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Abstract
Western equine encephalitis virus (WEEV) is a potential biological and bioterrorism agent.
The aerosolized virus is easily transmitted to humans. Single-dose, fast-acting vaccines and
therapeutics are urgently needed to provide rapid protection against WEEV in the event of
bioterrorism attack or biowarfare. We found previously that a single dose injection of
interferon alpha (IFN-α) expressed from human adenovirus type 5 (HAd5) vector rapidly
and completely protects mice against WEEV. This result prompted us to investigate whether
a single-dose injection of interferon-gamma (IFN-γ) expressed from HAd5 vector would also
offer protection against WEEV in mice. A replication-deficient HAd5 vector (Ad5-mIFNγ)
expressing mouse IFN-γ (mIFN-γ) was constructed. A single-dose injection of mice with
Ad5-mIFNγ produced a high level of serum mIFN-γ. The production of mIFN-γ in mice was
rapid, which was detected as early as 9 h after injection. A single-dose injection of Ad5mIFNγ either before or immediately after WEEV challenge delayed the progression of
WEEV infection and extended the time of survival. However, a single-dose injection of Ad5mIFNγ did not improve the overall survival rate of the challenged mice. Thus, a single-dose
injection of mIFN-γ expressed from HAd5 vector offers partial protection against the lethal
infection of WEEV in mice. This work is part of an ongoing Technology Investment Fund
(TIF) project of DRDC entitled “Development of adenoviral vector technology for postexposure protection against viral threats.”
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Résumé
Le virus de l’encéphalite équine de l’ouest (VEEO) a le potentiel d’agir comme un agent
biologique et de bioterrorisme. Le virus en aérosol peut se transmettre facilement aux
humains. On a un besoin urgent de vaccins à dose unique et action rapide et de thérapeutiques
contre le VEEO en cas d’attaque bioterroriste ou de guerre biologique. On a déjà trouvé
qu’une injection à dose unique d’interféron alpha (IFN-α) exprimée à partir de vecteur
d’adénovirus humain du type 5 (HAd5) protège rapidement et complètement les souris contre
le VEEO. Ce résultat nous a incités à examiner si l’injection à dose unique d’interférongamma (IFN-γ) exprimé à partir du vecteur HAd5 protégeait aussi contre le VEEO chez les
souris. Une réplication du vecteur déficient de HAd5 (Ad5-mIFNγ) exprimant une souris
IFN-γ (mIFN-γ) a été construite. Une injection à dose unique sur une souris ayant Ad5mIFNγ a produit un haut niveau de sérum mIFN-γ. La production de mIFN-γ chez la souris a
été rapide et détectée 9 heures après l’injection. Un injection à dose unique d’Ad5-mIFNγ soit
avant ou immédiatement après le test de provocation au VEEO a retardé la progression de
l’infection VEEO et a étendu la durée de survie. Une injection à dose unique d’Ad5-mIFNγ
n’a cependant pas suffi à améliorer le taux général de survie des souris soumises au test de
provocation. Une injection à dose unique de mIFN-γ exprimée à partir du vecteur HAd5
n’offre donc qu’une protection partielle contre l’infection létale du VEEO chez les souris.
Ces travaux font partie d’un projet du Fonds d’investissement technologique (FIT) de RDDC
appelé : « Développement de la technologie des vecteurs d'adénovirus pour la protection
post-exposition contre les menaces virales. »
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Executive Summary
Interferon-gamma gene delivery partially protects mice from
the lethal infection of western equine encephalitis virus
Josh Q.H. Wu, Nicole D. Barabé, Damon Chau, Aaron Sha, Andrew Marshall;
DRDC Suffield TR 2008-224; Defence R&D Canada – Suffield.
Introduction or background:
Western equine encephalitis virus (WEEV) is transmitted through mosquitoes and causes
serious and often fatal infection of the central nervous system in humans. Besides its
importance as a mosquito-borne pathogen for humans, WEEV is listed as a Category B
bioterrorism agent by the Centers for Disease Control and Prevention and by the National
Institute for Allergy and Infectious Diseases. Current medical countermeasures, however, are
non-existent. Consequently, DRDC Suffield is pursuing development of single-dose, fastacting therapeutics and vaccines which could provide rapid protection against WEEV in the
event of bioterrorism attack or biowarfare. To this end, we have used an adenovirus, a
harmless common cold virus, as a vector for the delivery of therapeutics and vaccines.
Previously, we found that type I interferon, interferon alpha (IFN-α), delivered by adenovirus
vector provides complete protection against lethal dose challenge of WEEV in mice. These
results prompted us to evaluate the efficacy of adenovirus-mediated expression of interferon
gamma (IFN-γ) against WEEV infection.
Results:
A human adenovirus vector expressing mouse interferon gamma (Ad5-mIFNγ) was made
through recombinant DNA technology. Cells inoculated with Ad5-mIFN secreted mouse
interferon gamma (mIFN-γ) and inhibited the replication of both WEEV and Venezuelan
equine encephalitis virus. Mice given a single-dose injection of Ad5-mIFNγ produced a high
level of serum mIFN-γ as early as 9 h after the injection. Mice given the Ad5-mIFN injection
