vero cells. Each symbol represents an individual mouse, and mean titers are indicated by a
horizontal red line. The dotted line represents the detection limit of the plaque assay.
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TABLE 2 Meta-analysis of virus attenuation
Mortality (%)a
Weanlingb mice

scid mice

Virus

i.c. (10 )

i.p. (10 )

i.v. (103)

i.v. (105)

IFNAR⫺/⫺ mice,
i.p. (105)

Combined
(all models)

MVEV.C-IRES
MVEV.IFN-␤

3/14 (21)
1/14 (7)

4/10 (40)
0/10 (0)

1/8 (13)
0/9 (0)

9/10 (90)
7/9 (78)

5/8 (63)
4/9 (44)

22/50 (44)c
12/51 (24)

3

5

a

Data were taken from Table 1 and Fig. 5. The route of infection and virus dose (PFU) are indicated.
Mouse model.
c
P ⫽ 0.036 by the two-tailed Fisher exact test.
b
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addressed this problem by using BALB.A2G-Mx1 instead of
BALB/c mice, because Mx1 expression in these congenic mice can
be used as a highly sensitive biomarker for the presence of type
I/III IFNs (37) (reviewed in reference 38). We found that Mx1
gene expression correlated well with that of IFN-␤ (Fig. 6C), with
the highest levels of Mx1 mRNA found in mice infected with the
wild-type virus, clearly elevated but relatively moderate levels in
mice inoculated with MVEV.IFN-␤, and intermediate levels in
MVEV.C-IRES-infected mice. Interestingly, Mx1 gene activity
was still detectable in tissues of mice infected with MVEV.C-IRES
at the end of the observation period (day 16 p.i.) but returned to
near-baseline levels in 2 of 3 samples from the group of animals
infected with MVEV.IFN-␤ (in line with previous findings on the
kinetics of Mx expression in mice recovering from an RNA virus
infection [39]).
Mx proteins accumulate in large, stable protein aggregates.
With a half-life of more than 2 days (39, 40), Mx proteins can be
used as a highly sensitive biomarker even for a fleeting and locally
confined IFN production. To investigate the effect of flaviviral
IFN coexpression on the IFN response at a cellular level in the
CNS, double staining of brain sections for MVEV NS1 and IFNinduced Mx1 proteins was performed for subsequent immunohistochemical analysis (Fig. 7). As expected, we found widespread
accumulation of both NS1 and Mx1 in mice infected with wildtype MVEV. In contrast, sections of brain from mice infected with
the bicistronic viruses showed only very few cells that stained positive for NS1. However, notwithstanding the low number of detectable virus-infected cells, abundant Mx1 expression was observed, although the expression pattern was less homogeneous
then in mice infected with MVEV.wt and was more variable between different regions of the brain and between individual mice.
Notably, despite the lower number of NS1-positive cells in the
CNS of mice infected with MVEV.IFN-␤ than in mice infected
with MVEV.C-IRES (Table 3), IFN-␤ coexpression elicited comparable numbers of Mx1-expressing cells (Table 4).
Taken together, the results reinforce the notion that Mx1 protein expression can be used as an exquisitely sensitive marker for
measuring the bioactivity of endogenous and recombinant IFNs.
Moreover, the abundant accumulation of Mx1 protein in the CNS
of mice infected with MVEV.IFN-␤ indicates efficient activation
of the IFN response, despite an essentially abortive infection with
a highly attenuated virus.
Immunogenicity of bicistronic MVEV. Neutralizing antibody
is key both in recovery from primary flavivirus infection and in
