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bstract

Gene-based delivery of recombinant antibody genes is a promising therapeutic strategy offering numerous advantages including sustained
ntibody levels, better safety profile and lower production cost. Here we describe generation of a recombinant antibody Fc-9E2 comprising a fusion

rotein between human Fc of IgG1 and a single-chain Fv derived from a hybridoma 9E2 secreting a mAb neutralizing West Nile virus (WNV).
c-9E2 was shown to retain parental mAb’s specificity and WNV-neutralizing capacity. Adenovirus-mediated in vivo delivery of the antibody gene
esulted in sustained Fc-9E2 serum levels leading to abrogation of lethal WNV infection in an animal model.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In 1999, West Nile flavivirus was introduced into the
estern hemisphere and is considered an important emerg-

ng pathogen. While development of vaccines to control WNV
nd other flavivirus infections continues to attract consider-
ble attention (Pugachev et al., 2003), even the most efficient
avivirus vaccines would provide a little help in treatment
f ongoing infections. Transfer of specific antibodies (Ab) or
mmunoglobulins has been shown to abort or modify a num-
er of Flavivirus infections (Phillpotts et al., 1987; Roehrig

t al., 2001; Schlesinger et al., 1985). Passive immunization
ith Abs against WNV can prevent disease in animals infected
ith WNV (Ben-Nathan et al., 2003; Diamond et al., 2003;

Abbreviations: WNV, West Nile virus; Ad, adenovirus; recAb, recombi-
ant antibody; scFv, single chain fragment variable; Fc, fragment crystallizable;
NVEC, C-terminal fragment of WNV E protein; PRNT, plaque reduction-

eutralization test.
∗ Corresponding author at: University of Alabama at Birmingham, 901 19th
treet South, Birmingham, AL 35294-2172, USA. Tel.: +1 205 975 8734;
ax: +1 205 975 8565.

E-mail address: pereboev@uab.edu (A. Pereboev).

c
e
f
p
A
e
p
o

d
2
b

166-3542/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.antiviral.2007.08.010
enovirus

ngle and Diamond, 2003). While therapeutic use of human
mmune globulin obtained from pooled donor sera collected in
egions with the high occurrence of WNV infections has been
uggested (Ben-Nathan et al., 2003), such therapy is not yet
idely available. Genetic engineering provides the means to
enerate recombinant antibodies (recAbs) in vitro by employing
ukaryotic expression systems, thus expanding the therapeutic
b repertoire. Soluble recAbs were demonstrated to bind and

ffectively neutralize various viral pathogens in vitro and in vivo
Prosniak et al., 2003; Wu et al., 2007). Effective protection
gainst WNV was achieved after passive transfer of WNV spe-
ific recAbs (Gould et al., 2005; Oliphant et al., 2005; Throsby
t al., 2006). However, production of clinical grade antibodies
or passive immunization, either natural or engineered, is com-
licated. Due to high-quality standards applied to clinical grade
b preparations, the cost of Ab production and/or purification is

xtremely high (Kasuya et al., 2005). An attractive alternative to
assive inoculation of protective antibodies is in vivo production
f therapeutic Abs by gene transfer.
Various delivery vectors, both non-viral and viral, have been
eveloped for genetic transfer of antibody genes (Bakker et al.,
004). Although adenovirus (Ad) gene transfer vectors have
een used to deliver recAbs for cancer applications (Alvarez et

