
Novel Vaccine against Venezuelan Equine Encephalitis
Combines Advantages of DNA Immunization and a Live
Attenuated Vaccine

Irina Tretyakova1, Igor S. Lukashevich2, Pamela Glass3, Eryu Wang4, Scott Weaver4, and
Peter Pushko1

1Medigen, Inc., 4539 Metropolitan Court, Frederick, MD 21704, USA
2University of Louisville, 505 S Hancock St., Louisville, KY 40202, USA
3U.S. Army Medical Research Institute of Infectious Diseases, 1425 Porter St., Frederick, MD
21702, USA
4Institute for Human Infections and Immunity, Sealy Center for Vaccine Development and
Department of Pathology, University of Texas Medical Branch, GNL, 301 University Blvd.,
Galveston, TX 77555, USA

Abstract
DNA vaccines combine remarkable genetic and chemical stability with proven safety and efficacy
in animal models, while remaining less immunogenic in humans. In contrast, live-attenuated
vaccines have the advantage of inducing rapid, robust, long-term immunity after a single-dose
vaccination. Here we describe novel iDNA vaccine technology that is based on an infectious DNA
platform and combines advantages of DNA and live attenuated vaccines. We applied this
technology for vaccination against infection with Venezuelan equine encephalitis virus (VEEV),
an alphavirus from the Togaviridae family. The iDNA vaccine is based on transcription of the full-
length genomic RNA of the TC-83 live-attenuated virus from plasmid DNA in vivo. The in vivo-
generated viral RNA initiates limited replication of the vaccine virus, which in turn leads to
efficient immunization. This technology allows the plasmid DNA to launch a live-attenuated
vaccine in vitro or in vivo. Less than 10 ng of pTC83 iDNA encoding the full-length genomic
RNA of the TC-83 vaccine strain initiated replication of the vaccine virus in vitro. In order to
evaluate this approach in vivo, BALB/c mice were vaccinated with a single dose of pTC83 iDNA.
After vaccination, all mice seroconverted with no adverse reactions. Four weeks after
immunization, animals were challenged with the lethal epidemic strain of VEEV. All iDNA-
vaccinated mice were protected from fatal disease, while all unvaccinated controls succumbed to
infection and died. To our knowledge, this is the first example of launching a clinical live-
attenuated vaccine from recombinant plasmid DNA in vivo.
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1. Introduction
DNA vaccines represent a promising technology due to their safety, ease of production,
genetic stability, no need for cold chain, and activation of innate immunity pathways [1, 2].
However, the clinical application of DNA vaccines has been limited. While DNA vaccines
have been recently approved for veterinary applications, low immunogenicity in humans is
the major obstacle [3]. In contrast, live-attenuated vaccines are among the most cost-
effective and broadly used public health interventions representing approximately 60% of all
licensed vaccines and providing long-term immunity following a single-dose vaccination
[4]. Live vaccines have own limitations including the need for biocontainment during
production, cold chain requirements, and safety concerns due to the possibility of reversion,
especially for RNA viruses. These limitations have restricted the use and approval of live-
attenuated viral vaccines due to potential adverse events in immunocompromized
individuals and the possibility of genetic reversion to the virulent, wild-type phenotype. One
example of restricted use of live vaccine is the TC-83 vaccine for Venezuelan equine
encephalitis virus (VEEV). VEEV causes epizootics and epidemics in the North, Central,
and South America including an outbreak in Texas in 1971 [5, 6]. Climate, ecological
changes and international travel have increased the risk of VEEV re-emergence [7–9]. The
virus can also be easily produced in large quantities and aerosolized as a biological weapon
[7, 10]. The potentially threatening effects of the VEEV re-emergence demand an effective
vaccine [11].

