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Abstract
Antibodies generated against West Nile virus (WNV) during infection are essential for controlling dissemination. Recent 
studies have demonstrated that epitopes in all three domains of the flavivirus envelope protein (E) are targets for 
neutralizing antibodies, with determinants in domain III (DIII) eliciting antibodies with strong inhibitory properties. In 
order to increase the magnitude and quality of the antibody response against the WNV E protein, DNA vaccines with 
derivatives of the WNV E gene (full length E, truncated E, or DIII region, some in the context of the pre-membrane [prM] 
gene) were conjugated to the molecular adjuvant P28. The P28 region of the complement protein C3d is the minimum 
CR2-binding domain necessary for the adjuvant activity of C3d. Delivery of DNA-based vaccines by gene gun and 
intramuscular routes stimulated production of IgG antibodies against the WNV DIII region of the E protein. With the 
exception of the vaccine expressing prM/E given intramuscularly, only mice that received DNA vaccines by gene gun 
produced protective neutralizing antibody titers (FRNT80 titer >1/40). Correspondingly, mice vaccinated by the gene 
gun route were protected to a greater level from lethal WNV challenge. In general, mice vaccinated with P28-adjuvated 
vaccines produced higher IgG titers than mice vaccinated with non-adjuvanted vaccines.

Introduction
West Nile virus (WNV) is a single-stranded positive
polarity enveloped RNA virus and member of the Flavivi-
rus genus of the Flaviviridae family. The genome (11 kb)
encodes for three structural proteins (Capsid [C] [1], pre-
membrane [prM] that is cleaved to form a mature mem-
brane [M] [2] and Envelope [E] [1]) and seven nonstruc-
tural gene products (NS1, 2A, 2B, 3, 4A, 4B and 5). WNV
is transmitted by mosquitoes and causes morbidity and
mortality in birds, horses, and humans. Since 1999, there
have been over 29,000 cases that reached clinical atten-
tion and resulted in greater than a thousand deaths http:/
/www.cdc.gov/ncidod/dvbid/westnile/surv&control.htm
within the United States as reported to the Centers for
Disease Control and Prevention. As the geographic distri-
bution of this virus continues to expand, naïve human

populations are put at greater risk, making the need for a
licensed vaccine and/or antiviral treatment pressing [3].

The host immune response is critical for limiting virus
spread and disease. Results from genetically engineered
mice indicate that both the innate (e.g., interferon) and
the adaptive (B and T cells) immune responses control
WNV infection [4]. The production of antibodies is
essential to protection against WNV infection [5], and
passive antibody transfer of anti-WNV neutralizing anti-
bodies can prevent or treat lethal infection [6]. The pri-
mary target of the neutralizing antibody response is the E
protein, which is the most accessible structural glycopro-
tein on the surface of the virion [7]. Structural analysis of
the soluble ectodomain of flavivirus E proteins reveals
three domains [8,9]. Domain I is an 8-stranded β-barrel
that participates in the conformational changes associ-
ated with the acidification of the endosome. Domain II,
which contains 12 β-strands, has important roles in
dimerization, trimerization, and virus-mediated fusion
[10-12]. Domain III adopts an immunoglobulin-like fold
that contains the most distal projecting loops on the
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mature virion [13,14], and has been hypothesized to con-
tain a binding site for cell attachment [15]. Even though
neutralizing antibodies are generated against epitopes in
all three domains, many highly neutralizing antibodies
cluster to epitopes in DIII [16].

Our laboratory and others have demonstrated that the
fusion of C3d to an antigen results in enhanced immuno-
genicity of the fused antigen
[5,16,17,19,21,24,31,32,35,36]. C3d is the final degrada-
tion product of the third component of complement (C3).
The most commonly proposed mechanisms for C3d
adjuvanticity involves C3d binding to the complement
receptor 2 (CR2) that is located on the surface of follicu-
lar dendritic cells (FDC), B cells, and T cells in many spe-
cies (for review, see [17]). C3d stimulates antigen
presentation by FDCs and helps to maintain immunolog-
ical B cell memory. On B cells, C3d interacts with CR2,
CD19 and CD81 surface molecules. CD19 has a long
intracellular tail that triggers a signaling cascade that
results in cell activation and proliferation. Simultaneous
ligation of CR2 by C3d and surface immunoglobulin by
antigen activates two signaling pathways that synergize to
activate B cells, thereby leading to enhanced antibody
secretion against the fused antigen. Multimers of a 28
amino acid peptide of C3d (P28), which contains the pre-
dicted minimum CR2 binding domain, have been demon-
strated to have similar adjuvant properties as the entire
C3d molecule [18]. The P28 molecule is ~9% the size of
the entire C3d molecule and therefore, is an attractive
adjuvant to elicit enhanced B cell responses to a vaccine
antigen.

Currently, there are no effective anti-WNV treatments
and there are no Food and Drug Administration (FDA)-
licensed vaccines for humans. The FDA has approved a
WNV vaccine for horses and other exotic animals, based
upon a formalin-inactivated killed virus (WNV Innova-
tor™, Fort Dodge Animal Health), but these require
annual boosting. Several experimental vaccines for
humans based upon live-attenuated virus, purified pro-
tein, viral vectors, or DNA plasmids are under develop-
ment (see reviews [19-21]) although none has advanced
beyond phase II. In theory, WNV E DIII protein is an
attractive target for vaccine development because many
strongly protective MAbs (in vitro and in vivo) against
flaviviruses, including WNV have been localized to this
region DIII (reviewed in [22]). Moreover, previous studies
have demonstrated the recombinant WNV DIII is a plau-
sible vaccine candidate when administered as a recombi-
nant protein [23], but less effective when expressed from
a DNA plasmid [24]. In this study, we developed candi-
date WNV DNA vaccines with greater immunogenicity
and protection using DIII or truncated E proteins conju-
gated to the molecular adjuvant P28.

Materials and methods
Virus and cell lines
WNV (TX114 strain), isolated from a blue jay in Texas in
2002 was used for all studies except for the passive anti-
body transfer experiment. The virus was propagated once
in Vero cells, aliquotted, and then frozen at -80°C. For the
passive antibody transfer experiments, the lineage 1 New
York WNV strain 3000.0259 that was isolated in 2000 was
passaged once in C6/36 Aedes albopictus cells to generate
an experimental stock. 293T (human embryonic kidney)
and Vero (African green monkey kidney) cells were main-
tained in DMEM with 10% FBS and 1% penicillin/strep-
tomycin (P/S). Raji cells stably expressing DC-SIGNR
were maintained as described [25].

Construction and expression of DNA vaccine plasmids
The WNV prM/E eukaryotic expression vector, pCBWN,
has been previously described [26] and encodes the prM
and E gene segments (accession number DQ211652)
from the strain NY99-6480 strain [26]. To generate an
Ecto E DNA vaccine, the glycine residue at position 706
was converted by mutagenesis to a TAG stop codon (Fig.
1A) [27]. The DIII of E (amino acids 296-415) was cloned
in frame with the tPA leader sequence in pTR600 (Fig.
1A). A second set of plasmids were constructed to
express Ecto E or DIII fused in frame with P28 [18,27].
Each gene sequence encoding for two functional copies of
P28 was cloned at the 3' end of Ecto E or DIII using
unique restriction endonuclease sites. A BamHI restric-
tion endonuclease site was introduced using site directed
mutagenesis immediately 5' to the TAG stop site. A (Gly4-
Ser)2 linker was cloned in between each P28 gene. All
DNA vaccine plasmids were amplified in Escherichia coli,
purified using anion-exchange resin columns (Qiagen,
Valencia, CA) and stored at 20°C in dH2O. Plasmids were
verified by appropriate restriction enzyme digestion and
sequencing.