had extended survival time and less severe infection than mice given a control vector.
However, a single-dose injection of Ad5-mIFNγ did not offer complete protection which has
been shown for the adenovirus vector expressing mouse IFN-α.
Significance:
In conclusion, our study suggests that the IFN-γ gene delivery by adenovirus vector only
provides partial protection against lethal infection of WEEV in mice.
Future plans:
We will focus our future experiments on testing multiple-dose injections and on using
different injection routes such as intranasal administration to improve the efficacy of
adenovirus-mediated IFN-γ gene delivery.
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Sommaire
Interferon-gamma gene delivery partially protects mice from
the lethal infection of western equine encephalitis virus
Josh Q.H. Wu, Nicole D. Barabé, Damon Chau, Aaron Sha, Andrew Marshall;
DRDC Suffield TR 2008-224; R & D pour la défense Canada – Suffield.
Introduction ou antécédents:
Le virus de l’encéphalite équine de l’ouest (VEEO) est transmis par les moustiques et cause
une infection grave et souvent fatale du système nerveux central chez les humains. Le VEEO
est non seulement important chez les humains comme pathogène provenant de moustiques
mais le virus est aussi listé comme un agent de bioterrorisme de la catégorie B par le Centers
for Disease Control and Prevention et par le National Institute for Allergy and Infectious
Diseases. Il n’existe actuellement aucune contremesure médicale. De ce fait, RDDC Suffield
poursuit le développement de thérapeutiques et de vaccins à dose unique et action rapide
capables de protéger rapidement contre le VEEO en cas d’attaque bioterroriste ou de guerre
biologique. On a, dans ce but, utilisé un adénovirus comme vecteur, un virus grippal courant
et inoffensif, pour administrer les thérapeutiques et les vaccins. On avait trouvé auparavant
que ce type I d’interféron alpha (IFN-α), conduit par le vecteur de l’adénovirus fournit une
protection complète contre la dose létale du test de provocation du VEEO chez les souris. Ces
résultats nous ont incités à évalué l’efficacité contre l’infection VEEO de l’expression
d’interféron gamma (IFN-γ) exprimée à partir d’adénovirus.
Résultats:
Un vecteur d’adénovirus humain exprimant l’interféron gamma (Ad5-mIFNγ) de souris a été
créé au moyen de la technologie d’ADN recombinant. Des cellules inoculées avec Ad5mIFN ont secrété l’interféron gamma (mIFNγ) de souris et ont inhibé la réplication du VEEO
et du virus encéphalomyélite du cheval du Venezuela. Les souris qui ont reçu une injection à
dose unique d’Ad5-mIFNγ ont produit un haut niveau de sérum mIFN-γ dès 9 heures après
l’injection. Les souris ayant reçu l’injection Ad5-mIFN ont eu une durée de vie étendue et une
infection moins grave que les souris ayant reçu le vecteur témoin. Une injection à dose unique
d’Ad5-mIFNγ n’a cependant pas offert la protection complète montrée par le vecteur
d’adénovirus exprimant la souris IFN-α.
Portée des résultats:
En conclusion, notre étude suggère que la livraison génétique IFN-γ par le vecteur
d’adénovirus ne produit qu’une protection partielle contre l’infection létale du VEEO chez les
souris.
Perspectives d’avenir:
Nous concentrerons nos expériences futures sur les tests d’injections à doses multiples et sur
l’utilisation de différentes routes d’injections telles que l’administration intranasale pour
améliorer l’efficacité de la livraison du gène IFN-γ exprimé à partir d’adénovirus.
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Introduction
Western equine encephalitis virus (WEEV) is a single-stranded, positive-sense RNA virus
which belongs to the Alphavirus genus of the Togaviridae family [1]. The virus was first
isolated in 1930 from infected horses in the San Joaquin Valley of California [2] and later
found to be distributed in the western two-thirds of North America and in Central and South
America. In North America, WEEV is maintained in a cycle involving the mosquito vector
of Culex tarsalis and the vertebrate hosts of domestic and passerine birds, such as house
sparrows and finches. Humans and equines are infected by the virus through mosquito bites.
Signs and symptoms of human WEEV infection range from mild flu-like illness to severe
encephalitis with the overall case fatality rate of 3% [1].
Outbreaks of WEEV had serious impact on both human and animal health. During a WEEV
outbreak in the 1930s, over 300,000 horses and mules were infected in the United States,
while 52,500 infected horses - with 15,000 deaths- were reported in the Canadian prairie
province Saskatchewan alone [3]. In 1952, there were 375 confirmed human cases with nine
deaths reported in California [4]. In recent years, human and equine cases of WEEV
infection have declined dramatically in western North America despite the consistent
isolation of the virus from mosquitoes and wild birds [5]. The reason for the decline of
WEEV infection in both humans and equine is not fully understood. A recent study suggests
that the decrease in WEEV virulence since the 1950s could contribute to the decline of
human and equine cases [6]. It could also be due to the reduction of horse population after