vaccine-mediated protection against flaviviruses (reviewed in references 18 and 19). Therefore, the humoral immune response
elicited with the bicistronic viruses was compared to that with
MVEV.wt in two mouse strains (B6 and BALB/c). Total anti-
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cell surface, and secreted nonstructural flavivirus protein;
therefore, it cannot be excluded that in a severe infection of the
brain some NS1-specific staining might be the result of attachment or uptake of NS1 into uninfected cells. In animals infected with MVEV.wt, we observed an exponential increase in
the number of infected cells until mice succumbed to the virus
by day 5 p.i. (Table 3). In contrast, we found only a small
number of infected cells in the brains of mice that had been
infected with the bicistronic viruses, with MVEV.C-IRES giving slightly more infected cells on days 4 and 7 p.i. than MVEV.IFN-␤.
We corroborated these findings by quantifying MVEV RNA in
tissue samples taken from the left hemispheres of the same mice
(Fig. 6A). The MVEV.wt genome content in brain increased exponentially with time, with titers in some mice reaching almost
1013 GEs/g of tissue (mean titer on day 4 p.i. ⫽ 2.3 ⫻ 1012 GEs/g).
Significantly (⬃10,000-fold) less viral RNA accumulated in mice
infected with MVEV.C-IRES, with peak titers at days 4 and 7 p.i.
(mean ⫽ 2.5 ⫻ 108 and 2.8 ⫻ 108 GEs/g, respectively). At later
times, RNA levels decreased, pointing to a recovery from the infection
(mean titers at day 16 p.i. showed an ⬃100-fold decrease compared to
peak levels). Brains from mice infected with MVEV.IFN-␤ showed
barely detectable levels of viral RNA, with only one animal presenting
with a titer that exceeded 106 GEs/g tissue. Taken together, the data
substantiate the finding that both bicistronic flaviviruses are highly
attenuated, and they lend further support to the concept of additional
suppression of viral growth and virulence by the codelivery of IFN-␤.
Coexpression of IFN stimulates a robust innate immune response in the CNS despite abortive virus replication. Having
demonstrated the excellent safety profile of MVEV.IFN-␤, we
next analyzed organ-wide expression levels and biological activity
of the coexpressed cytokine. Given that MVEV is neurotropic in
the mammalian host, the parameters were evaluated in brains of
mice infected by the i.c. route. At first we analyzed the expression
of IFN-␤ by quantitative PCR and found, somewhat surprisingly,
that IFN-␤ mRNA levels barely increased above baseline in brain
tissue of mice infected with MVEV.IFN-␤ (Fig. 6B). This means
that neither the transgene nor the endogenous gene produces substantial amounts of IFN-␤, an observation that is in line with the
fact that the viral load in MVEV.IFN-␤-infected mice is extremely
low. In sharp contrast, IFN-␤ mRNA levels increased dramatically
in mice infected with MVEV.wt, which demonstrates that the CNS
is capable of mounting a substantial IFN response against MVEV
(if the virus load is high). Finally, mice infected with MVEV.CIRES showed low but clearly detectable production of IFN-␤
mRNA, peaking at day 7 p.i., and with a time course that followed
that of the virus load (Fig. 6A and B).
Measuring a low-level IFN response can be challenging. We
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TABLE 3 Attenuation of virus spread in the CNS
No. of infected cells (mean)/brain sectionb
a