293T cells were transfected with 30 μg of DNA using
Lipofectamine 2000 according to the manufacturer's
instructions (Invitrogen, Carlsbad, CA). Cell culture
supernatants were collected 48 hrs post-transfection.
Approximately 1.5% of sample volume was loaded onto a
10% polyacrylamide/SDS gel. The resolved proteins were
transferred onto a Immobilon PVDF membrane (Milli-
pore, Temecula, CA) and incubated with a 1:5000 dilu-
tion of the WNV specific monoclonal antibody (mAb
8150, Chemicon, Temecula, CA) in PBS containing 0.05%
Tween-20 and 5% nonfat dry milk. After extensive wash-
ing, bound antibodies were detected using a 1:10,000
dilution of horseradish peroxidase-conjugated goat anti-
mouse antiserum, and visualized by chemiluminescence
(Western Lightning™, Perkin Elmer, Waltham, MA).

http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=DQ211652
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Figure 1 Schematic diagram of constructs and expression of vaccine plasmids. A. A diagram of the WNV genome is shown in the center, and 
the segments of the genome used in the vaccine constructs are shown above (DIII-modified) and below (prM/E-modified). The construct expressing 
prM/E was previously described [26]. The DIII region of the E gene (amino acids 586-705) was cloned downstream of the tpA leader sequence, and in 
some cases, P28 was also cloned in frame and directly after the 3' end of the DIII gene. An artificial BamHI site and stop codon was engineered at po-
sition 705 in the E gene to create the truncated Ecto E gene, and P28 was cloned into the Ecto E construct using the BamHI site to create the Ecto E-
P28 construct. B. Supernatants from 293T cells transiently transfected with plasmid DNA were assessed by SDS-PAGE and Western blot. The mem-
brane was probed by with the DIII-specific monoclonal antibody, 7H2. Lane 1: DIII-DNA; Lane 2: DIII-P28-DNA; Lane 3: prM/Ecto E-DNA; Lane 4: prM/
Ecto E-P28-DNA; Lane 5: prM/E-DNA; Lane 6: P28-DNA only; Lane 7: Vector DNA only.
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Virus titrations and immunohistochemistry
All virus titrations were performed on Vero cell monolay-
ers. Briefly, cells were incubated with indicated serial
dilutions of virus or mouse serum for 1 hour at 37°C. Sub-
sequently, the virus/serum inocula were removed and
replaced with a semi-solid overlay of carboxy-methylcel-
lulose in OptiMEM or 1% low melting point agarose (Sea-
Plaque) in α-MEM (Invitrogen) supplemented with 3 or
4% FBS. Cultures were incubated for 24-72 hours prior to
fixation with a 50:50 v/v mixture of methanol and acetone
or 10% formadehyde. For plaque assays, staining was per-
formed with 1% (w/v) crystal violet in 20% ethanol and
scored visually on a light box. For focus formation assays,
foci were visualized by immunohistochemistry.

Immunohistochemistry was performed on fixed and
dried cell monolayers by first rehydrating with 3% FBS in
PBS (blocking buffer) for 1 hour, then replacing the media
with a monoclonal antibody specific to WNV E protein
(7H2; BioReliance Corporation, Rockville, MD) diluted in
blocking buffer and incubated for at least 1 h. The pri-
mary antibody solution was removed and monolayers
were washed thrice in PBS prior to adding the goat anti-
mouse secondary antibody conjugated to peroxidase
diluted in blocking buffer. After 1 h, monolayers were
washed thrice in PBS again. WNV-infected cells were
visualized by adding the peroxidase substrate (Enzo Diag-
nostics, Farmingdale, NY).

Vaccination and Viral Challenge
Female C57BL/6 mice (n = 5-8 mice per group; aged 6-8
weeks) were purchased from Harlan Sprague Dawley,
(Indianapolis, IN, USA), immunized with each DNA vac-
cine plasmid intramuscularly (IM, 50 μg DNA injection
into thigh) or by gene gun (particle bombardment with 2
μg DNA coated on gold bullets) and then boosted with
the same dose on weeks 3 and 6. In some cases 0.2 μg or
0.02 μg of vaccine plasmid as a dose response was admin-
istered in a mixture of vector plasmid to keep a total of 2
μg total DNA vaccine. Blood was collected from anesthe-
tized mice via the retro-orbital route on weeks 5 and 8
post vaccination, then centrifuged at 6000 rpm for 10 min
to separate the serum. Sera were transferred to new vials
and frozen at -20°C.

For challenge, naïve or vaccinated mice administered
1000 focus forming units (FFU) of WNV (TX114 strain)
in a volume of 0.1 ml by the intraperitoneal route. WNV
was diluted in a filtered solution of 10% fetal bovine
serum (FBS) in phosphate buffered saline (PBS) prior to
the mice infections (diluents). Mice were weighed daily to
determine percent weight loss, and monitored to deter-
mine the severity of sickness. Moribund mice (severe
lethargy, hunched posture and ruffled fur) were eutha-
nized by CO2 asphyxiation and recorded as dead for the
next day. All mouse experiments were performed in

accordance and with approval of the Washington Univer-
sity or University of Pittsburgh Animal Studies guidelines
under BSL-3 conditions.

Passive transfer of antiserum to naïve mice
Five week old C57BL/6 mice (Jackson Laboratories) were
infected by subcutaneous route with 102 PFU of WNV
3000.0259 diluted in Hank's Balanced Salt Solution con-
taining 1% heat-inactivated FBS. For antibody protection
studies, one day prior to infection mice were treated by IP
injection with indicated amounts of immune (gene gun
vaccinated mice) or naïve serum diluted in 100 μl PBS.
Mice were monitored daily for 21 days for morbidity and
mortality.

Enzyme-Linked Immunoabsorbant Assay (ELISA)
A quantitative ELISA was performed to assess anti-DIII
specific IgG in serum of vaccinated mice. Individual wells
of a 96 microtiter plate were coated overnight at 4°C with
WNV DIII proteins produced from transfected 293T cells
and then blocked (25°C for 2 hr) with PBS supplemented
with Tween-20 (0.05%) and nonfat dry milk (5%). Each
serum sample was serially diluted and incubated (25°C
for 2 hr). Following serial washes with PBS Tween-20
(0.05%), samples were incubated (25°C for 1 hr) with HRP
conjugated goat anti-mouse IgG (1:5000) or one of four
IgG subclasses (IgG1, IgG2a, IgG2b, or IgG3) (Southern
Biotechnology, Birmingham, AL) diluted in PBS Tween-
20 (0.05%) and nonfat dry milk (5%). Unbound antibody
was removed and after additional washes samples were
incubated with TMB substrate, and the colorimetric
change was measured as the optical density at 405 nm
using a plate reader (Biotek Powerwave XS, Winooski,
VT USA). The O.D. value of the age-matched naïve sera
was subtracted from the OD values of the antisera from
the vaccinated mice. Results were recorded as the geo-
metric mean titer (GMT) ± the standard error of the
mean (SEM).

