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Venezuelan Equine Encephalitis Virus Variants Lacking Transcription
Inhibitory Functions Demonstrate Highly Attenuated Phenotype
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ABSTRACT

Alphaviruses represent a significant public health threat worldwide. They are transmitted by mosquitoes and cause a variety of
human diseases ranging from severe meningoencephalitis to polyarthritis. To date, no efficient and safe vaccines have been de-
veloped against any alphavirus infection. However, in recent years, significant progress has been made in understanding the
mechanism of alphavirus replication and virus-host interactions. These data have provided the possibility for the development
of new rationally designed alphavirus vaccine candidates that combine efficient immunogenicity, high safety, and inability to
revert to pathogenic phenotype. New attenuated variants of Venezuelan equine encephalitis virus (VEEV) designed in this study
combine a variety of characteristics that independently contribute to a reduction in virulence. These constructs encode a noncy-
topathic VEEV capsid protein that is incapable of interfering with the innate immune response. The capsid-specific mutations
strongly affect neurovirulence of the virus. In other constructs, they were combined with changes in control of capsid translation
and an extensively mutated packaging signal. These modifications also affected the residual neurovirulence of the virus, but it
remained immunogenic, and a single immunization protected mice against subsequent infection with epizootic VEEV. Similar
approaches of attenuation can be applied to other encephalitogenic New World alphaviruses.

IMPORTANCE

Venezuelan equine encephalitis virus (VEEV) is an important human and animal pathogen, which causes periodic outbreaks of
highly debilitating disease. Despite a continuous public health threat, no safe and efficient vaccine candidates have been devel-
oped to date. In this study, we applied accumulated knowledge about the mechanism of VEEV replication, RNA packaging, and
interaction with the host to design new VEEV vaccine candidates that demonstrate exceptionally high levels of safety due to a
combination of extensive modifications in the viral genome. The introduced mutations did not affect RNA replication or struc-
tural protein synthesis but had deleterious effects on VEEV neuroinvasion and virulence. In spite of dramatically reduced viru-
lence, the designed mutants remained highly immunogenic and protected mice against subsequent infection with epizootic
VEEV. Similar methodologies can be applied for attenuation of other encephalitogenic New World alphaviruses.

he Alphavirus genus in the Togaviridae family contains a vari-

ety of human and animal pathogens, which are widely distrib-
uted on all continents, including South, Central, and North Amer-
ica (1). In natural conditions, most alphaviruses are transmitted
by mosquito vectors, in which they cause a persistent, lifelong
infection characterized by high levels of virus accumulation in the
salivary glands (2). Upon transmission to vertebrate hosts, alpha-
viruses cause acute infections and induce diseases of various se-
verities, with symptoms ranging from severe meningoencephalitis
to mild rash and polyarthritis (3).

The New World (NW) alphaviruses, such as eastern, western,
and Venezuelan (VEEV) equine encephalitis viruses represent a
significant public health threat. The epizootic strains of VEEV are
lethal for equids and cause very severe diseases in humans (4). The
NW alphaviruses were also developed during the Cold War as
biological warfare agents due to numerous user-friendly charac-
teristics, such as an ability to grow to very high titers in many
commonly used cell lines, stability in lyophilized form and effi-
cient transmission by aerosol (5). Accordingly, these viruses are
classified as category B select agents by the CDC. Thus far, no
therapeutic means or safe and efficient vaccines have been de-
signed for use against any of the NW alphaviruses. The only live
experimental vaccine for VEEV infection, VEEV TC-83, was de-
veloped more than 4 decades ago by serial passaging of the wild-
type (wt) VEEV TRD strain in cultured guinea pig heart cells (6,
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7). Its attenuated phenotype relies entirely on two point muta-
tions, one located in the 5" untranslated region (5'UTR) of the
viral genome, and the other in the E2 glycoprotein (8, 9). VEEV
TC-83 has demonstrated a potential for rapid reversion to the wt
phenotype (10). In addition to the risk of reversion, this vaccine
also causes adverse reactions, which often result in a disease with
the symptoms similar to the wt virus infection (6, 11). An inacti-
vated vaccine, C-84, was developed on the basis of VEEV TC-83. It
is safe but less immunogenic, and it requires boosters to support
high levels of neutralizing antibodies (Abs) (12). Thus, the need
for safe and efficient vaccines against alphaviruses, and VEEV in
particular, remains urgent.

In the last number of years, significant progress has been made
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in understanding the mechanism of VEEV genome replication
and its packaging into infectious virions. In particular, much new
information has been generated regarding the interaction of al-
phaviruses with their hosts on molecular and cellular levels. These
data have provided new opportunities to develop novel vaccine
strategies to combat alphavirus infections. For example, it was
shown that the VEEV capsid protein is an important player not
only in the virion assembly process but is also an inhibitor of
cellular transcription, type I interferon (IFN) induction, and acti-
vation of interferon-stimulated genes (ISGs) (13-16). However,
the capsid protein of the Old World (OW) alphaviruses does not
exhibit these nuclear functions (17, 18). The latter viruses use their
nonstructural protein, nsP2, to induce degradation of one of the
subunits of cellular RNA polymerase II through the ubiquitin
pathway and thus also inhibit the antiviral response (19, 20). This
difference between the NW and the OW alphaviruses was used to
develop chimeric viruses, which do not exhibit nuclear inhibitory
functions (18, 21-23). VEE/CHIKV or VEE/SINV chimeras,
which encode VEEV-specific nonstructural proteins and chikun-
gunya virus (CHIKV)- or Sindbis virus (SINV)-specific structural
proteins, respectively, produce no proteins capable of interfering
with cellular transcription. They were found to be highly attenu-
ated, noncytopathic and very potent type I IFN inducers (21).
VEE/CHIKV chimeras were also found to be exceptionally safe
and induced a very efficient protective immune response against
CHIKYV infection in a small animal model (22). Importantly, the
attenuated phenotype appeared to be irreversible, since a combi-
nation of fragments from very different viruses in the same ge-
nome makes evolution to a pathogenic phenotype a highly un-
likely event.