The experimental, live-attenuated TC-83 vaccine [12] is currently the only live vaccine used
under an Investigational New Drug (IND) protocol for immunization of medical personnel
at risk [7, 13, 14]. The TC-83 vaccine provides protection against many epizootic viruses of
the VEEV complex [15] including IAB, IC, and IE. However, the vaccine can cause adverse
effects such as headache and fever in approximately 23% of vaccinees. Another
approximately 18% of vaccine recipients do not develop sufficient neutralizing antibody
titers [16]. Genetic reversions in the TC-83 virus have been associated with adverse effects
[17]. RNA viruses have high rates of mutations [18, 19], which contribute to genetic
instability and accumulation of potentially harmful mutations during virus passages for
vaccine production.

Due to its long record of clinical use, TC-83 represents a logical starting point for
preparation of a safer and better vaccine against VEEV [17]. Here, we describe a novel
immunization DNA (iDNA) vaccine platform that potentially can overcome the weaknesses
of the TC-83 vaccine by combining the advantages of DNA immunization with the efficacy
of live-attenuated vaccine. The pTC83 iDNA vaccine represents a recombinant plasmid that
encodes the entire genomic RNA of TC-83 virus under control of eukaryotic promoter.
Upon vaccination, iDNA plasmid drives transcription of viral RNA in vivo and initiates
limited replication of a genetically defined, TC-83-like vaccine virus. Thus, a live attenuated
vaccine is launched from iDNA in vivo, with no need for external cell substrates or virus
passages for vaccine production, which minimizes the potential for reversions or adverse
effects, ensures genetic stabilization, and results in efficient immunization. Thus, iDNA
vaccine technology allows effective conversion of DNA immunization into a highly
immunogenic live attenuated vaccine and combines advantages of both vaccine platforms.

2. Materials and Methods
2.1. Cells and viruses

Baby hamster kidney (BHK-21), Chinese hamster ovary (CHO) and Vero cell lines were
obtained from the American Type Culture Collection (Manassas, VA) and maintained in a
humidified incubator at 37°C in 5% CO2 in αMEM supplemented with 10% fetal bovine
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serum (FBS) and gentamicin sulfate (10 µg/ml) (Life Technologies, Carlsbad, CA). The
TC-83 live-attenuated vaccine was obtained from the U.S. Army Medical Research and
Materiel Command (Fort Detrick, MD), amplified once in CHO cells and stored at −80° C.
The Trinidad donkey strain of VEEV, a 1943 subtype IAB isolate from an epidemic/
epizootic [20], is a standard challenge stock and was used at the U.S. Army Medical
Research Institute of Infectious Diseases (USAMRIID, Fort Detrick, MD). VEEV strain
3908 virus, a 1995 epidemic subtype IC isolate (Weaver et al., 1996), is a standard challenge
stock that was used at the University of Texas Medical Branch (UTMB, Galveston, TX).

2.2. Plasmids and iDNA preparation
TC-83 vaccine virus was propagated in CHO cells in 75 cm2 flask. At 48 hr post infection,
the virus was harvested, clarified, and frozen at −80° C in 1 ml aliquots. Viral RNA was
extracted by Trizol LS (Life Technologies). Four cDNA fragments were generated by using
One-Step RT-PCR system with specific oligonucleotide primers. Then, cDNA fragments
were assembled within pcDNA3.1-derived plasmid under control of CMV promoter.

2.3. Transfections and in vitro assays
CHO and Vero cells were transfected by electroporation of plasmid iDNA at concentrations
ranging from 8 ng to 5 µg in 75 cm2 flasks. Transfection of CHO and Vero cells was done
essentially as described previously [21]. As controls, cells were infected with 102 to 105

PFU of TC-83 virus. For virus growth curves, virus samples were harvested at indicated
intervals and quantitated in duplicates by a standard plaque assay in Vero cells.