the modernization of agriculture and transportation.
Besides its importance as a mosquito-borne pathogen for humans and equines, WEEV is a
potential biological and bioterrorism agent [7] due to the ease of transmission via the aerosol
route with high mortality [8, 9] and the ease of production in large quantity [10]. WEEV is
listed as a Category B bioterrorism agent by the Centers for Disease Control and Prevention
and by the National Institute for Allergy and Infectious Diseases.
Current medical countermeasures against the biothreat of WEEV are non-existent. No
antiviral drugs are available for treatment of WEEV infection and no licensed vaccines are
available for prevention. Several experimental vaccines have been reported to be effective
against WEEV. A formalin-inactivated WEEV vaccine approved by the U.S. Food and Drug
Administration as an Investigational New Drug is available only to the laboratory workers
who are at risk of exposure to the virus during their work [11]. Live attenuated vaccine
candidates for WEEV provide protection against WEEV challenge in a baby chicken model of
WEEV infection [12]. A DNA vaccine for WEEV also offers protection against the lethal
challenge of WEEV in mice [13].
We have been focusing on development of single-dose, fast-acting therapeutics and vaccines
which could be used to provide rapid protection against WEEV in the event of bioterrorism
attack or biowarfare. To this end, we have established a lethal, intranasal challenge model of
WEEV in mice [14] and used adenovirus as a vector for the delivery of therapeutics and
vaccines. Adenovirus is a nonenveloped, double-stranded DNA virus. Because of its high
efficiency for cell entry and the ease to manipulate adenoviral genome, adenovirus has been
extensively used as a vector for the delivery of foreign genes [15]. The most commonly used
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adenovirus for vector development is human adenovirus type 5 (HAd5). HAd5 vector lacks
the E1 and E3 regions, which makes the vector replication deficient. We have demonstrated
that a HAd5-vectored WEEV vaccine rapidly prevents WEEV infection in mice after a
single-dose vaccination [16, 17]. We and others have also explored the potential of
interferons and their inducers for prevention and treatment of WEEV infection [18-20]. We
found that type I interferon, interferon alpha (IFN-α), delivered by HAd5 vector provides
complete protection against lethal dose challenge of WEEV in mice [18]. These results
prompted us to evaluate the efficacy of HAd5-mediated expression of interferon gamma
(IFN-γ) against WEEV infection.
IFN-γ is a type II interferon which is secreted by natural killer cells and activated T
lymphocytes upon viral infection. IFN-γ directly inhibits the replication of a variety of
viruses, including herpes simplex virus [21, 22], hepatitic C virus [23], foot-and-mouth
disease virus [24], measles virus [25], and Japanese encephalitis virus [26]. Besides its direct
antiviral activity, IFN-γ modulates immune responses through promoting CD4+ T helper cell
type 1 (TH1) lymphocytes to eliminate intracellular pathogens, inducing the expression of
MHC class I and II on cell surfaces, stimulating antigen-presenting cells, and regulating IgG
heavy chain switching [27]. IFN-γ regulates the expression of more than 100 of IFNstimulated genes (ISGs) [28]. Among them, the genes encoding nitric oxide synthase (iNOS)
and indoleamine 2,3-dioxygenase (IDO) appear to be the major contributors for the direct
antiviral activity of IFN-γ [25, 26, 29, 30]. To regulate the expression of ISGs, IFN-γ first
binds to its receptor on cell surface. The binding activates the Janus kinase (JAK) and leads
to assemble the homodimers of signal transducer and activator of transcription 1 (STAT1)
proteins. The STAT1 homodimers then translocate to the nucleus and bind to gammaactivated sequence elements within the promoter region of the ISGs [31].
The role of IFN-γ in control of alphaviral infection has been reported in several studies. IFNγ has been shown to directly inhibit the replication of Sindbis virus, a model pathogen of the
alphaviruses [32]. Mice lacking the receptors for IFN-α, -β, and -γ are significantly more
susceptible to fatal Sindbis virus infection than mice lacking the receptors for IFN-α and
-β only, suggesting that IFN-γ is directly involved in the innate immune response against
alphaviral infection [33]. Treatment of the mice that lack the receptors for IFN-α and -β with
recombinant IFN-γ significantly extended the survival of these mice [33]. IFN-γ has been
found to mediate the noncytolytic clearance of Sindbis virus from neurons [34-36]. So far,
little is known about the role of IFN-γ in control of WEEV infection. Therapeutic potential
of adenovirus-mediated delivery of IFN-γ gene has been demonstrated in animal models for
progressive pulmonary tuberculosis [37] and foot-and-mouth disease [24]. Recently,
adenovirus-mediated delivery of IFN-γ gene has been proven safe after being tested in nonhuman primates [38]. Based on these findings, we investigated whether single-dose injection
of HAd5 vector expressing mouse IFN-γ (mIFN-γ) would inhibit the replication of WEEV in
cells and protect mice against lethal challenge with WEEV.