Unfortunately, it is impossible to apply a similar chimeric virus
approach for the development of vaccine candidates against NW
alphaviruses. However, other possibilities for manipulations of
their genome and modification of virus biology became recently
available. The transcription inhibitory functions of VEEV capsid
protein were found to be dependent on binding of importin-a/3
and CRM1 (14). The binding sites of both receptors were mapped
to a small peptide located in the amino-terminal fragment of cap-
sid protein (14). Multiple redundant mutations in this peptide did
not affect nucleocapsid assembly but made capsid protein noncy-
topathic and incapable of inducing transcriptional shutoff or in-
terfering with development of the innate immune response (16).

Another possibility for virus attenuation was suggested by
studies of the mechanism of VEEV genomic RNA packaging (24)
and identification of the RNA packaging signal (PS) (25, 26). Nu-
merous synonymous mutations were made in the PS-containing
RNA fragment, which did not change the nsP1-specific amino
acid sequence but completely modified the nucleotide sequence
and secondary structure of the VEEV PS (26). This in turn
strongly affected the release of infectious, genome-containing vi-
rions and infectious titers.

In this study, we have applied these and other recent findings in
the mechanism of VEEV replication and its interactions with cel-
lular proteins to introduce additional levels of safety to the previ-
ously developed VEEV TC-83 experimental vaccine. The ex-
tended modifications were designed in a way to cause little or no
negative effect on RNA replication and expression of virus-spe-
cific proteins. However, the designed viruses were expected to be
attenuated and incapable of interfering with the innate immune
response or development of high titer viremia, which could po-
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FIG 1 Schematic representation of recombinant VEEV genomes used in the
present study (A) and mutations introduced into the NLS and supraNES-NLS-
connecting peptide (B) and into the PS of VEEV. Capsid-specific mutations
are indicated in blue, and PS-specific mutations are indicated in red. Dashed
lines indicate identical nucleotides and amino acids.

tentially lead to their transmission to mosquitoes. We have char-
acterized the newly designed VEEV TC-83-based variants in terms
of their replication in vitro and compared their safety and abilities
to induce protective immune response against an epizootic strain
of VEEV.

MATERIALS AND METHODS

Cell cultures. The BHK-21 cells were kindly provided by Paul Olivo
(Washington University, St. Louis, MO). The NIH 3T3 cells were ob-
tained from the American Type Tissue Culture Collection (Manassas,
VA). Vero cells were kindly provided by Scott Weaver (University of Texas
Medical Branch, Galveston, TX). These cell lines were maintained at 37°C
in alpha minimum essential medium supplemented with 10% fetal bovine
serum (FBS) and vitamins.

Plasmid constructs. Standard recombinant DNA techniques were
used for all plasmid constructions. The pVEEV-TC83 plasmid encoding
VEEV TC-83 genome was described elsewhere (16, 27). pVEEV/Cm,
pVEEV/PS™/Cm, and pVEEV/IRES-Cm contained mutations in capsid
protein (16), which are presented in Fig. 1B. pVEEV/PS™/Cm contained
135 mutations in VEEV PS (26), which are presented in Fig. 1C. pVEEV/
IRES-Cm had essentially the same design as the plasmid pVEEV/IRES/C,
which we have described elsewhere (10), but encoded the mutated VEEV
capsid protein. Maps and sequences are available from the authors upon
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request. Plasmid encoding the infectious cDNA of VEEV strain 3908 was
provided by Scott Weaver (University of Texas Medical Branch at Galves-
ton). All of the work with VEEV 3908 RNA, virus rescue, and infections
was performed in BSL3 and ABSL3 facilities of the UAB SEBLAB.

RNA transcription. Plasmids were purified by centrifugation in CsCl
gradients. They were linearized by Mlul digestion, and RNAs were syn-
thesized by using SP6 RNA polymerase in the presence of cap analog
according to the manufacturer’s recommendations (Invitrogen). The
yield and integrity of the transcripts were analyzed by gel electrophoresis
under nondenaturing conditions. Aliquots of transcription reactions were
used for electroporation without additional purification.

RNA transfections. Electroporation of BHK-21 cells was performed
under previously described conditions (28). To rescue the viruses, 1 g of
in vitro-synthesized viral genome RNA was electroporated into the cells,
which were then seeded into 100-mm dishes and incubated for 20 to 24 h.
Under these incubation conditions, VEEV/Cm, VEEV/PS™/Cm, and
VEEV/IRES-Cm did not develop any noticeable cytopathic effect (CPE)
in BHK-21 cells, but the infectious titers were similar to those of rescued
VEEV TC-83. Virus titers were determined using a standard plaque assay
on BHK-21 cells, since these viruses remained capable of forming distin-
guishable plaques under agarose cover. To assess the RNA infectivity,
10-fold dilutions of electroporated BHK-21 cells were seeded in six-well
Costar plates containing subconfluent naive cells. After 1 h of incubation
at 37°C, cells were overlaid with 2 ml of 0.5% Ultra-Pure agarose (Invit-
rogen) supplemented with minimal essential medium and 3% FBS.
Plaques were stained with crystal violet after 2 days’ incubation at 37°C,
and infectivity was determined as the PFU per g of transfected RNA.