Time (days p.i.)

Mouse

Section area 1

Section area 2

Section area 3

Mean

MVEV.wt

1

B1-1
B2-1
B1-2
B2-2
B1-4
B2-4
B3-4
B1-7
B2-7
B3-7

35
28
106
126
⬎1,000c,d
⬎1,000c,d
⬎1,000c,d
Diedd
Diedd
Diedd

183
171
120
342
⬎1,000c,d
⬎1,000c,d
⬎1,000c,d

13
12
14
375
⬎1,000c,d
⬎1,000c,d
⬎1,000c,d

77
68
80
278
⬎1,000c,d
⬎1,000c,d
⬎1,000c,d

C1-1
C2-1
C1-2
C2-2
C1-4
C2-4
C1-7
C2-7
C1-16
C2-16

0
0
2
0
37
1
2
9
0
0

0
0
0
0
118
0
2
3
0
0

0
0
0
0
22
1
5
4
1
0

0
0
1
0
59
1
3
5
0
0

D1-1
D2-1
D3-1
D1-2
D2-2
D3-2
D1-4
D2-4
D3-4
D1-7
D2-7
D3-7
D1-16
D2-16
D3-16

1
0
2
0
1
0
2
1
1
0
0
1
0
0
0

0
0
0
1
0
0
1
0
0
0
0
0
2
0
0

0
0
0
0
0
0
1
2
0
0
0
0
0
0
0

0
0
1
0
0
0
1
1
0
0
0
0
1
0
0

2
4

7

MVEV.C-IRES

1
2
4
7
16

MVEV.IFN-␤

1

2

4

7

16

a

Groups of 3-week-old BALB.A2G-Mx1 mice were i.c. inoculated with 104 PFU of MVEV.wt, MVEV.C-IRES, or MVEV.IFN-␤, and groups of 2 or 3 mice were euthanized at the
indicated time points for tissue collection.
b
Sagittal brain sections (excluding cerebellum) were prepared and immune stained for the viral NS1 protein. For each section area (i.e., 1, 2, and 3), the number of cells with
detectable antigen levels was determined by evaluating 2 neighboring sections of 4-m nominal thickness. Section areas are separated by at least 250 m. Sections from mocktreated control animals (inoculated with virus diluent only) were also examined, but as expected, no virus-infected cells could be identified (data not included).
c
There were too many infected cells to count.
d
All animals infected with MVEV.wt showed signs of disease at day 4 p.i. and either were killed or died the following night.

MVEV antibody titers and functional activity were determined by
ELISA and neutralization assay, respectively (Table 5). The results
showed that a two-dose vaccination schedule with MVEV.C-IRES
induced a potent virus-specific antibody response and that the
magnitude of the response reached levels similar to those obtained
in mice infected with MVEV.wt. Moreover, the ELISA and
PRNT50 titers elicited with MVEV.IFN-␤ were only slightly lower
than those achieved with MVEV.C-IRES. Booster immunizations
given at 3 to 4 weeks after priming markedly enhanced the antibody response against the bicistronic viruses but not that against the
wild-type virus. It should be noted that infections with MVEV.wt
were severe and resulted in mortality rates of up to 60%, as reported
previously (23). This complicates a direct comparison of antibody
titers between wild-type and bicistronic viruses, because sterile im-
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munity after priming with MVEV.wt most likely masked any booster
effect of subsequent immunization in surviving mice.
Vaccine delivery by the i.m. route produced significantly
higher antibody titers than that by the s.c. route for all immunogens and mouse strains tested (Table 5 and data not shown), while
i.v. immunization of B6 mice with MVEV.IFN-␤ resulted in a
further increase in ELISA and neutralizing antibody titers relative
to those with the i.m. route (Table 5). We also noted that overall,
the humoral immune response against MVEV was higher in B6
than in BALB/c mice and that the magnitude of the responses in
prime-boost vaccination with MVEV.IFN-␤ was dose dependent,
which is not the case for single i.v. infections with MVEV.wt in the
dose range of 0.1 to 105 PFU (23).
Protective value of antibody responses elicited with bicis-
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tronic MVEV. The protective efficacy of the humoral immune
response elicited by vaccination with the bicistronic viruses was
evaluated by adoptive transfer of immune B cells into 4-week-old
B6 mice 1 day prior to a lethal challenge with MVEV.wt (Fig. 8).
Given the low mortality rate in adult (⬎8-week-old) mice following extraneural infection with MVEV, young animals that are significantly more susceptible to the infection were used in the challenge experiment. B cells were isolated from donor mice at 9 weeks
after the completion of a vaccination schedule consisting of two
i.m. injections of 105 PFU of either of the bicistronic viruses and
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were transferred into recipient mice by the i.p. route. A subsequent infection with 105 PFU of MVEV.wt revealed that
MVEV.IFN-␤- and MVEV.C-IRES-immune B cells provided significant protection against disease in this stringent challenge
model (P ⫽ 0.02 and 0.004, respectively, relative to naive B cell
transfer). The result from this experiment clearly demonstrates
the protective efficacy of a two-dose immunization regimen with
bicistronic MVEVs, a finding that is consistent with a dominant
role of B-cell memory in flavivirus vaccine protection (41, 42).
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FIG 6 Virus RNA and innate immune mRNA quantification in the brain. BALB.A2G-Mx1 mice (3 weeks old) were intracranially inoculated with 104 PFU of
MVEV.wt, MVEV.C-IRES, or MVEV.IFN-␤. Groups of 2 or 3 mice were killed at the time points indicated, and total RNA was isolated from a quarter of the
brain. Quantitative RT-PCR was performed for MVEV RNA (A), IFN-␤ mRNA (B), and Mx1 mRNA (C). Bars represent mean values obtained from three
independent quantitative PCRs (A) or are representative values chosen from two independent quantitative PCRs (B and C). GE, genome equivalent.
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DISCUSSION