2
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Materials and Methods
Cells and viruses
Vero, HEK293 and L929 cells were obtained from the American Type Culture Collection
(ATCC). Cells were cultured in Dulbecco’s modified Eagle media (DMEM) supplemented
with 10% fetal bovine serum (FBS), 1 mM sodium pyruvate, and antibiotics-antimycotics. A
HAd5 vector expressing mouse IFN-α (mIFN-α) was constructed from a previous study [18].
The 71V-1658 strain of WEEV was provided by the Centers for Disease Control and
Prevention and the Fleming strain of WEEV was purchased from the ATCC [14]. The TC-83
strain of Venezuelan equine encephalitis virus (VEEV) was obtained from Dr. George
Ludwig (the United States Army Medical Research Institute of Infectious Disease, Frederick,
MD). Seed stocks of WEEV and VEEV were made by a single cycle of amplification of the
original viruses in Vero cells. The titers of the seed virus stocks were determined by plaque
assay in Vero cells as described previously [16]. All of the experiments with WEEV were
carried out in the Biosafety Level 3 laboratory at Defence Research and Development Canada
– Suffield (DRDC Suffield) in compliance with the guidelines of Health Canada and the
Canadian Food Inspection Agency.

Construction of Ad5-mIFNγ and Ad5-Empty
Ad5-mIFNγ expressing mIFN-γ was constructed using AdEasy™ system [39]. To make
Ad5-mIFNγ, mIFN-γ gene was isolated from plasmid pORF5-mIFNγ (InvivoGen) by EcoRINheI digestion. The EcoRI-NheI fragment containing mIFN-γ gene was cloned into the
compatible sites of pCI (Promega) to yield pCI-mIFNγ. A SgrAI-NheI fragment was isolated
from pCI-mIFNγ and ligated into XmaI-XhaI-treated pUC19 to generate pUC-mIFNγ. A
KpnI-HindIII fragment was isolated from pUC-mIFNγ and cloned into the compatible sites of
pShuttle-CMV (Qbiogene) to generate transfer plasmid pSCMV-mIFNγ. An infectious
plasmid, pAd5-mIFNγ, was obtained by co-transformation of PmeI-linearized pSCMVmIFNγ and pAdEasy-1 (Qbiogene) into E. coli BJ5183 strain (Qbiogene). Ad5-mIFNγ was
generated by transfection of PacI-digested pAd5-mIFNγ into HEK293 cells with
Lipofectamine 2000 (Invitrogen). Ad5-Empty was constructed by co-transformation of
pAdEasy-1 and PmeI-linearized pShuttle-CMV into BJ5183 to generate pAd5-Empty and the
virus was generated by transfection of PacI-digested pAd5-Empty into HEK293 cells. Ad5mIFNγ and Ad5-Empty were amplified in HEK293 cells and purified by Adeno-X Mega
Purification Kit (Clontech). The titers of the purified viruses were determined by the tissue
culture infectious dose 50 (TCID50) assay [40].