2.4. Immunizations and challenge
The iDNA plasmid was isolated from E.coli by an endotoxin-free method (Qiagen,
Valencia, CA) and formulated in phosphate-buffered saline (PBS) to a concentration of 1
mg/ml. Prior to vaccinations, three-week-old female BALB/c mice were anesthetized with
isoflurane. Mice were vaccinated intramuscularly (i.m.) with 50 µl of iDNA in the medial
thighs, followed by in vivo electroporation at an amplitude of 100 V with pulse duration of
50 msec and an interval between pulses of 200 msec. Controls similarly received unrelated
pcDNA3.1- based plasmid DNA in PBS. Animals were electroporated at the site of injection
using a two-pin electrode and a square wave electroporator (ECM 830, BTX Genetronics,
San Diego, CA). Blood samples were collected from the retro-orbital sinus to detect viremia
during 3 days after vaccination by amplification of plasma virus with Vero cells. In order to
confirm that the vaccine virus launched from the iDNA in vivo maintained the TC-83 E2
sequence, the E2 gene from the plasma virus was amplified by using the following primers:
8559-GGAGATCCACCGAGGAGCTG-8578; 9157-
GGAATGCGAGTGTGGCGGCAC-9177; 9190-GGCGGCACAAAGATCTCCGAG-9170;
and 9850-GCCGAGACCACCTGGGAGTCC-9830. The E2 cDNA fragments were cloned
into pCR2.1-TOPO and DNA sequence was determined.

After vaccinations, animals were observed daily for clinical signs of infection, and body
weights were determined on days 1–7, 14 and 21 after vaccination. Sera were collected on
day 21 after vaccination, shortly before viral challenge. Western blot, plaque reduction
neutralization assay (PRNT) and an indirect immunofluorescence assay (IFA) were
performed to determine antibody responses to TC-83. Mice were then transferred into BSL3
facility and challenged with virulent VEEV strain 3908 at a dose of 105 PFU in 100 µl by
the subcutaneous (s.c.) route. Blood samples were collected to detect viremia for 3 days after
challenge. Alternatively to electroporation, iDNA vaccination of BALB/c/mice with pTC83
was performed by using an in vivo transfection reagent. The TransIT gene delivery polymer
(Mirus, Madison, WI) was used for transfecting iDNA vaccine intravenously (i.v.) according
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to the manufacturer’s instructions. The statistical significance of differences in virus titers
between vaccinated and control animals were determined by Student's t test.

2.5. Serology
Neutralizing antibodies against TC-83 virus were determined in Vero cells by PRNT80.
Serologic assays also included western blot and IFA. For western blot, the TC-83 viral
proteins were separated using 4–12% gradient SDS-PAGE and probed with mouse antisera.
For IFA, CHO cells were grown in 8-well chamber slides, and virus samples were diluted at
10-fold increments in the αMEM containing 10% FBS and absorbed (0.1 ml/well) onto
CHO cell monolayers for 1 h at 37°C. Then, 0.3 ml of the medium was added per well and
incubation was continued for indicated times. Cells were fixed with cold acetone and probed
with indicated antisera, followed by fluorescein-labeled IgG (H&L).

3. Results
3.1. Preparation of pTC83 iDNA

Four cDNA fragments derived from TC-83 viral RNA by RT-PCR were combined within
the pcDNA3.1-derived plasmid that resulted in the pTC83 iDNA plasmid containing the
full-length cDNA of TC-83 genomic RNA downstream from the CMV major immediate-
early promoter (Fig. 1a). Since the authentic 5’ and 3’-termini of RNA are critically
important for alphavirus replication [8], the distance between the CMV promoter and the
start of RNA polymerase transcription was optimized to ensure transcription of the
functional TC-83 genomic RNA. A ribozyme sequence derived from the hepatitis delta virus
was inserted downstream from the TC-83 3’-terminal poly-A sequence.