Focus Neutralization Reduction Assay (FRNT)
Sera from individual mice were heat inactivated at 56°C
for 30 min. In some cases, sera from moribund or surviv-
ing mice following WNV infection were pooled. Pooled
sera were diluted 1:10 in DMEM supplemented with 1%
FBS, P/S and HEPES, and serially diluted 2-fold thereaf-
ter. Pooled naïve sera from uninfected, unvaccinated
C57Bl/6 mice were used as a negative control. The 7H2
antibody, which neutralizes WNV in tissue culture [16],
was diluted in naïve mouse sera and used as a positive
control. Each dilution was incubated in an equal volume
of media containing WNV for 1 h at 37°C. The virus-anti-
body solutions were then placed in duplicate wells in a
24-well plate containing a confluent Vero monolayer and
incubated at 37°C for 1 h. Monolayers were rinsed free of
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unbound virus-antibody solution, rinsed an additional
time with PBS, and then covered with the CMC overlay.
After 48 hours, monolayers were fixed with a 50:50 v/v
methanol and acetone solution. WNV foci were detected
by immunohistochemistry as described above. Titer was
determined as the dilution in which there was 50%
(FNRT50) or 80% (FRNT80) or greater reduction in the
number of WNV foci by immunohistochemical staining.

Results
Construction of WNV Vaccine Plasmids
DNA plasmids were constructed that contained either
the complete E gene (in context with the precursor viral
gene prM "prM/E") or portions of the E gene (ectodomain
(Ecto) or domain III (DIII)) (Fig 1A). A second set of plas-
mids was generated with these same gene sequences con-
jugated to two copies of the molecular adjuvant P28 to
enhance antibody responses to the conjugated antigen
(Fig. 1A). All of these gene cassettes were cloned directly
downstream of a cytomegalovirus promoter to drive effi-
cient transcription. Each plasmid efficiently expressed
the E gene insert in transiently transfected 293T cells as
determined by Western blot of clarified cell supernatant
with a WNV-specific anti-E MAbs (Fig 1B). DNA plas-
mids expressing DIII only produced a protein ~10-20 kD
in size. The addition of P28 resulted in an expressed pro-
tein of ~30 kD (Fig 1B; lanes 1 and 2). Ecto E (~65 kD)
and Ecto E-P28 (~70 kD) were efficiently secreted into
the supernatants of transiently transfected cells (Fig 1B;
lanes 3 and 4). In addition, a 65 kD protein representing E
was detected in supernatants from cells transiently trans-
fected with DNA expressing the prM/E gene cassette,
which produces subviral particles (SVPs) (Fig 1B; lane 5).
As expected, mock-transfected or vector-only transfected
cell supernatants showed no reactivity with WNV anti-E
MAbs.

The molecular adjuvant P28 enhances the anti-WNV 
antibody response
Mice were vaccinated with the panel of DNA vaccines via
one of two routes: gene gun (GG) or intramuscular (IM)
at weeks 0, 3, and 6. On week 8, serum samples were col-
lected and the anti-WNV DIII antibody levels were tested
by ELISA from individual clarified sera samples (Fig. 2).
C57BL/6 mice immunized with all of the DNA plasmids
via the gene gun route developed high titers of anti-WNV
DIII antibodies. In contrast, mice vaccinated by an intra-
muscular route with DIII-DNA had significantly lower
total IgG titers that were significantly enhanced by conju-
gation of P28 (Fig. 2A). The enhancement effect was
observed following gene gun administration of plasmids
only at lower doses of vaccine (Fig 2B). Mice vaccinated
IM with Ecto E, Ecto E-P28 or prM/E developed similar
titers (Fig 2A).

To characterize further the immune response elicited
by these vaccines, the IgG subtypes of the elicited anti-
DIII antibodies were determined (Table 1). Gene gun
DNA vaccination elicited primarily a T-helper (Th)-2
(characterized by IgG1 isotype), whereas DNA plasmids
administered intramuscularly elicited more of a Th-1
response (characterized by IgG2 isotype). C57BL/6 mice
immunized by gene gun with DIII- or DIII-P28-DNA
elicited predominately IgG1 and IgG2b. Similar antibody
isotypes were elicited with Ecto E and Ecto E-P28
expressing plasmids. Interestingly, the prM/E plasmid
elicited a broader IgG isotype profile via both ID and IM

Figure 2 Vaccine elicited anti-DIII antibodies. Total IgG titers were 
measured by ELISA on WNV DIII-coated plates from mice vaccinated ID 
or IM with DNA plasmids encoding sections of the WNV E gene, with 
or without molecular adjutant P28 on week 8. Each dot represents an 
individual mouse. Undetectable antibody titers were arbitrarily as-
signed a titer of 1. Error bars denote the standard error within the sam-
ples with a measurable titer. Representative data from 1 of 2 
experiments shown. A 2-way unmatched ANOVA with a Bonferroni 
post-test was used to determine the significance of the data between 
groups, which is denoted by asterisks; * P < 0.05, ** P < 0.01, *** P < 
0.001.
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routes and included anti-DIII antibodies of the IgG2c sub-
class.

Protection of mice against lethal WNV challenge
At week 10 (4 weeks from the final vaccination), C57BL/6
mice were challenged with a lethal dose (103 FFU) of
WNV. All unvaccinated and 80% of vector-only vacci-

nated mice (IM) infected with WNV died by day 11 post-
challenge (Fig. 3). The vector-only vaccinated mouse that
survived challenge nonetheless showed signs of morbid-
ity (hunchback posture and fur ruffling) and lost ~15% of
body weight, but recovered by 1 month post infection
(Fig. 4). All mice vaccinated with the prM/E plasmid con-
struct survived lethal challenge (Fig. 3) and did not lose

Figure 3 WNV challenge of vaccinated mice. Mice that were vaccinated with indicated plasmids were challenged with 103 FFU of WNV and as-
sessed daily for survival. Mice that were moribund were euthanized and counted as dead the following day. MOCK-challenged mice, which were in-
jected with diluent only, did not die or show signs of illness, and are not shown on the survival curves. The results are pooled from at 5 mice.
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Table 1: Anti-DIII Antibody Isotypes