PCR characterization of Ad5-mIFNγ
To verify the presence of mIFN-γ gene in Ad5-mIFNγ, DNA was extracted from purified
Ad5-mIFNγ using DNeasy Tissue Kits (QIAGEN). mIFN-γ gene was amplified using two
sets of primers: one containing forward primer f-IFN (5’-CAC CAT GGC CAA CGC TAC
AC-3’) and reverse primer r-IFN (5’-CGC TTC CTG AGG CTG GAT TC-3’) and another
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containing forward primer f-Emp (5’-GGC GTG GAT AGC GGT TTG AC-3’) and reverse
primer r-Emp (5’-AAA CGA GTT GGT GCT CAT GG-3’). PCR was carried out by
HotStarTaq DNA polymerase (QIAGEN) with 15 min of initial activation at 95 C, 30 cycles
of 45 s of denaturation at 94 C, 45 s of annealing at 58 C, and 1 min of extension at 72 C.
A final 10 min of extension at 72 C was carried out after the 30-cycle amplification. The
purified viral DNA from Ad5-Empty was also amplified using the same primer sets. A 5-μl
aliquot of the PCR product was analyzed by electrophoresis in 0.8% agarose gel.

Western immunoblot
The expression of mIFN-γ in cells infected with Ad5-mIFNγ was detected by Western
immunoblot. HEK293 cells seeded in T25 flasks were infected with Ad5-mIFNγ or Ad5Empty at a multiplicity of infection (MOI) of 1 in a total of 4 ml of DMEM containing 2%
FBS. A total of 4 ml of supernatant was collected from each infected flask at 24 h after
infection. The supernatant was concentrated to about 250 μl by Amicon Ultra-15 (Millipore).
The concentrated supernatant was mixed with sodium dodecyl sulfate (SDS) sample buffer,
heated at 95 C for 5 min, and loaded onto 10% Bis-Tris SDS-polyacrylamide gel along with
the MultiMark multi-colored protein standard from Invitrogen. Proteins were
electrophoresed at 100 V for 1.5 h and transferred to a nitrocellulose membrane at 30 V for
1 h. The membrane was incubated with a rabbit polyclonal antibody specific for mIFN-γ
(PBL Biomedical Laboratores) for 1 h at room temperature and developed by WesternBreeze
Kit (Invitrogen).