3.2. Generation of virus from iDNA in vitro
The pTC83 iDNA vaccine was transfected into CHO cells by electroporation. Transfected
cells were seeded into chamber slides and expression of TC-83 antigens was detected in by
IFA at 24 hr post transfection by using ATCC TC-83-specific rabbit antiserum (Fig. 1b).
The TC-83 antigens were expressed in the cytoplasm of transfected cells. By 48 hr, all cells
were positive for TC-83 antigens, thus confirming virus replication (Fig. 1b). Expression of
the TC-83 proteins was confirmed by SDS-PAGE and western blot (Fig. 1c). The results for
transfected Vero cells were similar to these of CHO cells (data not shown). Presence of the
replicating virus was confirmed by direct plaque assay of the cell culture media samples
(Fig. 1c), as well as by virus amplification and growth curve using infection of Vero cells
(Fig. 1d). For amplification and growth curve, Vero cells were inoculated with 100 PFU of
the virus harvested from pTC83 iDNA-transfected CHO cells. Incubation was continued for
72 hr. Consistent with previous observations [22], the virus replicated rapidly and reached a
titer of 109 PFU/ml in Vero cells at 30 hr postinfection (Fig. 1d).

In infected cells (Fig. 1d), virus replicated more rapidly than in iDNA-transfected cells (Fig.
1b). Therefore, in the next experiment, we compared replication kinetics of the virus in (a)
iDNA-transfected cells and (b) in TC-83 infected cells. Briefly, 107 of CHO cells in 75 cm2

flasks were either transfected by electroporation with 5 µg, 1 µg, or 200 ng of pTC83 iDNA,
or infected with 104 PFU or 105 PFU of the iDNA-derived TC-83 virus. In order to confirm
transfection with iDNA or infection with the virus, IFA was carried out using anti-TC-83
antiserum at 9 hr after transfection or infection (Fig. 2a). The number of fluorescent cells
expressing TC-83 antigens depended on the amount of iDNA in transfection. For example,
transfection with 5 µg resulted in a higher efficacy as compared to transfection with 1 µg of
iDNA (Fig. 2a). Transfection of 1 µg of iDNA and infection with 105 PFU of TC-83 virus
resulted in a comparable number of antigen-expressing cells (Fig. 2a). Samples of the
growth medium were collected from transfected and infected cells every 12 hr and the
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viruses were quantitated by plaque assay (Fig. 2b). Virus-infected cells rapidly reached
maximum titer, whereas in iDNA-transfected cells, a delay in virus replication was observed
(Fig. 2b, left panel). In the next experiment, in order to determine if the virus can be
generated with a minimal amount of iDNA, CHO cells were transfected with 1 µg, 200 ng,
40 ng, or 8 ng of iDNA. The virus was detected in all transfections, including transfection
with 8 ng of plasmid DNA (Fig. 2b, right panel). Virus replication correlated with the
amount of iDNA in transfection, and the virus titer reached 108–109 PFU/ml.

3.3. Virus generated in vitro from iDNA is attenuated in mice
To confirm that TC-83 virus derived from iDNA had an attenuated phenotype in vivo, we
used the virus that was harvested from CHO cells transfected with pTC83 iDNA. Briefly,
104 PFU were inoculated subcutaneously (s.c.) into 10 BALB/c mice in the BSL3 lab. For
control purposes, ten BALB/c mice were similarly inoculated with 104 PFU of virulent IAB
Trinidad strain of VEEV. All control animals that received Trinidad strain of VEEV, died by
day 7 after inoculation (Table 1). In contrast, all mice inoculated with iDNA-derived virus
remained healthy with no detectable adverse effects, demonstrating the highly attenuated
phenotype of the virus in BALB/c mice.

3.4. Generation of virus from iDNA in vivo
In order to evaluate if iDNA can generate TC-83 vaccine virus in vivo, we injected BALB/c
mice with pTC83 iDNA intravenously (i.v.) by using TransIT In Vivo transfection reagent
(Mirus, Madison, WI). As a control, another group of mice was injected with 1000 PFU of
TC-83 virus subcutaneously (s.c.). Following injections, blood samples were taken and
analyzed for viremia. Virus could not be detected by direct plaque assay (detection limit <
50 PFU/ml). However, replicating virus was detected in plasma samples by co-cultivation
(amplification) in Vero cells followed by plaque assay (Fig. 3a). RNA was isolated from the
recovered virus, and TC-83 fragment nt 8559–9850 containing the entire E2 gene was
generated by RT-PCR. The E2 gene encodes the major attenuating mutation E2-120 [23],
and the presence of this mutation was confirmed in the virus by cDNA sequencing.