Viral replication analysis. Vero or NIH 3T3 cells were seeded into
35-mm dishes at a concentration of 5 X 10° cells per well. Cells were
infected at the multiplicities of infection (MOIs) indicated in the corre-
sponding figures for 1 h at 37°C in phosphate-buffered saline (PBS) sup-
plemented with 1% FBS, and then incubation continued in complete
growth medium at 37°C. At the times indicated, the medium was replaced
by fresh medium, and virus titers in the harvested samples were deter-
mined by plaque assay on BHK-21 cells.

Analysis of protein synthesis. Cells were seeded into six-well Costar
plates at a concentration of 5 X 10° cells per well. They were infected at an
MOI of 20 PFU/cell, and at the times indicated in the figure legend, the
cells were incubated for 30 min in 0.8 ml of Dulbecco modified Eagle
medium (DMEM) lacking methionine, supplemented with 0.1% FBS and
20 pCi of [*>S]methionine/ml. After this incubation, the cells were
scraped, collected by centrifugation, and dissolved in 100 pl of standard
protein loading buffer. Equal amounts of proteins were loaded onto each
lane of the sodium dodecyl sulfate-10% polyacrylamide gels for SDS-
PAGE analysis. After electrophoresis, the gels were dried, autoradio-
graphed, and analyzed on a Storm 860 PhosphorImager (Molecular Dy-
namics).

Analysis of presence of viral structural proteins in the infected cells
and released viral particles. Totals of 5 X 10° NIH 3T3, Vero, and
BHK-21 cells were infected at an MOI of 20 PFU/cell. At 22 h postinfec-
tion, the cells and media were harvested before the development of CPE
even in VEEV TC-83-infected cells. Media were additionally clarified by
centrifugation at 21,000 X g for 10 min. Viral particles were pelleted from
0.8 ml of media by ultracentrifugation through a 20% (wt/wt) sucrose
cushion in a TLAS55 rotor (Beckman) at 54,000 rpm for 2 h at 4°C. The
cells were pelleted by centrifugation at 1,500 X g for 5 min. Cells and viral
particle pellets were suspended in gel loading buffer and analyzed by SDS-
PAGE, followed by Western blotting. Blots were stained with anti-VEEV
TC-83 (a generous gift from R. Tesh, University of Texas Medical Branch
at Galveston) and anti-B-actin antibodies, followed by a treatment of the
membranes with infrared dye-labeled secondary antibodies. Quantitative
analysis of the membranes was performed on a LI-COR imager. The sig-
nals were quantified in the capsid and glycoprotein bands in samples from
three independent experiments, and the means and standard deviations
were calculated.
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Analysis of RNA synthesis. To analyze the synthesis of the virus-spe-
cific RNAs, the infected cells were metabolically labeled with [*H]uridine
(20 pCi/ml) in the presence of actinomycin D (ActD; 1 pg/ml) for 4 h,
beginning at 3 h postinfection. Total cellular RNA was isolated by TRIzol,
according to the procedure recommended by the manufacturer (Invitro-
gen), and then denatured with glyoxal in dimethyl sulfoxide and analyzed
by agarose gel electrophoresis, using previously described conditions (29).
Gels were impregnated with 2,5-diphenyloxazole (PPO), dried, and auto-
radiographed.

IFN-3 measurement. NIH 3T3 cells were infected with different vi-
ruses at MOIs indicated in the figures. Media were harvested at different
times postinfection. Concentrations of IEN-f in the samples were mea-
sured with a VeriKine mouse interferon beta ELISA kit (PBL Interferon
Source) according to the manufacturer’s recommendations.

Animal studies. To assess the residual virulence of the designed vari-
ants, 6-day-old NIH Swiss mice (Harlan) were inoculated subcutaneously
(s.c.) with 2 X 10° or 10° PFU of the viruses diluted in PBS in a volume of
20 pl. The 6-week-old female NIH Swiss mice were infected s.c. with 10°
PFU of the tested viruses in 50 pl of PBS. Animals were checked twice daily
for signs of the disease or death. For some of the experiments, weight was
evaluated on a daily basis. At the times indicated in the figures, randomly
selected mice were euthanized, and titers of the viruses were evaluated in
the serum and brain. To test the concentration of neutralizing antibodies,
blood was collected from the retro-orbital sinus. For challenge experi-
ments, mice were transferred into the ABSL3 facility of the UAB SEBLAB
and challenged with 10* PFU (~10* 50% lethal dose [LD5,]) of VEEV
3908. Animals were also observed twice daily. All of the protocols were
approved by the UAB IBC and IACUC.

Titers of neutralizing antibodies. Serum samples were incubated at
50°C for 1 h and then serially (2-fold) diluted in PBS containing 1% FBS
and 2.5 X 10? PFU of VEEV TC-83 virus/ml. Samples were incubated at
37°C for 2.5 h with continuous shaking, and 0.2-ml aliquots were applied
to BHK-21 cell monolayers. After 1 h of incubation at 37°C, the cells were
covered with 0.5% agarose supplemented with DMEM and 3% FBS.
Plaques were stained with crystal violet in 48 h, and the percentage of titer
reduction was calculated.