In vitro virus inhibition assay
L929 cells seeded in 12-well plates were inoculated in triplicate with purified Ad5mIFNγ, Ad5-mIFNα, or Ad5-Empty at an MOI of 10. At 24 h after infection, cells were
infected with the 71V-1658 strain of WEEV, the Fleming strain of WEEV, or the TC-83
strain of VEEV at an MOI of 0.1. After incubation at 37 C for 48 h, supernatants from the
infected cells were collected and titers of VEEV and WEEV in the supernatants were
measured by plaque assay in Vero cells.

Measurement of serum mIFN-γ in mice given Ad5-mIFNγ
Female BALB/c mice (17-20 g) were obtained from the pathogen-free breeding colony at the
animal care facility of DRDC Suffield. The original breeding pairs were purchased from
Charles River Canada. Animal experiment protocols were approved by the DRDC Animal
Care Committee. The guidelines of the Canadian Council on Animal Care were followed for
animal care and experimentation. To determine the time course of mIFN-γ expression in
mice given Ad5-mIFNγ, mice were each given intramuscular (IM) injection of a single-dose
of 107 plaque forming units (PFU) of Ad5-mIFNγ. Control mice were given the same dose of
Ad5-Empty. Serum was collected at 3, 9, 15, 24, 72, 120, and 168 h (3 mice for each time
point) after injection. Serum collected from each mouse at each time point was pooled and
serum concentration of mIFN-γ was determined by the Mouse Interferon Gamma ELISA Kit
from PBL Biomedical Labs.

4
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Mouse challenge and protection studies
We evaluated the efficacy of Ad5-mIFNγ for protection against lethal challenge of WEEV in
mice. In the first experiment, female BALB/c mice (17-20 g) were each given a single-dose,
IM injection of 108 PFU of Ad5-mIFNγ. Control mice were given 108 PFU of Ad5-Empty or
107 PFU of Ad5-mIFNα. At 24 h after injection, mice were each challenged intranasally
with a 25 LD50 dose of the WEEV 71V-1658 strain. The challenged mice were monitored
daily for 14 days for the survival and the severity of infection which was recorded using a
following scoring system: 0, normal; 1, slightly ruffled hair, very active, no visible signs of
infection; 2, very ruffled hair, definite signs of infection, not as active, but still fairly mobile;
3, very ruffled hair, hunched posture, reduced mobility; and 4, very ruffled hair, hunched
posture, little or no mobility, rapid breathing. Mice scored at the scale of 4 were considered
terminally ill and were euthanized. In the second experiment, each mouse was first
challenged intranasally with a 25 LD50 dose of 71V-1658. Immediately after challenge,
mice were each given a single-dose, IM injection of 108 PFU of Ad5-mIFNγ. Control mice
were each given 108 PFU of Ad5-Empty or 107 PFU of Ad5-mIFNα. Mice were monitored
daily for 14 days for the survival and the severity of infection using the same scoring system.

Statistic analysis
PRISM® 4 program (GraphPad Software Inc.) was used for statistical analysis. A P value of
less than 0.05 is considered to be significant. The yield of VEEV among multiple groups was
compared by one-way analysis of variance and the yield of WEEV between two groups was
compared by the two-tailed, unpaired t test. The t test was also used to compare the mean
survival time between mice given Ad5-mIFNγ and mice given Ad5-Empty. Clinical scores
between mice given Ad5-mIFNγ and mice given Ad5-Empty were compared by the MannWhitney test. The percentage of survival of the challenged mice was plotted by KaplanMeier survival curves.

DRDC Suffield TR 2008-224

5

Results
Construction and characterization of HAd5 vector expressing mIFNWe constructed a recombinant HAd5, Ad5-mIFNγ, to deliver and express mIFN-γ gene
(Fig. 1). The expression of mIFN-γ gene was driven by the immediate-early promoter of
cytomegalovirus. We also constructed another recombinant HAd5, Ad5-Empty, which does
not contain mIFN-γ gene. This virus was used as a control throughout the study (Fig. 1A).
Both Ad5-mIFNγ and Ad5-Empty are replication-defective because of the deletion of the E1
region that is required for adenovirus replication. The gene encoding mIFN-γ was detected in
Ad5-mIFNγ by PCR (Fig. 2, lanes 1 and 4). To determine whether mIFN-γ is secreted from
cells inoculated with Ad5-mIFNγ, HEK293 cells were inoculated with Ad5-mIFNγ at an MOI
of 10. Cell culture media were collected at 24 h after inoculation and mIFN-γ was probed by
a specific polyclonal antibody against mIFN-γ. As shown in Fig. 3, mIFN-γ was detected in
media from Ad5-mIFNγ-inoculated cells, but not from mock or Ad5-Empty-inoculated cells,
confirming mIFN-γ was expressed from the cells inoculated with Ad5-mIFNγ.