C57BL/6

Gene Gun IgG1 IgG2a* IgG2b IgG2c

DIII 0.44 N.A. 0.18 0.00

DIII-P28 0.43 N.A. 0.24 0.00

Ecto E 0.41 N.A. 0.19 0.00

Ecto E-P28 0.38 N.A. 0.12 0.01

prM/E 0.44 N.A. 0.36 0.18

C57BL/6

Intramuscular IgG1 IgG2a IgG2b IgG2c

DIII 0.13 N.A.** 0.01 0.04

DIII-P28 0.41 N.A. 0.14 0.02

Ecto E 0.23 N.A. 0.08 0.00

Ecto E-P28 0.23 N.A. 0.04 0.01

prM/E 0.25 N.A. 0.20 0.11

*IgG2a isotype not expressed in C57BL/6 mice.
**N.A. = Not applicable since the IgG2a subtype is not expressed in C57BL/6 mice.
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weight, regardless of the vaccination route. In general,
mice vaccinated by gene gun had higher rates of survival
and less weight loss compared to mice vaccinated intra-
muscularly. Eighty percent of mice vaccinated ID with
DIII-DNA survived challenge with little weight loss (Fig.
3A and 4) whereas, no mice vaccinated IM with DIII-
DNA survived challenge (Fig. 3B, p < 0.004). All of these
mice lost weight prior to succumbing to infection (Fig.
4C). Conjugation of P28 to DIII enhanced the survival
rate to 60% when the DNA was administered IM (Fig. 3B,
p < 0.046). Interestingly, the disparity in survival between
ID and IM vaccination routes was also apparent in mice
vaccinated with Ecto E DNA (Fig. 3). Eighty percent of
mice vaccinated ID or IM with Ecto E-DNA survived
challenge, and conjugation of P28 to Ecto E increased the
survival rate (100%) of ID-vaccinated animals, but slightly
decreased rate in IM-vaccinated mice (60%, Fig 3).
Although these survival results were not statistically dif-

ferent between these groups, survival did correlated with
weight loss, as mice that lost more weight had the highest
morbidity and mortality (Fig. 4).

To determine if protection against WNV challenge pro-
spectively correlated with a reduction in viremia, the sera
at day 2 post-infection in each vaccine group was ana-
lyzed for infectious virus by a focus forming assay. Vacci-
nated C57BL/6 mice that survived infection (Fig. 5) had
viremia that was at or below the limit of detection at day 2
post-challenge. With the exception of one mouse vacci-
nated with the Ecto E vaccine, all mice that died had a
viremia at day 3 of greater than 4 × 102 FFU/ml (Fig 5).

Neutralization titers
Sera from mice immunized with the DNA vaccines were
assayed for the ability to neutralize WNV infection in cell
culture (Table 2). Serum samples collected at week 8 and
again at 1 month post challenge (week 14 of study) were
divided into two groups: (1) mice that survived subse-
quent lethal challenge and (2) mice that did not survive
challenge (obtained from terminally moribund mice
immediately prior to euthanasia). Mice vaccinated with
any of the DNA vaccines by gene gun that survived chal-
lenge had high neutralizing titers at eight weeks (1/80-1/
320; FRNT80), whereas those that died from challenge
had lower titers <1/20 (Table 2). In contrast to gene gun
vaccination, only mice vaccinated with prM-E DNA
intramuscularly had high neutralizing titers, which again
correlated with survival. Mice vaccinated via gene gun
with DNA plasmids expressing DIII, Ecto E, or these
immunogens conjugated to P28 had titers <1/20
(FRNT80) did not survive infection. Similar results were
observed using a FRNT50, albeit the titers were higher
than FRNT80. Regardless of the route of vaccination, mice
that survived challenge exhibited an immunological
boost by 14 weeks since neutralizing titers rose following
infection (FRNT80; 1/320-1/1280).

Passive sera transfer protects mice from virus infection
Although several mice immunized with DIII plasmids
survived infection, it remained unclear mechanistically
whether this was due to antibodies or possibly, memory
CD4+ and CD8+ T cell responses To determine if anti-
DIII antibodies alone could afford protection against
WNV infection, pooled antiserum from each gene gun
vaccinated group was transferred intraperitoneally into
naïve 5 week-old C57BL/6 mice, which were then chal-
lenged with 102 PFU of WNV (Fig. 6). Fifty to seventy
percent of mice administered sera from mice vaccinated
with DIII, Ecto E or Ecto E-P28 survived challenge 21
days post-infection. Sera from mice vaccinated with DIII-
P28 or prM-E showed greater (80-90%) survival com-
pared to DIII alone, although this did not attain statistical
significance. As expected, nearly all mice (10% survival))

Figure 4 Weight loss curves of WNV-infected vaccinated mice. 
The weights of mice vaccinated by the GG (A) and IM (B) routes and 
challenged with 103 FFU of WNV were recorded daily. Dead and mori-
bund mice were included in the weight loss curves on the day of 
death, but not after. The daily weight of each mouse was compared to 
her weight the day of challenge, and data are shown as the average 
percentage of initial weight for each cohort. The color scheme is iden-
tical for both panels. Error bars represent the standard error for all sam-
ples available at that time point.
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administered naïve sera succumbed to virulent WNV
infection.

Discussion
Although it has been a decade since the emergence of
WNV in North America, there remains no effective,
licensed vaccine to combat WNV induced disease in
humans. Although candidate vaccines have not advanced
beyond phase I and II clinical trials for humans [19,28],
there are currently approved inactivated and DNA vac-
cines licensed for use in horses and geese. Since neutral-
izing antibodies may serve as a primary protective
function against challenge [5], recent vaccine strategies
have focused on using the ectodomain of E or different
domains within E to elicit neutralizing anti-WNV anti-
bodies [23,24,26,29-33]. Recent attention has been
focused on DIII as a potential immunogen because struc-

tural and functional studies suggest that many protective
antibodies against WNV recognize this highly conserved
epitopes within this region. Some DIII-specific neutraliz-
ing antibodies are particularly potent in blocking viral
fusion and escape from the endosome [34,35].

In this study, a series of DNA-based vaccines expressing
the full length E, Ecto E or the DIII domain of E were
fused to the molecular adjuvant P28 to enhance antibody
titers. The addition of P28 to DIII or Ecto E increased the
anti-DIII IgG antibody titer in C57BL/6 mice. However, a
high anti-DIII antibody titer was not sufficient to com-
pletely protect against WNV infection. Mice vaccinated
with nearly all gene gun delivered vaccines elicited similar
high-titer anti-DIII antibodies, however, only the prM/E
and Ecto E-P28 vaccinated mice were completely pro-
tected from lethal challenge.

Figure 5 Viremia of protected and unprotected mice following WNV challenge. Sera taken from the blood of three mice from each group 2 days 
after infection were titrated on Vero cells to determine levels of virenia. Each point represents the titer from one mouse; black and red dots denote 
animals that survived and died, respectively. The dashed line represents the limit of detection (LOD) for this assay, which was 4 × 102 FFU/ml of serum. 
Mice with a viremia less than the LOD were arbitrarily shown as dots at the bottom of the graph.
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Several studies have previously demonstrated the
immunogenicity of the E protein DIII domain [23,29,36-
40]. However, immunization of purified recombinant
DIII has not consistently elicited high-titer neutralizing
antibodies, thereby indicating that the neutralizing
epitope may be poorly immunogenic in the context of a
soluble protein, or that a dominant non-neutralizing
epitope is present on the soluble DIII but is not exposed
in the context of the virion. Expression of DIII from a
DNA vaccine plasmid also has been less than optimal in
eliciting neutralizing antibodies. The results from our
study suggest that DIII may be less efficiently secreted
from transfected cells (data not shown), which may in
part explain the lowered immune responses seen during
vaccination with DIII alone. Conjugation of P28 may
assist DIII protein secretion from transfected cells, help-
ing to explain why the P28-conjugated vaccines elicited
higher DIII-specific antibody titers (by ELISA) and
higher protection against lethal challenge than non-con-

jugated vaccines in some cases. Although the use of
molecular adjuvants, such as P28, did not skew the anti-
body repertoire, they did increase the efficacy of the
response of DIII-based DNA vaccines. An analogous
increase in overall titer was observed when JEV or WNV
DIII was linked to IL-15 [24].