3.5. Immunogenicity and efficacy of iDNA vaccine in mice
To determine if generation of TC-83 vaccine virus from iDNA in vivo results in induction of
protective immune response, ten BALB/c mice were vaccinated with 50 µg of pTC-83
iDNA intramuscularly (i.m.) followed by in vivo electroporation. Animals showed no
adverse effects to the procedure and remained healthy after vaccinations, similarly to
unvaccinated controls. Blood samples were collected for three days post vaccination for
detection of vaccine virus, as well as at day 21 for seroconversion. Vaccine virus was
detected in the plasma at day 3 post vaccination by virus amplification as described above.
By day 21, all vaccinated mice seroconverted as determined by IFA (Fig. 3b) and by plaque
reduction neutralization assay (Table 2). As expected, no antibody to TC-83 (p<0.05) was
detected in unvaccinated control animals (Table 2). At day 28 post vaccinations, animals
were transferred to the BSL3 facility and challenged s.c. with 105 PFU of virulent IC
VEEV-3908 virus [24]. All iDNA-vaccinated animals survived challenge (Fig. 4).
Furthermore, five out of ten challenged animals did not have any detectable viremia after
challenge (Table 2). The remaining five animals had low-level viremia as compared to
unvaccinated control animals. In contrast to iDNA-vaccinated mice, all unvaccinated control
animals developed high levels of viremia, lost in average 32% of weight, and succumbed to
infection and died by day 7 post challenge (Fig. 4; Table 2).
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4. Discussion
VEEV is a veterinary and human pathogen capable of causing explosive outbreaks. Humans
and equids can be infected by a wide variety of mosquito vectors, including Culex,
Mansonia, Psorophora, and Aedes species [25], and the population of susceptible
mosquitoes is already flourishing in the U.S. [9, 26–28]. The initial VEEV symptoms are
similar to influenza and are difficult to diagnose [10]. Several approaches to VEEV vaccines
are being developed including recombinant subunit [29], inactivated [30–33], DNA [34, 35],
and live attenuated vaccines [22, 36, 37]. These approaches resulted in the promising
vaccines and have considerably improved understanding of immunity to VEEV. However,
in the absence of FDA-approved VEEV vaccines, live attenuated vaccine TC-83 is still the
only vaccine in the U.S. used to protect at-risk personnel [38]. TC-83 causes adverse effects
in some individuals, while others do not respond to vaccination. A recent study suggests that
these differences in the response to vaccine may be determined by variances in activation of
immune signaling pathways [38]. However, while several commercial vaccines caused life-
threatening complications during clinical use [39], there were no serious life-threatening
complications reported for the TC-83 vaccine. Although limited to at-risk individuals, the
clinical history of TC-83 may warrant efforts to use it for the development of improved
VEEV vaccines. Recently, live vaccines RotaTeq, Zostavax and FluMist have been licensed
demonstrating that live vaccines can be configured to meet stringent FDA safety standards
[40].