We have devised a novel bicistronic genome organization for an
IRES-based attenuation of flavivirus vaccine candidates. Our
strategy exploited a flavivirus unique polyprotein-processing
mechanism at the junction of the viral C and prM proteins. The
two proteins are separated by a signal peptide, and it was previously shown that cleavage at the cytosolic side of the signal peptide
by the viral NS2B-3 protease produces the mature C protein and
triggers efficient ER luminal signalase cleavage of prM (43, 44). It
is thought that this coordination of cleavage events at the C-prM
protein junction promotes efficient virus morphogenesis (25, 45).
Disruption of the obligatory sequence of cleavages by introduction of three point mutations into the signal peptide produced a
mutant virus that showed significantly poorer growth in cell culture and virulence attenuation in mice (45); it also accounted for
loss of flavivirus-induced upregulation of major histocompatibility complex (MHC) class I at the cell surface (46), a phenomenon
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that may provide a strategy for flavivirus immune escape from the
natural killer (NK) cell response (47, 48). The bicistronic
MVEV.C-IRES genome is translated to produce mature C protein
following 5=-cap-dependent initiation of translation, while synthesis of all other viral proteins is driven by an IRES at the C-prM
gene junction. This results in the uncoupling of the coordinated
cleavages at the C-prM junction. Accordingly, the IRES-based attenuation of a flavivirus described in this study involves at least
two mechanisms that putatively reduce viral virulence: (i) suboptimal viral protein levels and/or an imbalance of the relative
amounts of virus proteins and (ii) suboptimal virus assembly.
Moreover, increased size and altered genome secondary RNA
structures may have also contributed to the reduced growth efficiency of recombinant bicistronic viruses.
Safety and immunogenicity are key parameters that determine
the suitability of live virus vaccines. The bicistronic flavivirus candidate vaccine (MVEV.C-IRES) showed a remarkable level of vir-
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FIG 7 Virus and Mx1 protein accumulation in the brains of MVEV-infected mice. Adult BALB.A2G-Mx1 mice were intracranially inoculated with 104 PFU of
MVEV.wt (mouse B1-4) (A), diluent alone (mock, mouse A1-1) (B), MVEV.C-IRES (mouse C1-4) (C), and MVEV.IFN-␤ (mouse D1-4) (D). Mice were killed
at 4 days p.i., 4-m sagittal brain sections were prepared, and neighboring sections were immunostained for the virus protein NS1 (anti-NS1) or Mx1 (anti-Mx1).
Sections were then counterstained using either hematoxylin (together with anti-NS1) or eosin (with anti-Mx1). Insets show the typical cytoplasmic and nuclear
staining patterns of NS1 and Mx1, respectively. Arrows point to a number of NS1-positive cells in the olfactory bulb of mouse C1-4. Bars, 200 m.
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TABLE 4 Mx protein quantification in the brain
Mouse ID

Mx expressionb

Mock

1
7

A1-1
A1-7

⫺
⫺/⫹

MVEV.wt

1

B1-1
B2-1
B1-2
B2-2
B1-4
B2-4
B3-4
B1-7
B2-7
B3-7

⫹⫹
⫹⫹
⫹⫹
⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
Diedc
Diedc
Diedc