mailto:pereboev@uab.edu
dx.doi.org/10.1016/j.antiviral.2007.08.010
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l., 2000; Jiang et al., 2006; Yoshio-Hoshino et al., 2007), studies
n the use of Ad vectors for Ab gene delivery are still under-
epresented in the treatment of infectious diseases. Kasuya et
l. (2005) reported substantial survival advantage from anthrax
ethal toxin achieved by an Ad vector-mediated recAb gene
ransfer (Kasuya et al., 2005). Recombinant Ads are attractive
s delivery vehicles for this application for many reasons. Ad
ectors are stable; they can be easily engineered to incorporate
arge transgenes, their high-titer production and purification can
asily be achieved using inexpensive methods. There is an exten-
ive safety record for replication-deficient recombinant Ad in
umans (NIH report, 2002). Transduction efficiency achieved
sing Ad vectors in vivo is unparalleled among gene deliv-
ry vectors, either non-viral or viral. The intrinsic property of
eplication-incompetent Ad vectors to mediate transient gene
ransfer looks especially attractive in the context of acute infec-
ious disease treatment with recAbs. The vector is cleared from
he organism when the disease is eliminated.

However, as an antibody molecule is a product of two gene
xpression, special attention should be given to design gene
elivery vectors encoding recAbs. It is difficult to achieve
alanced expression of two genes with a single vector. Single-
hain variable fragment (scFv) is a genetically engineered,
ingle polypeptide molecule that consists of the variable frag-
ents of the heavy chain (VH) and the light chain (VL) of an

mmunoglobulin joined together by a flexible peptide linker.
ecAbs can be engineered to possess new and useful properties
y fusion of an scFv to other proteins, including immunoglobulin
onstant fragments, thereby introducing new therapeutic, phys-
ological and/or biochemical functions. The functional activity
f a successful therapeutic Ab is most likely dictated by its entire
tructural composition, meaning that both the antigen (Ag)-
inding and the effector portions of a recombinant antibody
hould be preserved. Recently, Lo et al. described an approach
hat permits high level production of recombinant proteins in
ukaryotic expression systems, whereby the protein of inter-
st is produced as a carboxy-terminal fusion protein with an
mmunoglobulin constant fragment (fragment crystallizable, Fc)
Lo et al., 1998). By swapping the Fc portions of recAbs it is
ossible to tailor their effector functions. We further developed
his approach by designing and producing a recombinant anti-
ody molecule, that includes an scFv as the C-terminal fusion
ith the IgG Fc fragment. It has been demonstrated that the

ecombinant antibody in this configuration retains its binding
roperties (Korokhov et al., 2003).

In the current study we describe Ad-mediated gene transfer of
WNV-neutralizing recAb gene resulting in high and sustained

evels of protective recAb in vivo. We demonstrate that a single
njection of such engineered Ad prevents the development of
ethal WNV infection in mice.

. Materials and methods
.1. Cells and viruses

WNV strains were grown on Vero cells (ATCC CRL-1586)
t 37 ◦C in a humidified atmosphere containing 5% CO2 in

i
s
f
m
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ulbecco’s modified Eagle medium (DMEM) supplemented
ith 5% FetalClone III (FCIII; Hyclone, Logan UT) and
× antibiotic–antimycotic mixture (Invitrogen, Carlsbad, CA).
train Vlg99-27889 (Lvov et al., 2000) was obtained from the
tate Collection of Virus Strains (Ivanovskii Institute of Virol-
gy, Russian Academy of Medical Sciences). Strain Eg101
Melnick et al., 1951) was obtained from Dr. L. Zeng (CBER,
ethesda, MD). A 385–99 isolate of the NY99 strain (Tesh et al.,
002) was provided by Dr. R. Tesh (Galveston, TX). Recombi-
ant Ad vectors were rescued and propagated on HEK-293 cells
ATCC CRL-1573). Human lung adenocarcinoma A549 cells
ATCC CCL-185) were used for in vitro production of the Fc-
E2 antibody. These cells were grown in DMEM/F12 medium
upplemented with 10% FCS and 1× antibiotic–antimycotic
ixture.