Infectious clone technology has been broadly used for VEEV vaccine development [41, 42].
Since VEEV is a cytoplasmic virus, previous efforts were focused on in vitro transcription
and transfection of the full-length RNA in order to generate the virus in vitro [41, 42].
Because of chemical instability, RNA is not suitable for vaccination in vivo. Unlike in the
previous studies involving RNA transfection into cytoplasm, in the proposed iDNA
approach, the full-length RNA is transcribed in the nucleus and transported into the
cytoplasm. Plasmid DNA can easily be highly purified and used in vitro and in vivo. In our
experiments, only 8 ng of iDNA was sufficient to start replication of the TC-83 virus in
CHO cells (Fig. 2b). A similar approach has been described for Sindbis virus [43]. A
method of generating live-attenuated paramyxovirus vaccines in Vero cells entirely from
plasmids has been also reported [44]. Racaniello and Baltimore have shown that cultured
mammalian cells transfected with plasmid containing cloned complementary DNA copy of
the poliovirus RNA genome produced infectious poliovirus [45]. DNA vaccine coding for
the full-length infectious Kunjin virus RNA protected mice against the New York strain of
West Nile virus [46]. However, to our knowledge this is the first report of using DNA for
delivery of known clinical live attenuated vaccine in vivo such as TC-83 vaccine. Our data
suggest that iDNA technology may improve the TC-83 vaccine including reducing observed
adverse reactions that need to be addressed [16, 47]. Adverse effects have often been
associated with reversion mutations [17]. In the TC-83, nucleotide 3 in the 5’ region and
amino acid 120 within E2 glycoprotein have been associated with attenuation [23].
However, because RNA viruses, including the TC-83, exist as populations of viruses
sometimes called quasispecies [17, 48], genetic variants including reversion mutations may
be present in the vaccine virus preparation. Virus passages during vaccine preparation may
further contribute to the genetic diversity. By launching the vaccine virus from iDNA in
vivo, a greater genetic uniformity of the vaccine virus is achieved, while multiple passages
of vaccine virus are avoided, which can minimize the possibility of reversion mutations and
improve vaccine safety. Furthermore, vaccine synthesis occurs directly in vivo, which
minimizes adverse reactions resulting from the impurities derived from cell culture. Adverse
reactions to substrate-derived impurities are known for other vaccines including influenza
[49]. Taken together, the iDNA vaccine can minimize the potential for adverse effects due to
reversion mutations or adventitious agents. Additionally, vaccine synthesis in vivo and the
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need for transcription of RNA in the nucleus can explain the delayed virus replication from
iDNA (Fig. 3b). Delayed replication may also contribute to safety as compared to standard
live vaccines, as this can delay virus entry into the blood stream and organs that potentially
can reduce adverse effects.

Furthermore, we hypothesize that iDNA can stimulate immune system via unmethylated
CpG motifs of bacterial origin and/or double-stranded structure of DNA that in theory may
improve immunogenicity and reduce the number of non-responders, although this remains to
be tested. Double-stranded DNA activates the stimulator of interferon genes/TANK-binding
kinase 1 (STING/TBK1)-dependent innate immune signaling pathways. Type-I interferons
(IFNs), induced in vivo by the STING/TBK1 pathway, were found to be crucial for both
direct and indirect antigen presentation via distinct cell types including dendritic and muscle
cells [50, 51]. IFN and IFN-induced pathways are involved in the TC-83 vaccination [38].
Other immune modulators may also play role in the virus replication [52].

In summary, the iDNA has genetic and chemical stability of DNA vaccines with no
requirement for cold chain. This is important for VEEV geographic areas with warm climate
and limited cold chain infrastructure. Furthermore, similarly to live vaccines, iDNA can
induce strong protective immunity following a single-dose vaccination as shown in this
study. To our knowledge, this is the first report of in vivo delivery of existing clinical live
attenuated vaccine by using DNA immunization. More experiments are needed including
challenges with higher dose or multiple subtypes of VEEV, studies of the longevity of
immune response, persistence of the iDNA vector in vivo, and examination of organs for the
signs of replicating virus following vaccination with iDNA. Potentially, the iDNA platform
can be configured to other live attenuated virus vaccines and improve their production by
eliminating many steps of conventional manufacturing process.
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Highlights

- Novel iDNA platform was used for vaccination against VEEV alphavirus

- Less than 10 ng of pTC83 iDNA initiated replication of the vaccine virus in
vitro