Prospective studies have shown a direct correlation
between the level of neutralizing antibody prior to chal-
lenge, the magnitude of viremia, and survival rates in
mice [5]. Nonetheless, some mice vaccinated IM with
DIII-P28, Ecto E, and Ecto E-P28 were protected from
challenge despite the absence of high-titer pre-challenge
neutralizing antibodies (FRNT80 ≤ 20). Although further
mechanistic studies are required, we suggest three possi-
ble explanations: (a) non-neutralizing antibodies are pro-
tective through complement and/or Fc?R-dependent
functions. Indeed, we have previously seen this pheno-
type with mAbs against WNV NS1, which is absent from
the virion [41]; (b) the in vitro neutralization assay does

Table 2: FRNT and Mouse Survival

Sample Group Survival [# 
pooled/# in 
vaccinated 
group]

FRNT50* FRNT80 FRNT50 FRNT80

GG Pre-infection Post-infection

1 DIII Yes [4/5] 640 80 2560 320

2 DIII No [1/5] <20 <20

3 DIII-P28 Yes [3/5] 320 80 1280 320

4 DIII-P28 No [2/5] 40 20

5 ectoE Yes [4/5] 320 320 2560 640

6 ectoE No [1/5] 40 <20

7 ectoE-28 Yes [5/5] 640 320 2560 640

8 prM/E Yes [5/5] 320 160 1280 640

9 naïve No [5/5] 20 <20

IM Pre-infection Post-infection

10 DIII No [5/5] <20 <20

11 DIII-p28 Yes [3/5] 20 <20 1280 640

12 DIII-p28 No [2/5] 20 <20

13 ectoE Yes [4/5] 40 20 2560 1280

14 ectoE No [1/5] 20 <20

15 ectoE-p28 Yes [3/5] 40 20 2560 640

16 ectoE-p28 No [2/5] <20 <20

17 prM/E Yes [5/5] 320 160 2560 640

18 vector Yes [1/5] 40 <20 640 80

19 vector No [4/5] <20 <20

* Titers shown as the reciprocal titer
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not accurately reflect possible neutralization of virus in
vivo. Antibodies that block virus attachment of one cell
type (e.g., Vero cells) may not function effectively against
a second more physiologically relevant cell type (e.g., den-
dritic cells). Of note, differences in neutralization potency
among cell types were observed with mAbs against
epitopes in DI and DII of WNV E protein [42]; and/or (c)
T cell responses to peptide epitopes in the E protein inde-
pendently contribute to protection. The isotype of the
polyclonal antibody in part determines the effector func-
tions of the anti-WNV antibodies and identifies the T
helper cell bias (required for antibody class switching).
Antibodies of the IgG2a/c and IgG2b subclass fix comple-
ment proteins C1q and C3 and can opsoznize and inhibit
flavivirus infection [43-45]. IgG2a/c bind FcγRI with high
avidity facilitating enhanced uptake of virus-antibody
complexes by macrophages. The predominant IgG iso-
type detected was IgG1 indicating a Th2 bias. However,
IgG2b was detected in almost all vaccine groups, with a
strong level of this isotype and IgG2c detected in prM/E
vaccinated mice (Table 1), which may help to explain the
effectiveness of these vaccines. C57BL/6 mice do not
express IgG2a, if this isotype was associated with protec-
tion, could have been an explanation for the inconsistent
protection with these vaccines.

C3d and P28 have been used as effective molecular
adjuvants to elicit high titer antibodies against other
pathogens [18,27,46-53]. This study extends this platform
to WNV, and likely other flaviviruses due to the similarity
in E protein structure and function within the genus.
Interestingly, gene gun administration of DNA plasmids
elicited higher titer antibody responses and broader pro-
tection against WNV infection than through the IM

route. For mice that were vaccinated gene gun, there was
a clear correlation between viral neutralization titers and
survival. This correlate was less apparent in IM-vacci-
nated mice, with most mice surviving infection having
low neutralization titers. This discrepancy in survival
may be explained, at least in part, by the types of cells that
internalize the DNA plasmids and express and/or present
these antigens. Muscle cells and infiltrating appear to
internalize plasmid DNA following IM administration
[54]; these cell types may not efficiently secrete these viral
proteins. Gene gun differs from intramuscular or intrad-
ermal injection of DNA with a needle and syringe in that
it results in direct delivery of the vaccine into the intracel-
lular environment [55]. Gene gun delivery of DNA plas-
mids is complex and can involve both non-professional
antigen presenting cells (APC), such as keratinocytes and
professional APCs, such as Langerhans cells [56] and
[57]. Compared to other routes of delivery, gene gun
inoculations can induce both antibody and CD8+ T cell
responses with substantially lower doses of DNA. The
effectiveness of this system is likely related to the use of a
delivery technology that deposits DNA directly into cells
[55]and [57] as well as the immune competence of the
epidermis as a delivery site [58] and [59]. Skin cells likely
traffic to the draining lymph nodes where the expressed
proteins are processed and presented to immune cells
[60,61].

Passive transfer studies with serum from vaccinated
mice to naïve mice established that antibody generated
after immunization was sufficient for protection. The
percentage of mice surviving challenge after passive
transfer appeared similar to the percentage of vaccinated
mice that survived after direct challenge. Although fur-
ther studies with depleting anti-CD4 and CD8 mAbs are
required to precisely evaluate the contribution of T cells
to protection in these vaccinated mice, it is noteworthy
that for C57BL/6 mice, the immunodominant H-2b T cell
epitopes for WNV fall outside of DIII [62-64].

In general, immunogens based upon Ecto E elicited bet-
ter protective responses than those based upon DIII.
Likely, WNV E proteins contain multiple neutralizing
epitopes in separate domains and therefore, a broader
panel of neutralizing antibodies can be generated. The
prM/E plasmid produces SVPs, which are effective
immunogens since they contain conformationally rele-
vant prM and E protein [14,65,66]. However, Ecto E-P28
elicited comparable immune responses and protection as
prM/E when delivered ID, indicating that DNA vaccina-
tion can be as effective as the prM/E vaccines currently
used for animal vaccines.

The results from the WNV vaccines described in this
report indicate that DIII can be an effective immunogen
when expressed from a DNA plasmid, when conjugated
to a molecular adjuvant like P28 and delivered as a gene

Figure 6 Passive transfer of antibody from vaccinated mice pro-
tects against lethal WNV challenge. Five week-old C57BL/6 mice 
were pre-treated with 25 μl of serum from the indicated vaccinated 
mice or naïve animals at day -1 by intraperitoneal injection. On day 0, 
mice were infected with 102 PFU of WNV by subcutaneous route and 
monitored for survival. All vaccinated mice showed statistically signifi-
cant protection (P < 0.05, log rank test) compared to mice receiving na-
ïve sera. Data reflect two independent experiments with a total of n = 
10 mice per arm.