C1-1
C2-1
C1-2
C2-2
C1-4
C2-4
C1-7
C2-7
C1-16
C2-16

⫹
⫹⫹
⫹⫹
⫹
⫹⫹
⫺/⫹
⫹
⫹
⫹⫹
⫹⫹

D1-1
D2-1
D3-1
D1-2
D2-2
D3-2
D1-4
D2-4
D3-4
D1-7
D2-7
D3-7
D1-16
D2-16
D3-16

⫹
⫹
⫹
⫹
⫹⫹
⫹
⫹⫹
⫹
⫹
⫹
⫹⫹/⫹⫹⫹
⫺/⫹
⫺/⫹
⫹/⫹⫹
⫹

Virusa

2
4

7

MVEV.C-IRES

1
2
4
7
16

MVEV.IFN-␤

1

2

4

7

16

a

Groups of 3-week-old BALB.A2G-Mx1 mice were i.c. inoculated with 104 PFU of
MVEV.wt, MVEV.C-IRES, or MVEV.IFN-␤ and euthanized at the indicated time
points for tissue collection.
b
Sagittal brain sections (excluding the cerebellum) were prepared, immunostained for
Mx proteins, and examined microscopically. The number of Mx-expressing cells and
the amount of Mx protein within a given cell were determined in a semiquantitative
manner: ⫺, no positive cells; ⫺/⫹, individual or small groups of positive cells (nuclear
staining only); ⫹, larger groups of positive cells; ⫹⫹, even larger groups of positive
cells in relatively confined areas; ⫹⫹⫹, large number of positive cells in confluent areas
(nuclear plus weak cytoplasmic staining); ⫹⫹⫹⫹, almost all nuclei at least weakly
positive and large confluent areas with strongly positive nuclei (plus weak to moderate
cytoplasmic staining).
c
All animals infected with MVEV.wt showed signs of disease at day 4 p.i. and were
either killed or died the following night.

ulence attenuation while retaining potent immunogenicity. It displayed an ⬃10,000-fold reduction of neuroinvasiveness and at
least a 1,000-fold reduction in neurovirulence in weanling mice, a
model commonly used for flavivirus virulence determination.
Notably, the i.c. LD50 for MVEV.C-IRES was ⬎1,000-fold lower
than that of the yellow fever 17D vaccine, the gold standard for a
successful live-attenuated flavivirus vaccine; the i.c. LD50 of the
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yellow fever vaccine in weanling BALB/c mice is ⬃1 (our unpublished result). MVEV.C-IRES was also highly attenuated in immunodeficient mice defective in either adaptive (NOD-scid) or innate
(IFNAR⫺/⫺) immune responses. Nevertheless, the high level of
attenuation did not prevent efficient induction of humoral immunity, the immune response that is pivotal in vaccine protection
against flaviviruses (18, 19). Using a two-dose vaccination regimen, all mice developed neutralizing antibody responses of a
magnitude exceeding that considered protective (PRNT50 ⱖ 10)
in the case of the closely related Japanese encephalitis virus (49) and
similar to levels found in mice infected with MVEV.wt. It is
thought that survivors of a natural flavivirus infection acquire
life-long protective immunity against that virus. Accordingly, we
speculate that immunization with MVEV.C-IRES will also durably protect against disease following exposure to MVEV. Using
immune B cell transfer from MVEV.C-IRES-immunized mice to
young recipients that were lethally challenged with MVEV, we
confirmed the in vivo protective efficacy of the vaccine and also
demonstrated that the vaccine induced protective memory B cells
in addition to neutralizing antibody. Finally, genome stability, in
addition to a high level of virulence attenuation, is a critical safety
parameter for a live bicistronic flavivirus vaccine. MVEV.C-IRES
showed high genome stability without evidence of reversion to a
monocistronic genome organization in a prolonged cell culture
passaging series. These findings collectively highlight the potential
of the IRES-based attenuation approach in flavivirus vaccine development.
This study also investigated the effect of coexpression of IFN-␤
on vaccine properties of a bicistronic MVEV. IFN-␤ is an “immediate early IFN” that signals predominantly in an autocrine and
paracrine manner, thereby promoting the subsequent expression
of a wider array of IFN-␣ subtypes (8). We posited that earlier
and/or increased production of type I IFN at the infection site
would restrict dissemination of the IFN-encoding virus but also
stimulate the generation of adaptive immune responses against
viral antigens. MVEV.IFN-␤, the first flavivirus encoding a cytokine/IFN, produced high levels of IFN (⬃400 ng/ml at 2 days p.i.)
in Vero cells, a monkey cell line that is nonresponsive to mouse
IFN-␤. Growth of the IFN-encoding bicistronic MVEV in Vero
cells was comparable to that of a bicistronic MVEV lacking the
IFN-␤ gene and only marginally poorer than that of MVEV.wt.
However, in IFN-responsive cells, MVEV.IFN-␤ produced a virtually abortive infection. Interestingly, we found that both bicistronic MVEVs were much more attenuated than the wild-type
virus in IFNAR⫺/⫺ MEFs, while all three viruses replicated to similar levels in Vero cells, an observation that probably reflects differences in the innate immune competence of the two cell culture
systems. IFNAR⫺/⫺ MEFs lack a functional IFN-␣/␤ receptor, but
alternative IFN signaling may still occur (50), while Vero cells lack
the ability to produce type I IFNs (33) and do not respond to
mouse IFNs due to the species-specific binding of IFNs to their
respective receptors (51).
The IFN-encoding bicistronic MVEV showed high but not absolute genome stability. Only after prolonged passaging in Vero
cells was there a loss of IFN expression and deletion of foreign
sequences from the MVEV genome; passaging of MVEV.IFN-␤ in
IFN-responsive cells did not result in the appearance of revertant
viruses lacking IFN expression, most likely as a consequence of the
self-limiting replication of the recombinant virus in these cells.
The results confirm that the use of a novel insertion site at the
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Time
(days p.i.)
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TABLE 5 MVEV-specific antibody responsesa