- BALB/c mice vaccinated with a single dose of pTC83 iDNA have
seroconverted

- After challenge with VEEV, all pTC-83-vaccinated mice were protected

- Proposed platform allows conversion of live attenuated virus into DNA
vaccine
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Fig. 1. Preparation of pTC83 iDNA containing the full-length TC-83 cloned genome and
generation of TC-83 virus in transfected CHO cells
(a) Schematic representation of pTC83 plasmid. Restriction sites used for preparation of the
full-length TC-83 clone are indicated.
(b) Indirect immunofluorescence assay (IFA) of CHO cells transfected with pTC83 iDNA.
IFA was performed at 24 hr (left panel) and 48 hr post electroporation. In order to visualize
nuclei in transfected cells, the 4',6-diamidino-2-phenylindole (DAPI) stain was used.
(c) Western blot of CHO cells transfected with pTC83 iDNA (left panel) and plaque assay of
the supernatant from CHO cells transfected with pTC83 iDNA (right panel). Western blot
was performed at 24 hr post electroporation using ATCC antiserum against VEEV. Plaque
assay was carried out in Vero cell monolayers.
(d) Replication of iDNA-derived TC-83 virus in infected Vero cells. Vero cells were
infected with 100 PFU of iDNA-derived TC-83 virus. Plaque titer was determined in
duplicates, error bars are not visible at the log scale shown.
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Fig. 2. Replication kinetics of TC-83 virus in virus-infected and iDNA-transfected CHO cells
(a) IFA of CHO cells transfected with 5 µg or 1 µg of iDNA (upper panel) or with 105 PFU
of TC-83 virus (lower panel).
(b) Growth curves of TC-83 viruses in virus-infected and in iDNA-transfected CHO cells.
Left panel, CHO cells were either infected with 104–105 PFU of virus, or transfected with
0.2–5 µg of pTC83 iDNA. Right panel, CHO cells were transfected with 8 ng to 1 µg of
pTC83 iDNA. Plaque titer was determined in duplicates, error bars are not visible at the
scale shown.
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Fig. 3. Detection of TC-83 virus and antibody in vivo
(a) Detection of viremia in plasma samples collected from pTC83 iDNA-vaccinated BALB/
c mice. BALB/c mice were injected intravenously (i.v.) with mixture of pTC83 iDNA and
TransIT transfection reagent (Mirus, Madison, WI). Plasma samples were collected on day 1
post inoculation and incubated with Vero cells for virus amplification. At day 3, culture
medium was collected and assayed by plaque titration using Vero cell monolayers. Left
panel, TC83 virus recovered from plasma of iDNA-inoculated mice. Right panel, virus
recovered from plasma after immunization with prototype VEEV TC-83 vaccine.
(b) Detection of serum antibody in the plasma samples 1–10 from pTC83 iDNA-vaccinated
BALB/c mice, by IFA. Ten BALB/c mice were vaccinated by electroporation with pTC83
iDNA. Plasma samples from individual mice were collected on day 21 post vaccination and
probed with monolayers of CHO cells infected with TC-83-virus at MOI=0.1. Plasma
samples were used at 1:20 dilution.
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Fig. 4.
Survival of BALB/c mice after challenge with VEEV. Mice were vaccinated by
electroporation with 50 µg of pTC83 iDNA. On day 28 after vaccination, mice were
transferred into BSL3 facility and challenged s.c. with 105 PFU of VEEV virus. Mice were
daily monitored for signs of illness and deaths. Uniform lethality was observed for control
mice while all iDNA-vaccinated mice survived challenge.

Tretyakova et al. Page 15

Vaccine. Author manuscript; available in PMC 2014 February 04.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Tretyakova et al. Page 16

Table 1

Virus derived in vitro from pTC83 iDNA is attenuated in BALB/c mice.

Virus Dose Route Morbidity Mortality

TC-83 virus from iDNAa 104 PFU s.c. 0/10 0/10

VEEV, Trinidad strain 104 PFU s.c. 10/10 10/10

a
Derived by transfection of CHO cells with pTC83 iDNA containing the full-length RNA of TC-83 virus downstream from the CMV promoter.
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