0 3 6 9 12 15 18 21 24
0

20

40

60

80

100

Naive
prM/E

Ecto-E
Ecto-E-P28

DIII
DIII-P28

Days Post Infection

P
er

ce
n

t 
su

rv
iv

al



Dunn et al. Virology Journal 2010, 7:95
http://www.virologyj.com/content/7/1/95

Page 11 of 13
gun based DNA vaccine. The mechanism of delivery
could account for the induction of protective responses.
Gene gun elicits a T cell helper type 2 (Th2) bias, as indi-
cated by the predominance of elicited IgG1, which may be
just as an important factor in eliciting neutralizing anti-
bodies as the immunogen epitopes. Nonetheless, our
studies have not yet shown that DIII elicits superior neu-
tralizing responses when conjugated to a C3d molecular
adjuvant. Although further studies are warranted, we
speculate that this is due to the presence of immunodom-
inant non-neutralizing epitopes on the A-B loop that is
normally solvent inaccessible [67]. Reverse genetic stud-
ies are underway to create DIII variants that lack this
immunodominant epitope and thus, focus the immune
response on the lateral ridge epitope, which is recognized
by highly neutralizing antibodies. By combining this
molecular approach with the addition of P28, alone or
with other vaccine modalities, we believe it will be possi-
ble to create a catalogue of safe immunogens that elicit
high-titer neutralizing antibody responses against all fla-
viviruses.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions
MDD and DMC constructed and characterized the vaccines, MDD and SLR per-
formed animal vaccinations, SLR performed virological analysis, and MDD, SLR,
MRV, EM immune analysis. MDD, SLR, MSD, and TMR wrote the manuscript.
MSD and TMR conceived the studies and participated in experimental design
and coordination. All authors read and approved the manuscript.

Acknowledgements
We thank Robert Tesh for providing the TX114 strain of WNV through the 
World Arbovirus Collection. We would like to thank Jared Evans for helpful 
comments and discussion. We acknowledge T. Oliphant for performing some 
of the preliminary experiments for this manuscript. This work was supported 
by a Department of Defense award W81XWH-07-1-0319 to TMR and NIH grant 
U01 AI061373 to MSD. SLR is supported on the NIH T32-AI060525 Infectious 
Diseases and Immunology Training Grant.

Author Details
1Center for Vaccine Research, University of Pittsburgh, 9047 Biomedical Science 
Tower 3, 3501 Fifth Avenue, Pittsburgh, PA 15261, USA, 2Department of 
Microbiology and Molecular Genetics, University of Pittsburgh, 9047 
Biomedical Science Tower 3, 3501 Fifth Avenue, Pittsburgh, PA 15261, USA and 
3Departments of Medicine, Molecular Microbiology, Pathology & Immunology, 
Washington University School of Medicine, 660 South Euclid Ave., Box 8051, St. 
Louis, MO 63110, USA

References
1. West Nile virus activity--United States, 2007.  MMWR Morb Mortal Wkly 

Rep 2008, 57:720-723.
2. Takahashi H, Ohtaki N, Maeda-Sato M, Tanaka M, Tanaka K, Sawa H, 

Ishikawa T, Takamizawa A, Takasaki T, Hasegawa H, et al.: Effects of the 
number of amino acid residues in the signal segment upstream or 
downstream of the NS2B-3 cleavage site on production and secretion 
of prM/M-E virus-like particles of West Nile virus.  Microbes Infect 2009, 
11:1019-1028.

3. Oliphant T, Engle M, Nybakken GE, Doane C, Johnson S, Huang L, Gorlatov 
S, Mehlhop E, Marri A, Chung KM, et al.: Development of a humanized 

monoclonal antibody with therapeutic potential against West Nile 
virus.  Nat Med 2005, 11:522-530.

4. Samuel Diamond: Pathogenesis of West Nile virus infection: a balance 
between virulence, innate and adaptive immunity and viral evasion.  J 
Virol 2006, 80:9349-9360.

5. Diamond MS, Shrestha B, Marri A, Mahan D, Engle M: B cells and antibody 
play critical roles in the immediate defense of disseminated infection 
by West Nile encephalitis virus.  J Virol 2003, 77:2578-2586.

6. Diamond MS, Sitati EM, Friend LD, Higgs S, Shrestha B, Engle M: A critical 
role for induced IgM in the protection against West Nile virus infection.  
J Exp Med 2003, 198:1853-1862.

7. Mukhopadhyay S, Kim BS, Chipman PR, Rossmann MG, Kuhn RJ: Structure 
of West Nile virus.  Science 2003, 302:248.

8. Nybakken GE, Nelson CA, Chen BR, Diamond MS, Fremont DH: Crystal 
structure of the West Nile virus envelope glycoprotein.  J Virol 2006, 
80:11467-11474.

9. Kanai R, Kar K, Anthony K, Gould LH, Ledizet M, Fikrig E, Marasco WA, Koski 
RA, Modis Y: Crystal structure of west nile virus envelope glycoprotein 
reveals viral surface epitopes.  J Virol 2006, 80:11000-11008.

10. Modis Y, Ogata S, Clements D, Harrison SC: A ligand-binding pocket in 
the dengue virus envelope glycoprotein.  Proc Natl Acad Sci USA 2003, 
100:6986-6991.

11. Modis Y, Ogata S, Clements D, Harrison SC: Structure of the dengue virus 
envelope protein after membrane fusion.  Nature 2004, 427:313-319.

12. Rey FA, Heinz FX, Mandl C, Kunz C, Harrison SC: The envelope 
glycoprotein from tick-borne encephalitis virus at 2 A resolution.  
Nature 1995, 375:291-298.

13. Zhang W, Chipman PR, Corver J, Johnson PR, Zhang Y, Mukhopadhyay S, 
Baker TS, Strauss JH, Rossmann MG, Kuhn RJ: Visualization of membrane 
protein domains by cryo-electron microscopy of dengue virus.  Nat 
Struct Biol 2003, 10:907-912.

14. Zhang Y, Corver J, Chipman PR, Zhang W, Pletnev SV, Sedlak D, Baker TS, 
Strauss JH, Kuhn RJ, Rossmann MG: Structures of immature flavivirus 
particles.  Embo J 2003, 22:2604-2613.

15. Bhardwaj S, Holbrook M, Shope RE, Barrett AD, Watowich SJ: Biophysical 
characterization and vector-specific antagonist activity of domain III of 
the tick-borne flavivirus envelope protein.  J Virol 2001, 75:4002-4007.

16. Beasley DW, Barrett AD: Identification of neutralizing epitopes within 
structural domain III of the West Nile virus envelope protein.  J Virol 
2002, 76:13097-13100.

17. Toapanta FR, Ross TM: Complement-mediated activation of the 
adaptive immune responses: role of C3d in linking the innate and 
adaptive immunity.  Immunol Res 2006, 36:197-210.

18. Bower JFR, TM : A minimum CR2 binding domain of C3d enhances 
immunity following vaccination.  Advances in experimental medicine and 
biology 2006, 587:249-264.

19. Hall RA, Khromykh AA: West Nile virus vaccines.  Expert Opin Biol Ther 
2004, 4:1295-1305.

20. Hall RA, Khromykh AA: ChimeriVax-West Nile vaccine.  Curr Opin Mol Ther 
2007, 9:498-504.

21. Widman DG, Frolov I, Mason PW: Third-generation flavivirus vaccines 
based on single-cycle, encapsidation-defective viruses.  Adv Virus Res 
2008, 72:77-126.