RESULTS

Construct design and analysis of virus replication in vitro. In
our previous studies, we identified a number of specific sequences
in capsid-coding gene and other fragments of VEEV genome,
which play critical roles in virus replication and in its interaction
with the host (14, 26, 28). Two of these sequences provide impor-
tant targets for therapeutic development. The first is a shortamino
acid sequence in the VEEV capsid protein that was found to inter-
act with importin-a/B and CRM1 and to determine VEEV’s abil-
ity to cause transcriptional shutoff and interfere with the innate
immune response (Fig. 1A and B). The second is a sequence be-
tween nucleotides 856 and 1150, located in the VEEV nsP1 gene
and identified as a PS, which determines specificity of viral
genomic RNA packaging (Fig. 1A and C). Supplementary to these
findings, we also found that encephalomyocarditis virus (EMCV)
internal ribosome entry site (IRES) and IRESs derived from hep-
atitis C virus and bovine viral diarrhea virus were nonfunctional in
insect cells and could be used to modify the expression strategy of
alphavirus-specific proteins (Fig. 1A) (10, 21, 30), thus restricting
virus replication to vertebrate cells. These three findings provided
a basis for the design of a new vaccine candidate against VEEV.
Our goal in the present study was to utilize the accumulated data
for designing recombinant variants of VEEV that would be more
attenuated than the currently available VEEV TC-83 live experi-
mental vaccine. In addition to being significantly attenuated, these
variants would need to induce a protective immune response, pro-
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duce high levels of RNA replication and structural protein pro-
duction, and have a stable attenuated phenotype.

Since VEEV TC-83 is already significantly attenuated com-
pared to wt virus, its infectious cDNA clone was used for further
modifications. VEEV TC-83 was also used as a control to demon-
strate the residual level of pathogenicity. The first designed variant
VEEV/Cm contained six redundant mutations in the capsid pro-
tein (Fig. 1A and B), which were located in the nuclear localization
sequence (NLS) and a short peptide connecting the capsid-spe-
cific supraNES and NLS. The second recombinant VEEV/
PS™/Cm contained the same capsid-specific mutations and 135
mutations in the PS, which did not change the encoded amino
acid sequence (Fig. 1). In the third variant, VEEV/IRES-Cm, the
capsid gene was again mutated, but was also positioned under the
control of the EMCV IRES downstream of the E1 gene at the 3’
end of the genomic RNA (Fig. 1A and B). Thus, the capsid protein
of all of these viruses had no nuclear functions, and they addition-
ally differed either in the efficiency of viral genomic RNA packag-
ing or in the capsid expression strategy.

All of the designed variants were viable and, based on the
equally high infectivity of the in vitro-synthesized RNA, their res-
cue did not require additional adaptive mutations (data not
shown). The characteristic feature of these recovered viruses was a
less cytopathic phenotype, which resulted in their inability to
cause CPE in BHK-21, NIH 3T3, and Vero cells in liquid media or
to develop distinguishable plaques in Vero cells under agarose
cover (Fig. 2A). However, they were able to produce detectable
plaques in BHK-21 cells under agarose with medium supple-
mented with a low concentration of FBS (see Materials and Meth-
ods for details). Thus, in this and other sections, the virus titers are
presented as PFU/ml.

The mutations introduced into capsid protein did not affect
the replication rates of VEEV/Cm: its growth curves were indis-
tinguishable from those of the original VEEV TC-83 both in Vero
and NIH 3T3 cells regardless of the MOI (Fig. 2B). Mutations in
the PS of VEEV/PS™/Cm and repositioning of the capsid-coding
sequence under the control of the EMCV IRES in VEEV/IRES-Cm
had detectable negative effects on the rates of infectious virus re-
lease in both cell lines with defects in type I IFN release (Vero) and
those with no defects in IFN production and signaling (NIH 3T3).
Titers of the designed mutants were always 20- to 100-fold below
those of VEEV TC-83 and VEEV/Cm (Fig. 2B). Thus, all of the
designed viruses demonstrated the same inability to cause CPE, at
least in the tested cell lines, but differed in terms of efficiency of
producing infectious virus in cell cultures.