f-Emp

f-IFN

mIFN-γ (470 bp)

PCMV

r-IFN

r-Emp

PA

Ad5-mIFNγ
ΔE3

ΔE1
f-Emp
PCMV

r-Emp
PA

Ad5-Empty
ΔE1

ΔE3

Figure 1. Schematic diagrams of Ad5-mIFNγ and Ad5-Empty. ΔE1 and ΔE3 indicate the
deletions of E1 and E3 coding regions of the adenoviral genome. PCR primers for the detection of
mIFN-γ gene are shown as black arrows. PCMV represents the immediate-early promoter of
cytomegalovirus. PA represents the polyadenylation signal of SV40.
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Figure 2. PCR detection of mIFN- gene in the Ad5-mIFNγ genome. PCR was carried out for the
viral DNA extracted from Ad5-mIFNγ (lanes 1 and 4) and Ad5-Empty (lanes 2 and 3). The PCR
products were analyzed on 0.8% agarose gel. Lanes 1 and 2: PCR products amplified using primers
f-IFN and r-IFN; Lanes 3 and 4: PCR products amplified using primers f-Emp and r-Emp.

kDa

1

2

3

33
21
19

mIFN-γ

Figure 3. Secretion of mIFN-γ in cells inoculated with Ad5-mIFNγ. Supernatants were collected
from HEK293 cells at 24 h after inoculation with Ad5-Empty or Ad5-mIFNγ. The proteins in the
supernatants were separated by 10% SDS-PAGE and probed with a rabbit polyclonal antibody
against mIFN-γ. Lane 1: supernatant collected from mock-infected cells; Lane 2: supernatant
collected from Ad5-Empty-infected cells; and Lane 3: supernatant collected from Ad5-mIFNγ –
infected cells.

Inhibition of alphavirus replication in cells inoculated with Ad5-mIFNγ
We next examined whether cells inoculated with Ad5-mIFNγ could inhibit the replication of
WEEV and another alphavirus, VEEV. L929 cells were inoculated with Ad5-mIFNγ at an
MOI of 10. As controls, cells were inoculated with Ad5-Empty or Ad5-mIFNα. At 24 h
after inoculation, cells were infected at an MOI of 0.1 with the 71V- 1658 strain of WEEV,
the Fleming strain of WEEV, or the TC-83 strain of VEEV, a live-attenuated VEEV vaccine
strain. The yield of the viruses in the supernatants collected at 48 h after infection was
determined by plaque assay in Vero cells.
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Figure 4. Inhibition of alphaviruses by Ad5-mIFNγ. L929 cells were inoculated in triplicate with
Ad5-mIFNγ, Ad5-mIFNα or Ad5-Empty at an MOI of 10. At 24 h after inoculation, cells were infected
with WEEV or VEEV at an MOI of 0.1. The yield of viruses was determined by plaque assay in Vero
cells. Error bars represent the SD of virus concentration.
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As shown in Fig. 4, moderate inhibition of WEEV was seen in cells inoculated with Ad5mIFNγ. The yield of 71V-1658 or Fleming in the supernatants from Ad5-mIFNγ-treated cells
is about 1-log less than that in the supernatants from Ad5-Empty-treated cells (P < 0.001).
The yield of VEEV TC-83 in the supernatant collected from Ad5-mIFNγ-treated cells is 4-log
less than that in the supernatant from Ad5-Empty-treated cells (P < 0.0001). The level of the
inhibition of TC-83 by Ad5-mIFNγ is similar to that by Ad5-mIFNα (P > 0.05). The higher
level inhibition of TC-83 by Ad5-mIFNγ may be due to the high sensitivity of TC-83 to IFNs
[41].

Time course of mIFN-γ production in mice after a single-dose injection of
Ad5-mIFNγ
To know how fast and how long mIFN-γ could be expressed in mice given a single-dose
injection of Ad5-mIFNγ, we studied the time course of the mIFN-γ production in Ad5mIFNγ-injected mice. Mice were each given an IM injection of 107 PFU of Ad5-mIFNγ or
Ad5-Empty. Serum samples were collected at 3, 9, 15, 24, 72, 120, and 168 h after injection
and measured for mIFN-γ by ELISA. Serum mIFN-γ was detected as early as 9 h after
injection and reached a high level at 24 h after injection (Fig. 5). The level of serum mIFN-γ,
however, dropped significantly with very little detectable mIFN-γ by 72 h after injection.
The result suggests that the mIFN-γ production in mice given a single-dose Ad5-mIFNγ
injection is rapid but does not last for a long period of time.
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Figure 5. Time course of mIFN-γproduction in mice inoculated with Ad5-mIFNγ. BALB/c mice
7
were each given a single-dose, intramuscular inoculation of 10 PFU of Ad5-mIFNγ or Ad5-Empty.
Serum was collected at indicated time points (3 mice for each time point). The concentrations of
mIFN-γ in pooled sera from each time point were determined in triplicate by ELISA. Error bars
represent the SD of serum concentration of mIFN-γ.