22. Pierson TC, Xu Q, Nelson S, Oliphant T, Nybakken GE, Fremont DH, 
Diamond MS: The stoichiometry of antibody-mediated neutralization 
and enhancement of West Nile virus infection.  Cell Host Microbe 2007, 
1:135-145.

23. Martina BE, Koraka P, Doel P van den, van Amerongen G, Rimmelzwaan 
GF, Osterhaus AD: Immunization with West Nile virus envelope domain 
III protects mice against lethal infection with homologous and 
heterologous virus.  Vaccine 2008, 26:153-157.

24. Ramanathan MP, Kutzler MA, Kuo YC, Yan J, Liu H, Shah V, Bawa A, Selling 
B, Sardesai NY, Kim JJ, Weiner DB: Coimmunization with an optimized 
IL15 plasmid adjuvant enhances humoral immunity via stimulating B 
cells induced by genetically engineered DNA vaccines expressing 
consensus JEV and WNV E DIII.  Vaccine 2009, 27:4370-4380.

25. Pierson TC, Xu Q, Nelson S, Oliphant T, Nybakken GE, Fremont DH, 
Diamond MS: The stoichiometry of antibody-mediated neutralization 
and enhancement of West Nile virus infection.  Cell Host and Microbe 
2007, 1:135-145.

26. Davis BS, Chang GJ, Cropp B, Roehrig JT, Martin DA, Mitchell CJ, Bowen R, 
Bunning ML: West Nile virus recombinant DNA vaccine protects mouse 

Received: 24 January 2010 Accepted: 12 May 2010 
Published: 12 May 2010
This article is available from: http://www.virologyj.com/content/7/1/95© 2010 Dunn et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.Virology Journal 2010, 7:95

http://www.virologyj.com/content/7/1/95
http://creativecommons.org/licenses/by/2.0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18600197
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19647801
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15852016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16973541
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12551996
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14662909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14551429
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16987985
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16943291
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12759475
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14737159
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7753193
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14528291
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12773377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11264392
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12438639
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17337780
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15268663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17932814
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19081489
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18005691
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18069096
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19497647
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18005691


Dunn et al. Virology Journal 2010, 7:95
http://www.virologyj.com/content/7/1/95

Page 12 of 13
and horse from virus challenge and expresses in vitro a noninfectious 
recombinant antigen that can be used in enzyme-linked 
immunosorbent assays.  J Virol 2001, 75:4040-4047.

27. Ross TM, Xu Y, Bright RA, Robinson HL: C3d enhancement of antibodies 
to hemagglutinin accelerates protection against influenza virus 
challenge.  Nat Immunol 2000, 1:127-131.

28. Martin JE, Pierson TC, Hubka S, Rucker S, Gordon IJ, Enama ME, Andrews 
CA, Xu Q, Davis BS, Nason M, et al.: A West Nile virus DNA vaccine 
induces neutralizing antibody in healthy adults during a phase 1 
clinical trial.  J Infect Dis 2007, 196:1732-1740.

29. Chu JH, Chiang CC, Ng ML: Immunization of flavivirus West Nile 
recombinant envelope domain III protein induced specific immune 
response and protection against West Nile virus infection.  J Immunol 
2007, 178:2699-2705.

30. Lustig S, Olshevsky U, Ben-Nathan D, Lachmi BE, Malkinson M, Kobiler D, 
Halevy M: A live attenuated West Nile virus strain as a potential 
veterinary vaccine.  Viral Immunol 2000, 13:401-410.

31. Ng T, Hathaway D, Jennings N, Champ D, Chiang YW, Chu HJ: Equine 
vaccine for West Nile virus.  Dev Biol (Basel) 2003, 114:221-227.

32. Pletnev AG, Claire MS, Elkins R, Speicher J, Murphy BR, Chanock RM: 
Molecularly engineered live-attenuated chimeric West Nile/dengue 
virus vaccines protect rhesus monkeys from West Nile virus.  Virology 
2003, 314:190-195.

33. Tesh RB, Arroyo J, Travassos Da Rosa AP, Guzman H, Xiao SY, Monath TP: 
Efficacy of killed virus vaccine, live attenuated chimeric virus vaccine, 
and passive immunization for prevention of West Nile virus 
encephalitis in hamster model.  Emerg Infect Dis 2002, 8:1392-1397.

34. Thompson BS, Moesker B, Smit JM, Wilschut J, Diamond MS, Fremont DH: 
A therapeutic antibody against west nile virus neutralizes infection by 
blocking fusion within endosomes.  PLoS Pathog 2009, 5:e1000453.

35. Vogt MR, Moesker B, Goudsmit J, Jongeneelen M, Austin SK, Oliphant T, 
Nelson S, Pierson TC, Wilschut J, Throsby M, Diamond MS: Human 
monoclonal antibodies against West Nile virus induced by natural 
infection neutralize at a postattachment step.  J Virol 2009, 
83:6494-6507.

36. Alka , Bharati K, Malik YP, Vrati S: Immunogenicity and protective efficacy 
of the E. coli-expressed domain III of Japanese encephalitis virus 
envelope protein in mice.  Med Microbiol Immunol 2007, 196:227-231.

37. Mota J, Acosta M, Argotte R, Figueroa R, Mendez A, Ramos C: Induction of 
protective antibodies against dengue virus by tetravalent DNA 
immunization of mice with domain III of the envelope protein.  Vaccine 
2005, 23:3469-3476.

38. Oliphant T, Nybakken GE, Austin SK, Xu Q, Bramson J, Loeb M, Throsby M, 
Fremont DH, Pierson TC, Diamond MS: Induction of epitope-specific 
neutralizing antibodies against West Nile virus.  J Virol 2007, 
81:11828-11839.

39. Ramanathan MP, Kuo YC, Selling BH, Li Q, Sardesai NY, Kim JJ, Weiner DB: 
Development of a novel DNA SynCon tetravalent dengue vaccine that 
elicits immune responses against four serotypes.  Vaccine 2009, 
27:6444-6453.

40. Verma SK, Kumar S, Gupta N, Vedi S, Bhattacharya SM, Lakshmana Rao PV: 
Bacterially expressed recombinant envelope protein domain III of 
Japanese encephalitis virus (rJEV-DIII) elicits Th1 type of immune 
response in BALB/c mice.  Vaccine 2009, 27:6905-6909.

41. Chung KM, Thompson BS, Fremont DH, Diamond MS: Antibody 
recognition of cell surface-associated NS1 triggers Fc-gamma 
receptor-mediated phagocytosis and clearance of West Nile Virus-
infected cells.  J Virol 2007, 81:9551-9555.

42. Oliphant T, Nybakken GE, Engle M, Xu Q, Nelson CA, Sukupolvi-Petty S, 
Marri A, Lachmi BE, Olshevsky U, Fremont DH, et al.: Antibody recognition 
and neutralization determinants on domains I and II of West Nile Virus 
envelope protein.  J Virol 2006, 80:12149-12159.

43. Mehlhop E, Ansarah-Sobrinho C, Johnson S, Engle M, Fremont DH, Pierson 
TC, Diamond MS: Complement protein C1q inhibits antibody-
dependent enhancement of flavivirus infection in an IgG subclass-
specific manner.  Cell Host Microbe 2007, 2:417-426.