Replication of viral RNA and synthesis of viral structural
proteins. Infectious virus titers do not necessarily reflect the RNA
replication rates, the rate of protein synthesis, and the rate of par-
ticle release. Since these characteristics are important for our un-
derstanding of attenuation, we assessed them in the designed mu-
tants and the original VEEV TC-83. The results presented in Fig.
2C demonstrate that VEEV/Cm and VEEV/PS™/Cm mutants and
original VEEV TC-83 were very similar in terms of rates of virus-
specific RNA synthesis in Vero cells, whereas replication of VEEV/
IRES-Cm genome was found to be 3-fold less efficient. The mo-
lecular basis for this difference was not further investigated, but
this result correlated with lower replication rates of other previ-
ously designed, IRES-containing alphavirus mutants (21, 30).
VEEV TC-83, VEEV/Cm, and VEEV/PS™ /Cm demonstrated sim-
ilar rates of structural protein synthesis (Fig. 2D), and only VEEV/
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IRES-Cm differed by exhibiting different ratios of capsid and gly-
coprotein translation rates (Fig. 2D). The dependence of the
efficiency of capsid protein expression on the cell type suggested a
cell-dependent mode of EMCV IRES function. Cell- and virus
type-specific rates of synthesis of all viral structural proteins (Fig.
2D) led to different levels of accumulation of capsid and glycopro-
teins in VEEV/IRES-Cm-infected cells (Fig. 3A). However, the
release of viral and virus-like particles (VLPs) did not exactly cor-
relate with either structural protein synthesis or infectious titers
(Fig. 3B and C). VEEV/Cm produced particles as efficiently as
VEEV TC-83 and, based on the equal infectious titers, they were
most likely standard genome-containing infectious virions.
VEEV/PS™/Cm, in contrast, produced merely the same amount of
particles, but, depending on the cell line, infectious titers were 10-
to 100-fold lower. This was an indication that most of the particles
did not contain viral genomic RNA but packaged large amounts of
other RNAs (26). Indeed, the SG RNA, which is the most abun-
dant mRNA in the infected cells, was found in the released virions
at a molar concentration ~30-fold higher than that of genomic
RNA (Fig. 2E). In the media of VEEV/IRES-Cm-infected cells,
particles were present at 2- to 4-fold lower levels, but infectious
titers were lower than that, suggesting that this decrease was most
likely also a result of less efficient genomic RNA packaging.

Importantly, all of the newly designed variants were unable to
interfere with the development of the innate immune response.
Previously, we have demonstrated that mutated VEEV capsid pro-
tein is unable to cause transcriptional shutoff (31). In accordance
with these data, replication of the newly designed mutants in mu-
rine cells, which had no defects in type I IFN induction and sig-
naling, induced release of IFN-f more efficiently than replication
of VEEV TC-83. IFN-3 was detectable at 10 h postinfection with
mutant viruses, but not VEEV TC-83, at an MOI of 20 PFU/cell
(Fig. 4), and at 24 h postinfection, particularly at low MOI, it
accumulated to levels higher than that in the media of cells in-
fected with the original VEEV TC-83. Thus, these data suggested a
possibility that compared to VEEV TC-83, the VEEV/Cm variant
would demonstrate an additional level of attenuation resulting
from its inability to efficiently interfere with the innate immune
response. VEEV/PS™/Cm and VEEV/IRES-Cm could be even
more attenuated because of their inefficient packaging of the viral
genome and thus decreased ability to cause viremia.

The designed mutants are more attenuated than VEEV TC-
83. All of the in vitro-generated data of this and previous studies
have shown an attenuation of VEEV capsid mutants in terms of
their inability to cause CPE while also producing more efficient
induction of type I IEN (13, 16). Such results strongly suggested
that these mutants would also have an attenuated phenotype in
vivo. To experimentally test this, the 6-day-old NIH Swiss mice
were s.c. infected with 2 X 10° PFU of VEEV TC-83, VEEV/Cm,
VEEV/PS™/Cm, and VEEV/IRES-Cm. At this dose, the VEEV
TC-83 experimental vaccine was universally lethal, and all of the
mice succumbed to the infection within 6 days postinfection (Fig.
5A). By the time of death, in these mice, VEEV TC-83 was present
in the brain at concentrations ranging from 0.2 X 10'°to 2 X 10'°
PFU/g. It also caused the highest levels of viremia (Fig. 5B) and
was present at high concentrations in the brains starting from day
1 postinfection.

As demonstrated above, mutations in capsid protein did not
affect virus replication in vitro. However, they had a strong nega-
tive effect on its pathogenicity. After s.c. inoculation, VEEV/Cm
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viruses incapable of forming plaques in Vero cells. The indicated variants were titrated on Vero cells as described in Materials and Methods, and cell
monolayers were stained with Crystal violet at 2 days postinfection. (B) Vero and NIH 3T3 cells were infected at the indicated MOIs, and media were
replaced at the indicated time points. Virus titers were determined by plaque assay on BHK-21 cells. (C) 5 X 10° Vero cells in six-well Costar plates were
infected at an MOI of 20 PFU/cell with the indicated viruses. RNAs were metabolically labeled with [*H]uridine in the presence of ActD between 3 and
7 h postinfection and analyzed by agarose gel electrophoresis in denaturing conditions (see Materials and Methods for details). (D) 5 X 10° NIH 3T3 and
Vero cells in six-well Costar plates were infected with the indicated viruses at an MOI of 20 PFU/cell. At 7 h postinfection, they were metabolically labeled
with [**S]methionine for 30 min, and cell lysates were analyzed by SDS-PAGE. Quantitative analysis of radioactivity in capsid and p62 glycoprotein bands
was performed on a Storm phosphorimager. The data were normalized to radioactivity detected in VEEV TC-83-specific bands. (E) 5 X 10° BHK-21 cells
in six-well Costar plates were infected at an MOI of 20 PFU/cell with the indicated viruses. RNAs were metabolically labeled with [?H]uridine in the
presence of ActD between 14 and 20 h postinfection. The released viral particles were pelleted from the media by ultracentrifugation through 25% sucrose
(see Materials and Methods for details), and RNAs were isolated from the virus pellet and cells and analyzed by agarose gel electrophoresis in denaturing
conditions (see Materials and Methods for details).
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FIG 3 PS-specific mutations and IRES-mediated capsid expression differentially affect infectious titers and structural protein expression. Totals of 5 X 10° NIH
373, Vero, and BHK-21 cells in six-well Costar plates were infected with the indicated viruses atan MOI of 20 PFU/cell. At 22 h postinfection, both cells and media
were harvested. (A) Accumulation of VEEV structural proteins in the cells was evaluated by Western blotting with VEEV-specific Abs. Quantitative data were
generated on a LI-COR imager. (B) Viral particles were pelleted from 0.8 ml of medium by ultracentrifugation (see Materials and Methods for details) and
analyzed by Western blotting with VEEV-specific Abs. Quantitative data were generated on a LI-COR imager. Signals in the capsid and glycoprotein bands were
determined in three independent experiments. The means and standard deviations were calculated. (C) Titers of the viruses in the same harvested media were

determined by plaque assay on BHK-21 cells.