.2. Gene engineering and Fc-9E2 production/purification

A fragment encoding the C-terminal portion of the envelope
E) protein of Vlg99 WNV (WNVEC; aa 551-743, GenBank
AAP22089) was PCR-amplified from a construct described
n (Razumov et al., 2005) and cloned in the pET21a expres-
ion vector (Novagen, Madison, WI). The protein was produced
n BL21(DE)plysS bacteria and purified by immobilized metal
ffinity chromatography (IMAC) using TALON resin (Clontech,
aolo Alto, CA) followed by dialysis against PBS.

To generate scFv 9E2, total RNA was isolated from a
ybridoma cell line 9E2 secreting neutralizing monoclonal
ntibody (mAb) to WNV envelope protein using RNeasy kit
Qiagen, Valencia, CA). Monoclonal antibody produced by this
ybridoma demonstrated a high neutralization activity against
everal WNV isolates. MAb 9E2 recognizes the C-terminal por-
ion of WNV E protein (Domain III) (Razumov et al., 2005).
oding DNA was synthesized using Omniscript RT kit (Qia-
en, Valencia, CA) and was used for PCR amplification of
H and VL gene fragments with a set of published primers

Breitling et al., 2001). The PCR products were ligated into a
hagemid vector pSEX81 (Breitling et al., 1991). Escherichia
oli cells bearing pSEX/9E2 were infected with M13KO7 helper
hage resulting in bacteriophages displaying scFv 9E2 vari-
nts. This phage-scFv mini-library was screened once using a
urified WNVEC, as described (Kontermann, 2001). A positive
hage clone was identified by ELISA using purified WNVEC.
ucleotide sequence of scFv 9E2 was determined by DNA

equencing of phage replicative form DNA. The scFv gene was
e-cloned into a bacterial expression vector pOPE101 (Dubel et
l., 1993) featuring a c-myc detection tag and the His6 purifica-
ion tag.

Assembly of Fc-9E2-coding DNA was performed as fol-
ows. The hinge, CH2 and CH3 domains (collectively called the
c, or fragment crystallizable) of the human immunoglobulin
amma-1 gene was PCR-amplified from a cDNA clone (Open
iosystems, Huntsville, AL; GenBank #BC073782) introduc-
ng a single Cys(248)Ser (according to AAH73782) amino acid
ubstitution in the hinge region. That cysteine residue normally
orms a disulfide bond with the light chain. The Fc gene frag-
ent was cloned into pSecTag2a vector (Invitrogen) in frame
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ith the murine Ig kappa-chain V-J2-C signal peptide sequence.
ene of scFv 9E2 was PCR amplified and cloned in frame with

he leader/Fc, generating pSecTag/Fc-9E2.
The entire expression cassette including the CMV promoter,

c-9E2 and bovine growth hormone (BGH) polyadenylation
ignal was re-cloned into the pShuttle vector (Stratagene, La
olla, CA) generating pShuttle/CMV/Fc-9E2. To generate a
ecombinant Ad genome, the AdEasy Adenoviral Vector Sys-
em (Stratagene) was used in accordance with the instruction

anual. The recombinant Ad virus genome was transfected to
EK-293 cells, and recombinant Ad/Fc-9E2 virus was rescued

nd mass-produced followed by CsCl gradient purification. The
iological virus titers were determined per AdEasy manual as
laque-forming units (pfu) on 293 cells. Virus particle (v.p.) titer
as determined spectrophotometrically (Maizel et al., 1968),
sing a conversion factor of 1.1 × 1012 v.p. per one absorbance
nit at 260 nm. Ad/Fc-G19—an Ad vector encoding an irrele-
ant recAb, recognizing the spike protein of SARS coronavirus,
as been generated similarly. The v.p. to pfu ratio in the Ad
reparations used in this study was ∼10:1.

For Fc-9E2 production, recombinant Ad/Fc-9E2 was used
s an expression system. A549 cells were transduced with
he Ad/Fc-9E2 at the multiplicity of infection (MOI) of 100
.p./cell. Infection was carried out for 1 h at 37 ◦C followed
y medium replacement. Medium was replaced every 3 days,
p to day 12 post-infection, while collecting the supernatant.
ecombinant Fc-9E2 protein was purified using Protein A
ntibody Purification Kit (Sigma, St. Louis, MO). Protein

oncentration was determined by the Bradford protein assay
Bio-Rad, Hercules, CA) with bovine gamma globulin as a
tandard.