44. Mehlhop E, Nelson S, Jost CA, Gorlatov S, Johnson S, Fremont DH, 
Diamond MS, Pierson TC: Complement protein C1q reduces the 
stoichiometric threshold for antibody-mediated neutralization of West 
Nile virus.  Cell Host Microbe 2009, 6:381-391.

45. Yamanaka A, Kosugi S, Konishi E: Infection-enhancing and -neutralizing 
activities of mouse monoclonal antibodies against dengue type 2 and 
4 viruses are controlled by complement levels.  J Virol 2008, 82:927-937.

46. Bower JF, Green TD, Ross TM: DNA vaccines expressing soluble CD4-
envelope proteins fused to C3d elicit cross-reactive neutralizing 
antibodies to HIV-1.  Virology 2004, 328:292-300.

47. Bower JF, Sanders KL, Ross TM: C3d enhances immune responses using 
low doses of DNA expressing the HIV-1 envelope from codon-
optimized gene sequences.  Curr HIV Res 2005, 3:191-198.

48. Bower JF, Yang X, Sodroski J, Ross TM: Elicitation of Neutralizing 
Antibodies with DNA Vaccines Expressing Soluble Stabilized Human 
Immunodeficiency Virus Type 1 Envelope Glycoprotein Trimers 
Conjugated to C3d.  J Virol 2004, 78:4710-4719.

49. Green TD, Montefiori DC, Ross TM: Enhancement of antibodies to the 
human immunodeficiency virus type 1 envelope by using the 
molecular adjuvant C3d.  J Virol 2003, 77:2046-2055.

50. Green TD, Newton BR, Rota PA, Xu Y, Robinson HL, Ross TM: C3d 
enhancement of neutralizing antibodies to measles hemagglutinin.  
Vaccine 2001, 20:242-248.

51. Mitchell JA, Green TD, Bright RA, Ross TM: Induction of heterosubtypic 
immunity to influenza A virus using a DNA vaccine expressing 
hemagglutinin-C3d fusion proteins.  Vaccine 2003, 21:902-914.

52. Ross TM, Xu Y, Green TD, Montefiori DC, Robinson HL: Enhanced avidity 
maturation of antibody to human immunodeficiency virus envelope: 
DNA vaccination with gp120-C3d fusion proteins.  AIDS Res Hum 
Retroviruses 2001, 17:829-835.

53. Toapanta FR, Ross TM: Mouse strain-dependent differences in 
enhancement of immune responses by C3d.  Vaccine 2004, 
22:1773-1781.

54. Robinson HL: Nucleic acid vaccines: an overview.  Vaccine 1997, 
15:785-787.

55. Yang NS, Burkholder J, Roberts B, Martinell B, McCabe D: In vivo and in 
vitro gene transfer to mammalian somatic cells by particle 
bombardment.  Proc Natl Acad Sci USA 1990, 87:9568-9572.

56. Condon C, Watkins SC, Celluzzi CM, Thompson K, Falo LD Jr: DNA-based 
immunization by in vivo transfection of dendritic cells.  Nat Med 1996, 
2:1122-1128.

57. Eisenbraun MD, Fuller DH, Haynes JR: Examination of parameters 
affecting the elicitation of humoral immune responses by particle 
bombardment-mediated genetic immunization.  DNA Cell Biol 1993, 
12:791-797.

58. Falo LD Jr: Targeting the skin for genetic immunization.  Proc Assoc Am 
Physicians 1999, 111:211-219.

59. Tuting T, Storkus WJ, Falo LD Jr: DNA immunization targeting the skin: 
molecular control of adaptive immunity.  J Invest Dermatol 1998, 
111:183-188.

60. Byrne SN, Halliday GM, Johnston LJ, King NJ: Interleukin-1beta but not 
tumor necrosis factor is involved in West Nile virus-induced 
Langerhans cell migration from the skin in C57BL/6 mice.  J Invest 
Dermatol 2001, 117:702-709.

61. Johnston LJ, Halliday GM, King NJ: Langerhans cells migrate to local 
lymph nodes following cutaneous infection with an arbovirus.  J Invest 
Dermatol 2000, 114:560-568.

62. Brien JD, Uhrlaub JL, Nikolich-Zugich J: Protective capacity and epitope 
specificity of CD8(+) T cells responding to lethal West Nile virus 
infection.  Eur J Immunol 2007, 37:1855-1863.

63. Brien JD, Uhrlaub JL, Nikolich-Zugich J: West Nile virus-specific CD4 T 
cells exhibit direct antiviral cytokine secretion and cytotoxicity and are 
sufficient for antiviral protection.  J Immunol 2008, 181:8568-8575.

64. Purtha WE, Myers N, Mitaksov V, Sitati E, Connolly J, Fremont DH, Hansen 
TH, Diamond MS: Antigen-specific cytotoxic T lymphocytes protect 
against lethal West Nile virus encephalitis.  Eur J Immunol 2007, 
37:1845-1854.

65. Qiao M, Ashok M, Bernard KA, Palacios G, Zhou ZH, Lipkin WI, Liang TJ: 
Induction of sterilizing immunity against West Nile Virus (WNV), by 
immunization with WNV-like particles produced in insect cells.  J Infect 
Dis 2004, 190:2104-2108.

66. Zhang Y, Kaufmann B, Chipman PR, Kuhn RJ, Rossmann MG: Structure of 
immature West Nile virus.  J Virol 2007, 81:6141-6145.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11287553
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11248804
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18190252
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17312111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11192286
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14677692
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14517072
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12498653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19478866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19386704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17377815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15837370
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17715236
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19580892
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19761840
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17582005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17035317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18078693
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19837377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18003724
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15464849
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15853723
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15078953
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12525639
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11567770
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12547601
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11429124
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15068861
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9234513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2175906
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8837611
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8216850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10354361
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9699714
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11564180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10692118
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17559175
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19050276
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17559174
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15551208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17376919


Dunn et al. Virology Journal 2010, 7:95
http://www.virologyj.com/content/7/1/95

Page 13 of 13
67. Sukupolvi-Petty S, Austin SK, Purtha WE, Oliphant T, Nybakken GE, 
Schlesinger JJ, Roehrig JT, Gromowski GD, Barrett AD, Fremont DH, 
Diamond MS: Type- and subcomplex-specific neutralizing antibodies 
against domain III of dengue virus type 2 envelope protein recognize 
adjacent epitopes.  J Virol 2007, 81:12816-12826.

doi: 10.1186/1743-422X-7-95
Cite this article as: Dunn et al., Enhancement of anti-DIII antibodies by the 
C3d derivative P28 results in lower viral titers and augments protection in 
mice Virology Journal 2010, 7:95

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17881453

	Abstract
	Introduction
	Materials and methods
	Virus and cell lines
	Construction and expression of DNA vaccine plasmids
	Virus titrations and immunohistochemistry
	Vaccination and Viral Challenge
	Passive transfer of antiserum to naïve mice
	Enzyme-Linked Immunoabsorbant Assay (ELISA)
	Focus Neutralization Reduction Assay (FRNT)

	Results
	Construction of WNV Vaccine Plasmids
	The molecular adjuvant P28 enhances the anti-WNV antibody response
	Protection of mice against lethal WNV challenge
	Neutralization titers
	Passive sera transfer protects mice from virus infection

	Discussion
	Competing interests
	Authors' contributions
	Acknowledgements
	Author Details
	References