caused viremia that was a few orders of magnitude lower in 6-day-
old mice (Fig. 5B) but was still capable of neuroinvasion. All of the
tested mice had a high concentration of virus in their brains. How-
ever, VEEV/Cm replication was fatal only in a small percentage of
mice (Fig. 5A), and the surviving mice demonstrated no presence
of virus in their brains at day 12 postinfection. In additional ex-
periments, a further increase in the inoculation dose to 10° PFU
did not cause higher lethality and, once again, 20% of mice suc-
cumbed to the infection within 12 days (Fig. 5A). All of the mice
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that received the same s.c. dose of VEEV TC-83 were either dead
or euthanized due to the development of severe paralysis within 5
days.

Additional mutations in the PS (VEEV/PS™/Cm) or expres-
sion of the mutated capsid protein from the EMCV IRES (VEEV/
IRES-Cm) led to higher virus attenuation. No mice died in exper-
iments with these VEEV variants at either 2 X 10° or 2 X 10° PFU
inoculation doses. These viruses rarely induced detectable viremia,
and in these experiments, the low level of viremia that was present
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could only be detected at day 1 postinoculation. Only one mouse
demonstrated presence of low titer of VEEV/PS™/Cm in the brain
at day 5 postinfection, and one mouse was positive for the pres-
ence of VEEV/IRES-Cm in the brain at day 8 postinfection (data

New Means of VEEV Attenuation

not shown). Thus, VEEV/PS™/Cm and VEEV/IRES-Cm had dra-
matically reduced neuroinvasion potential and were less patho-
genic than VEEV TC-83 and even than VEEV/Cm.

After s.c. infection with 2 X 10° PFU of VEEV/Cm and VEEV/
PS™/Cm, all of the suckling mice seroconverted (Fig. 5C). At day
21 postinfection, they demonstrated presence of high levels of
VEEV TC-83-neutralizing Abs. Based on the inability to cause
viremia, it was not surprising to find that VEEV/PS™ /Cm induced
lower levels of neutralizing Abs. VEEV/IRES-Cm was less efficient
again in antibody induction. Only half of the infected mice sero-
converted, and the use of higher infectious doses did not produce
a noticeable increase in Abs.

Thus, the results of the experiments with suckling mice demon-
strated that capsid-specific mutations strongly attenuated VEEV TC-
83. They did not make VEEV/Cm incapable of invading the brain but
caused a profound decrease in its virulence. Additional mutations,
such as inactivation of PS or relocation of capsid protein gene under
the control of the EMCV IRES additionally affected viremia develop-
ment. This likely resulted in reduced neuroinvasiveness.

VEEV TC-83 mutants develop protective immune response
in adult mice. Safety is an important characteristic for any vaccine
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FIG 5 Extensive mutations in VEEV capsid protein and PS, and changes in the mode of capsid protein expression, have strong negative effects on residual virulence of
VEEV TC-83. Six-day-old NIH Swiss mice were infected via the s.c. route by indicated viruses and monitored for 21 days for death or signs of the disease (A). No deaths
were detected after day 12 postinfection. (B) Randomly selected mice were euthanized at days 1, 3, and 5 postinfection, and virus titers in the serum and brains were
evaluated. (C) At day 21 postinfection, the titers of neutralizing Abs were evaluated as described in Materials and Methods. n/a, not applicable. Dashed lines indicate the

limits of detection.
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limits of detection in these experiments.

candidate, but another critical parameter is the efficiency of the in-
duced immune response against subsequent infection, which
strongly depends on the level of neutralizing Abs. In subsequent ex-
periments, 6-week-old NIH Swiss mice were infected with 10° PFU of
VEEV TC-83, VEEV/Cm, VEEV/PS™/Cm, and VEEV/IRES-Cm via
the s.c. route. The original VEEV TC-83 produced viremia, which
was readily detectable at days 1 and 2 postinfection (Fig. 6A). Atday 2,
it was also found in the brains of tested mice (Fig. 6A). Mutations in
capsid-encoded NLS made VEEV/Cm, VEEV/PS™ /Cm, and VEEV/
IRES-Cm incapable of inducing viremia in adult mice (Fig. 6A), and
no virus presence was detected in the brains. None of the mice dem-
onstrated any visible signs of disease and maintained their weight at

78 jvi.asm.org

Journal of Virology

all times postinfection (Fig. 6B). Nevertheless, all of the mutants re-
mained immunogenic (Fig. 6C). After single immunization with
VEEV/Cm, titers of neutralizing antibodies were indistinguishable
from those induced by immunization with VEEV TC-83. VEEV/
PS™/Cm and VEEV/IRES-Cm were less efficient in terms of antibody
induction. The lower 50% plaque reduction neutralization test
(PRNT50) titers generally correlated with less efficient virus replica-
tion in vitro (Fig. 2B), and in vivo (Fig. 6A). Neutralizing antibodies
were present at high concentrations in adult mice by day 14 postin-
fection, and by day 35 postinfection, no obvious increase in PRNT50
titers was detected.