Efficacy of Ad5-mIFNγ against lethal challenge of WEEV in mice
Having demonstrated that Ad5-mIFNγ inhibited the replication of WEEV in cells and that
Ad5-mIFNγ produced mIFN-γ in mice, we evaluated the efficacy of Ad5-mIFNγ against the
lethal infection of WEEV in a mouse intranasal challenge model developed previously in our
laboratory [14]. We chose the intranasal challenge model because it partially resembles the
aerosol route infection of WEEV. To test the efficacy of Ad5-mIFNγ, mice were given a
single-dose, IM injection of 108 PFU of Ad5-mIFNγ. Control mice were given a single-dose
of either 108 PFU of Ad5-Empty or 107 PFU of Ad5-mIFNα. At 24 h after injection, mice
were each challenged intranasally with a lethal dose (25 LD50) of the 71V-1658 strain of
WEEV. The challenged mice were monitored up to 14 days for survival and severity of the
infection. In another experiment, mice were first challenged intranasally with a 25 LD50 dose
of 71V-1658. Immediately after challenge, mice were given a single-dose, IM injection of
108 PFU of Ad5-mIFNγ, 108 PFU of Ad5-Empty or 107 PFU of Ad5-mIFNα.
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Figure 6. Efficacy of Ad5-mIFNγ against a lethal dose challenge of WEEV in mice. A) and C)
BALB/c mice (total of 8 per group) were each given a single-dose, intramuscular injection of 108 PFU
of Ad5-mIFNγ, 108 PFU of Ad5-Empty, or 107 PFU of Ad5-mIFNα .At 24 h after injection, mice were
challenged intranasally with a lethal dose (25 LD50) of WEEV 71V-1658. B) and D) BALB/c mice
(total of 8 per group) were first challenged with a 25 LD50 dose of 71V-1658. Immediately after
8
challenge, mice were each given a single-dose injection of 108 PFU of Ad5-mIFNγ, 10 PFU of Ad57
Empty, or 10 PFU of Ad5-mIFNα. All of the challenged mice were monitored for 14 days for clinical
signs of infection and survival.
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A single-dose injection of Ad5-mIFNγ before or immediately after challenge delayed the
progression of WEEV infection. Mice given Ad5-mIFNγ at 24 h before challenge did not
show any signs of infection until day 8 after the challenge whereas all of the mice given Ad5Empty control had severe infection at this time (Fig. 6A). The mean clinical score on day 9
after challenge in the mice given Ad5-mIFNγ was much lower than that in the mice given
Ad5-Empty (0.5 ± 0.5 compared to 3.4 ± 0.5; P = 0.0002). The lower mean clinical score on
day 9 after challenge was also observed in mice given Ad5-mIFNγ immediately after
challenge (1.3 ± 0.9 in Ad5-mIFNγ compared to 3.6 ± 0.7 in Ad5-Empty; P = 0.0006) (Fig.
6B).
A single-dose injection of Ad5-mIFNγ also extended the survival time of the challenged
mice. The mean survival time in mice given Ad5-mIFNγ before challenge was significantly
longer than that in mice given Ad5-Empty (12.1 ± 0.4 days compared to 9.9 ± 0.3 days; P =
0.0005). Similarly longer survival time was also seen in mice given a single-dose injection of
Ad5-mIFNγ immediately after challenge (11.2 ± 0.6 days in Ad5-mIFNγ compared to 9.3 ±
0.2 days in Ad5-Empty; P = 0.004). It appears, however, that a single-dose injection of Ad5mIFNγ did not offer complete protection which has been shown for Ad5-mIFNα [18]. As
indicated in Figs. 6C and 6D, by day 14 after challenge, seven out of eight mice given Ad5mIFNγ before or immediately after challenge died whereas all the control mice given a
single-dose injection of Ad5-mIFNα survived and remained healthy. Taken together, these
results suggest that a partial protection was achieved after a single-dose injection of Ad5mIFNγ.
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Discussion
In this report, we evaluated the efficacy of HAd5-mediated mIFN- γ gene delivery against
WEEV infection in a mouse lethal challenge model. Three major findings were obtained
from the study. First, the expression of mIFN-γ by HAd5 vector in cells inhibited the
replication of WEEV and VEEV in vitro. Second, a single-dose injection of HAd5 vector
expressing mIFN-γ in mice rapidly produced a high level of mIFN-γ. Finally, a single-dose
injection of HAd5 vector expressing mIFN-γ partially protected mice against WEEV
infection by slowing the progression of the infection and extending the survival time of the
challenged mice.
The following several factors may likely contribute to the only partial protection being
conferred by Ad5-mIFNγ after a single-dose administration. The first is the low sensitivity of
WEEV to mIFN-γ treatment (Fig. 2). The second is the rapid depletion of mIFN-γ from mice
after Ad5-mIFNγ injection. As shown in Fig. 3, the expression of mIFN-γ in mice after a
single-dose injection of Ad5-mIFNγ was short lived, lasting less than 3 days. The short-term
expression of mIFN-γ in mice after a single-dose injection of Ad5-mIFNγ could result from
the inhibition of HAd5 vector by mIFN-γ. Previous studies showed that IFN-γ, but not IFNα, inhibits the replication of adenovirus [42, 43]. Thus, the mIFN-γ expressed from Ad5mIFNγ could eliminate Ad5-mIFNγ itself, which in turn leads to the reduced expression of
mIFN-γ. A steady, high-level expression of mIFN-γ may be achieved by multiple-dose
injections of Ad5-mIFNγ to improve the efficacy of Ad5-mIFNγ. Thirdly, because of the
blood-brain barrier, the entry of HAd5 vector into the brain after IM injection is limited,
which may result in a low brain concentration of mIFN-γ, one which is insufficient to provide
complete inhibition of WEEV replication in the brain. Several approaches have been used to
enhance the gene delivery to the brain by HAd5 vector, which include intranasal inoculation
[44], in situ brain perfusion [45], and the modification of HAd5 vector by re-directing it to
the receptor-mediated transcytosis pathway [46].
The partial protection conferred by Ad5-mIFNγ is in contrast to the complete protection
provided by Ad5-mIFNα [18]. One explanation for this difference could be due to the major
role of IFN-α played in the early control of replication and spread of the alphaviruses [47].
Mice lacking the IFN-α receptor, but not the IFN-γ receptor, are highly susceptible to the
lethal infection of VEEV and Sindbis virus [33, 48]. Although IFN-α and IFN-γ both have
direct antiviral activity, IFN-α appears to inhibit virus replication in nervous tissue cells more
effectively than IFN-γ [49]. IFN-α stimulates the expression of over 300 genes [28], which
amongst the genes encoding viperin, the zinc finger antiviral protein (ZAP), ISG15, ISG20,
and p56 directly inhibit the replication of the alphaviruses [50]. Alphaviruses such as eastern
equine encephalitis virus also encode proteins that determine the sensitivity of virus to IFN-α
and the virulence of the viruses in mice [51], further demonstrating that the importance of
IFN-α for the inhibition of alphaviral replication.
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Another explanation for the difference in protection against WEEV between Ad5-mIFNγ and
Ad5-mIFNα could be due to Ad5-mIFNα being able to maintain a high-level expression of
mIFN-α in mice for a long period of time. We found that high-level production of mIFN-α
in mice could last for at least 5 days after a single-dose, intramuscular injection of Ad5mIFNα (J.Q.H. Wu, unpublished data). IFN-α in combination with ribavirin is used for
treatment of patients with chronic hepatitis C virus infection [52].
The therapeutic potential of IFN-α has also been demonstrated in animal models for VEEV
[53] and WEEV [18, 19]. Although IFN-γ is effective to protect against certain viral and
bacterial diseases [22, 24, 37, 54], its clinical application is limited to the treatment of chronic
granulomatous disorder and severe osteoporosis [55]. IFN-γ mainly involves the regulation
of the adaptive immune response. IFN-γ expressed from a viral vector or a DNA plasmid has
been shown to enhance the efficacy of viral vaccines [56, 57]. Because of the potent
immunoregulatory function of IFN-γ, the delivery of IFN-γ gene by HAd5 vector could also
be used as a novel approach to improve the efficacy of WEEV vaccine.
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Conclusion
Our study indicates that the IFN-γ gene delivery by HAd5 vector has potential to provide
partial protection against lethal infection of WEEV in mice. The efficacy of the IFN-γ gene
delivery by HAd5 vector may be improved by giving multiple-dose injections and by using
different injection routes such as intranasal administration. Additionally, the IFN-γ gene
delivery could be used to enhance the immune response of WEEV vaccine because of the
important role of IFN-γ played in the regulation of the adaptive immune response.
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List of symbols/abbreviations/acronyms/initialisms
ATCC

American type culture collection

DMEM

Dulbecco’s modified Eagle media

ELISA

Enzyme-linked immunosorbent assay

FBS

Fetal bovine serum

HAd5

Human adenovirus type 5

IDO

Indoleamine 2,3-dioxygenase

IFN-α

Interferon-alpha

IFN-γ

Interferon-gamma

iNOS

Nitric oxide synthase

ISGs

IFN-stimulated genes

LD50

Lethal dose 50

mIFN-γ

Mouse interferon-gamma

MOI

Multiplicity of infection

PFU

Plaque forming units

WEEV

Western equine encephalitis virus
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