Virus

Dose (PFU)

Route

C57BL/6

MVEV.wtd
MVEV.C-IRES
MVEV.IFN-␤
MVEV.wte
MVEV.IFN-␤
MVEV.IFN-␤

103
105
105
103
103
105

i.m.

MVEV.wtf
MVEV.C-IRES
MVEV.IFN-␤
MVEV.wt
MVEV.C-IRES
MVEV.IFN-␤

105
105
105
105
105
105

i.m.

BALB/c

i.v.

s.c.

Mean PRNT50 titer (range)c

No. of
animals/group

First
bleed

Second
bleed

First bleed

Second bleed

2
10
10
4
5
5

4.2 (0.4)
4.0 (0.3)
2.5 (0.5)
4.0 (0.2)
⬍2.0
4.0 (0.1)

4.1 (0.6)
4.7 (0.3)
3.7 (0.4)
4.3 (0.2)
2.6 (0.6)
5.3 (0)

320 (pool)
40 (pool)
10 (pool)
160 (pool)
⬍10 (pool)
10 (pool)

60 (40–80)
192 (80–320)
50 (⬍10–80)
120 (80–160)
⬍10 (pool)
180 (80–320)

6
10
10
10
10
10

3.6 (0.3)
2.8 (0.4)
2.5 (0.3)
NTg
NT
NT

4.2 (0.1)
4.3 (0.4)
4.2 (0.3)
3.3 (0.3)
3.7 (0.3)
3.1 (0.1)

20 (pool)
10 (pool)
⬍10 (pool)
NT
NT
NT

113 (40–160)
82 (20–160)
15 (⬍10–40)
20 (pool)
20 (pool)
⬍10 (pool)

a
Groups of 7- to 8-week-old C57B6 or BALB/c mice were immunized with wild-type or recombinant MVEV using the dose and route indicated and were boosted with the same
dose and by the same route 3 to 4 weeks later. Sera were collected prior to delivery of the booster dose and at 3 to 4 weeks after the second immunization.
b
ELISA endpoint titers of individual test sera were determined as described in Materials and Methods section.
c
Plaque reduction neutralization by individual or pooled test sera against MVEV were determined as described in Materials and Methods.
d
Three mice succumbed to MVEV.wt infection; the indicated group size represents surviving mice.
e
One mouse succumbed to MVEV.wt infection; the indicated group size represents surviving mice.
f
Four mice succumbed to MVEV.wt infection; the indicated group size represents surviving mice.
g
NT, not tested.