Considering the high titers of neutralizing antibodies, it was
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TABLE 1 Summary of characteristics of the newly designed variants and the original VEEV TC-83

VEEV variant

Condition Mouse age group VEEV TC-83 VEEV/Cm VEEV/PS ™ /Cm VEEV/IRES-Cm
Viremia Suckling +++ +++ ++ ++

Adult +++ - - -
Neuroinvasiveness Suckling +++ +++ +—— +——

Adult +++ - - -
Virulence Suckling +++ -——= -——— -

Adult - - - -
Seroconversion Suckling +++ +++ ++ +

Adult +++ +++ ++ ++

not surprising to find that mice immunized with any of the above
constructs were protected against subsequent infection with the
highly pathogenic epizootic VEEV strain 3908 (Fig. 6D). Immu-
nized mice, infected via the s.c. route with 10* PFU of VEEV 3908
(~10*LD4,) developed none of the indications of disease, such as
ruffled fur, change in behavior or paralysis. Sham-vaccinated mice
succumbed to the infection within 5 days.

Taken together, the accumulated data demonstrate that addi-
tional extensive modifications introduced into the VEEV TC-83
genome strongly diminished the residual reactogenicity of this
experimental vaccine. Despite introduced extensive changes in
nucleotide and protein sequences, these combinations of muta-
tions did not lead to overattenuation. These viruses remained ca-
pable of inducing high titers of neutralizing antibodies in mice,
and they were sufficient for protection against high doses of viru-
lent, epizootic VEEV 3908.

DISCUSSION

Despite the continuous public health threat, no safe and efficient
vaccine has been developed thus far against any alphavirus infec-
tion. Inactivated and subunit vaccine candidates demonstrate
poor efficacy, are very expensive, and require multiple boosters for
continuous support of detectable levels of neutralizing Abs. The
designed live attenuated vaccine candidates, such as VEEV TC-83
(6, 7), and genetically modified VEEV with inactivated cleavage
sites between E3 and E2 (32) exhibit significant levels of reactoge-
nicity (33) and can cause symptomatic diseases in humans. The
experimental VEEV TC-83 vaccine is efficient in terms of induc-
tion of a protective immune response (6, 7, 10, 34), but its atten-
uated phenotype relies on two point mutations in the 5’UTR and
E2 glycoprotein-coding sequence (9). Thus, VEEV TC-83 readily
reverts to a wt pathogenic phenotype within a few passages in vivo
(10). TC-83 also retains the possibility for transmission by mos-
quito vectors, which represent a reservoir for its evolution (35).
There is ongoing research to develop DNA vaccines (36, 37) or
VLP vaccines (38), but it is difficult to expect that they will be able
to induce protective immunity comparable to that produced by
live VEEV TC-83.

Previously, a widely used approach for the selection of vaccine
candidates was based on serial passage of the originally pathogenic
viruses in cultured cells, chicken embryos, or the brains of new-
born mice (6, 39). Sometimes, chemical mutagenesis was also ap-
plied to increase the diversity of virus variants in the original pop-
ulation (40). However, these methods rely on the selection of
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limited numbers of point mutations and do not provide plausible
mechanistic explanation for attenuation, and the final variants
have strong potential for reversion to a pathogenic phenotype.

Construction of infectious cDNA clones of VEEV and other
alphaviruses (41, 42) and the efficient means of genetic manipu-
lations and virus rescue (43) provided an opportunity for appli-
cation of new approaches to design safe and efficient vaccine can-
didates. In plasmid form, viral genomes can be strongly modified
to ultimately achieve higher levels of attenuation. However, a very
important characteristic of alphaviruses was found to be their out-
standing plasticity and strong tendency to rapid evolution, result-
ing in the accumulation of adaptive mutations and development
of more efficiently replicating phenotypes in vitro and/or higher
pathogenesis in vivo (44, 45). Thus, neither modification of the
promoters (45) nor modification of the cleavage site between E3
and E2 (46) made VEEV incapable of further evolution to a more
pathogenic phenotype.

In the present study, we applied recent advances in the under-
standing of alphavirus replication to design new nonpathogenic
VEEV variants, which have a potential for application as live vac-
cine candidates. Their most important characteristics are summa-
rized in Table 1. The general strategy was to combine extensive sets
of attenuating mutations affecting different aspects of virus repli-
cation and virus-host interactions and thus to reduce the possibil-
ity of the reversion to pathogenic phenotype. In order to minimize
possible negative effects on the immunogenicity of the virus, the
introduced mutations were expected to cause little or no effect on
the efficiency of viral RNA and protein synthesis. The basic strain
used for modification was VEEV TC-83, which is already at least
partially attenuated for humans and adult mice. However, it is
universally lethal for <6-day-old mice and causes a disease of
varying severity in 40% of vaccinees (11). Based on the results of
studies of the molecular basis of VEEV pathogenesis (14, 15), the
first set of additional attenuating mutations was introduced into
capsid protein. These mutations would make capsid protein inca-
pable of interfering with nucleocytoplasmic traffic and cellular
transcription, without affecting the ability to form nucleocapsids
and viral particles. These redundant mutations made VEEV
TC-83 dramatically less cytopathic (Fig. 2A) and incapable of in-
terfering with the innate immune response (Fig. 4). It retained an
ability to replicate in vitro as efficiently as the original VEEV TC-83
but induced lower levels of viremia in suckling mice and no
viremia in older mice. It also lost the ability for neuroinvasion in
adult mice and became dramatically less virulent in suckling mice.
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However, it remained highly immunogenic, and a single immu-
nization elicited levels of neutralizing Abs, which were compara-
ble to those induced by TC-83. They protected mice against high
doses of challenge virus. This was not the first attempt to attenuate
RNA viruses by making them incapable of interfering with the
induction of the innate immune response. The most representa-
tive examples are probably attenuation of the Rift Valley fever
virus via deletions of NSs fragments or the entire gene (47), and
variants of influenza virus with deletions in the NS1 gene (48, 49).
Similar to these deletion mutants, VEEV/Cm became a more po-
tent type I IFN inducer and became incapable of developing a
spreading infection in cells without defects in type I IFN produc-
tion and signaling. Our previous studies also demonstrated non-
cytopathic clearance of such mutants from already infected IFN-
competent cells (16).

In an attempt to further attenuate VEEV, we introduced nu-
merous mutations into PS of VEEV/Cm. These mutations did
decrease the infectious titers of the released virions in vitro but did
not affect structural protein expression and appeared to have a
very small effect on the numbers of released particles. Thus, as we
described previously, most of the released virions were probably
genome-free (26). The 135 mutations in PS introduced an addi-
tional level of attenuation (Table 1). They strongly affected both
viremia development and neuroinvasiveness of the virus, even in
suckling mice. VEEV/PS™/Cm induced a rarely detectable, low-
level viremia in 6-day-old mice, and no viremia was ever detected
in older mice. Suckling mice demonstrated no visible signs of the
disease, and no death was detected among these or older mice even
when infected with 10° PFU. The inability to cause viremia had a
negative effect on the titers of induced neutralizing Abs. They
became 10-fold lower than those induced by VEEV TC-83 or
VEEV/Cm. However, VEEV/PS™/Cm remained immunogenic
with all of the mice seroconverting, and a single immunization
protected them against challenge with VEEV 3908. An important
benefit of the lack of viremia was the reduced possibility for trans-
mission of VEEV/PS™/Cm to mosquitoes. Without a high con-
centration of virus in the blood, it is highly unlikely that such a
mutant can be transmitted to mosquitoes during the blood meal.
However, this possibility should be further investigated.

The third mutant was designed according to a strategy that we
had previously developed for alphaviruses to reduce their replica-
tion levels and place capsid production under the control of an
IRES (10, 21, 22, 30). This was achieved by positioning mutated
capsid, but not the glycoprotein genes under the control of the
EMCV IRES. IRES-dependent capsid expression completely abol-
ishes virus replication in mosquito cells. However, it has also de-
tectable negative effects on the balance of expression of viral struc-
tural proteins, particle formation and release. This balance of
expression is also dependent on the cell type used in the experi-
ments. This in turn affects induction of neutralizing Abs. Com-
pared to similar constructs encoding wt VEEV capsid protein
(10), the newly developed variant, was less virulent in suckling
mice and less efficient in neutralizing antibody induction. VEEV/
IRES-Cm demonstrated no ability to cause viremia or invade the
brain of adult mice, caused very rare, low-level viremia in suckling
mice, and was found in the brain of only one mouse, which exhib-
ited no sign of the disease. However, we consider its performance
below those of VEEV/Cm and VEEV/PS™ /Cm, because not all of
the suckling mice demonstrated seroconversion.

Taken together, this new study demonstrates that VEEV can be
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strongly attenuated while remaining immunogenic (see Table 1
for details). The new levels of attenuation can be achieved by using
novel approaches, which are based on the results of basic research.
The newly designed variants combine a variety of characteristics,
each of which contribute to a reduction in their virulence. (i) They
all contain the point mutation in the 5'UTR that makes replica-
tion of the originally developed VEEV TC-83 less resistant to type
I IEN (50). (ii) They also contain mutations in the E2 glycopro-
tein, which make it more efficient in binding to heparin sulfate
and consequently, more infectious for cultured cells and addition-
ally attenuated in vivo. (iii) The new constructs encode a noncy-
topathic capsid protein, which is incapable of interfering with the
innate immune response. The introduced mutations strongly af-
fected the residual neurovirulence of TC-83. (iv) Two variants,
VEEV/PS™/Cm and VEEV/IRES-Cm, contained additional ex-
tensive mutations, which lead to less efficient packaging of viral
genomes and lower infectious titers, but have only a minor effect
on particle release. They also produce no detectable viremia in
adult mice, with rare and short-term viremia in suckling mice.
Their ability for neuroinvasion in suckling mice is strongly af-
fected.

Thus, all of the newly designed VEEV mutants are less neuro-
virulent than the original VEEV TC-83, and at least two of them,
VEEV/PS™/Cmand VEEV/IRES-Cm, are less neuroinvasive. Nev-
ertheless, all of them retained immunogenicity, at least in the
mouse model used here. It is likely that similar approaches can be
applied to other encephalitogenic NW alphaviruses since they are
similar to VEEV in terms of replication strategy and virus-host
interactions.
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