C-prM junction significantly improves recombinant bicistronic
flavivirus genome stability in comparison to highly unstable insertion sites in the 3= untranslated region that were previously employed (52–54). This indicates the suitability of a new generation
of recombinant bicistronic flavivirus vectors for clinical use in
applications that do not require prolonged virus replication, such
as vaccinations. Our approach of inserting an IRES at the C-prM
junction differs from previous attempts to generate replication-

FIG 8 Protection against lethal challenge with MVEV. B6 donor mice (10
mice/group) were immunized (i.m.) with two doses of 105 PFU of either
MVEV.C-IRES or MVEV.IFN-␤, delivered 3 weeks apart (Table 3), and B cells
were isolated at 9 weeks after completion of the vaccination schedule and
adoptively transferred into 4-week-old recipients (n ⫽ 10/group). Additionally, B cells from naive mice were transferred into control mice (n ⫽ 10). One
day after the transfer, mice were challenged with 105 PFU of MVEV.wt by
footpad injection and monitored twice daily for morbidity and mortality for 28
days.
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competent bicistronic flaviviral genomes in which an IRES was
placed between the 5= promoter element and the start of the viral
polyprotein sequence (55, 56).
The virulence of MVEV.IFN-␤ in mice was highly attenuated,
albeit with a level of attenuation that was only slightly greater than
that of the bicistronic control virus, MVEV.C-IRES. This was perhaps not unexpected, given the already high level of attenuation
observed for the IRES-based vaccine candidate. A comparison of
the immunogenicity and protective value against lethal challenge
with MVEV in mice between MVEV.IFN-␤ and MVEV.C-IRES
showed that the marginally lower virulence found when IFN-␤
was coexpressed came at the cost of a slightly reduced vaccine
efficacy. These results raised the question of whether the codelivery of IFN-␤ resulted in overattenuation and if the choice of a
different IFN with lower antiviral activity would have more convincingly uncovered an immune-potentiating adjuvant effect of
the cytokine. Although all type I IFNs bind to a common receptor
complex, binding properties and biological activities of individual
IFNs (even those of closely related subtypes) may vary dramatically (see, e.g., reference 57). Thus, type I IFNs other than IFN-␤
or more distantly related IFN such as type III IFNs may provide a
more optimal balance of attenuation and immunogenicity, as was
reported for poxviral codelivery of several IFNs (13). Given that
viruses differ in their sensitivity to different IFN types and subtypes (58, 59) and that adaptive immune responses vary in their
protective value against different viruses, it is likely that using the
IFN coexpression strategy in vaccination will require a virus-specific optimization of IFN subtype.
Finally, we examined whether delivery of IFN-␤ and/or triggering of IFN responses could be accomplished in the CNS by the
inoculation of MVEV.IFN-␤. The brain was chosen as a target
organ, because MVEV is neurotropic and replicates poorly in extraneural tissues. Overall, we found that (endogenous) IFN-␤
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Mouse strain

Mean log10 antibody
titer (SD)b
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gene expression in infected brains strictly correlated with virus
replication and that the poor replication of MVEV.IFN-␤ prevented consistent detection of above-baseline IFN-␤ mRNA levels. For increased sensitivity, we used the IFN-stimulated gene
Mx1 as a sensitive biomarker for type I IFNs, and indeed we could
detect an increase in Mx1 mRNA levels in most animals between 1
and 7 days p.i. A detailed analysis of the IFN response at the cellular
level (via Mx1 protein detection) showed a patchy distribution of
Mx1 expression throughout the brains of MVEV.IFN-␤ infected
mice, which was markedly more widespread than that of viral antigen-positive cells. Furthermore, the expression pattern was comparable for the IFN-␤-encoding virus and MVEV.C-IRES, although the
latter grew to higher titers, suggesting that transgene expression
boosted the IFN-production in the CNS of mice infected with
MVEV.IFN-␤. In sharp contrast, a much more widespread and homogeneous expression of Mx1 was observed in brains of mice infected with MVEV.wt. Thus, the MVEV backbone is perhaps poorly
suited for therapeutic delivery of IFN-␤ because its replication is too
sensitive to the coexpressed cytokine. However, further research
might show the suitability of flavivirus-vectored delivery of other IFN
types/subtypes or that of alternative backbones for a more robust
IFN-␤ expression in the CNS.
Taken together, our results with MVEV suggest that a bicistronic virus design and the coexpression of IFN can be employed
to further increase the safety of flavivirus vaccine candidates.
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