.3. RecAb characterization

To test Fc-9E2 production in Ad5/Fc-9E2-transduced A549
ells, aliquots of the purified recAb were separated on 5–15%
radient SDS PAAG. The samples were run in either boiled
r unboiled form (to assay for the dimer formation; 2-
ercaptoethanol (ME) was also omitted in the unboiled sample),

ollowed by Western blot with horseradish peroxidase (HRP)-
abeled goat anti-human IgG Abs (DAKO, Carpinteria, CA) and
iaminobenzidine (DAB, Sigma) staining.

Binding of Fc-9E2 to WNV virions was examined by indirect
LISA. As capturing Abs, anti WNV mAb 5H6 (Razumov et
l., 2005), or an irrelevant mAb as negative control, were used at
.2 �g/well. The wells were then incubated with WNV-infected
Eg-101) Vero cell lysate (triple freezing-thawing followed by
onication) followed by Fc-9E2, in dilutions. Binding of Fc-
E2 to WNVEC was tested in ELISA: WNVEC was absorbed
n plastic of a 96-well microplate at 400 ng/well. Aliquots of
c-9E2 dilutions were added to the wells followed by HRP-

abeled goat anti-human IgG Abs and orthophenylene diamine
OPD, Sigma) staining. Fc-9E2 interaction with WNV E pro-

ein was also examined in radioimmunoprecipitation (RIP) as
escribed previously (Yamshchikov et al., 1997). Briefly, BHK
ells transfected with the W956 infectious clone (Yamshchikov
t al., 2004) were labeled at 15 h post-infection with 100 �Ci of

t
R
(
s

esearch 77 (2008) 6–13

35S] Met (EasyTag, Perkin-Elmer, Waltham, MA) and chased
or 5 h in the complete growth medium. Virus-specific proteins
ere immunoprecipitated from the culture medium and cell

ysate using either a WNV E protein-specific mAb E31 (Oliphant
t al., 2006), or purified Fc-9E2, and protein-A agarose.
roteins were separated using 12% SDS-PAGE and visual-

zed using an X-ray film (Kodak BioMax, Fisher, Pittsburgh,
A).

The WNV neutralization assay was performed on Vero cells
sing the 96-well micro-plaque reduction neutralization test
PRNT) as reported earlier (Yamshchikov et al., 2004, 2005).

.4. Animal studies

Mice were maintained according to the American Associa-
ion for Accreditation of Laboratory Animal Care guidelines.
nimal protocols were reviewed and approved by the Kansas
niversity’s Institutional Animal Care and Use Committee.
To determine Fc-9E2 circulation levels resulted from Ad

njection, female BALB/c mice (Charles River Laboratories;
ilmington, MA) at 6 weeks of age were inoculated intraperi-

oneally (i.p.) with either 108 or 109 pfu of Ad/Fc-9E2. Sera
amples were collected at days 1, 2, 3, 4, 5, 7, 14 and 21 post-
noculation and kept at −20 ◦C until analysis. Three mice per
ime point were sacrificed per each viral dose. Fc-9E2 con-
entrations in individual sera were determined using Human
gG ELISA Quantitation Kit (Bethyl Labs; Montgomery,
X).

For animal protection studies, 4-week-old female Swiss Web-
ter outbred mice (Harlan, Indianapolis, IN) were inoculated
.p. with either Ad/Fc-9E2 or Ad/Fc-G19 encoding an irrelevant
ecAb. Groups of six mice were inoculated with correspond-
ng recAd at 109 pfu/mouse: (i) 24 h before; (ii) simultaneously
ith; and (iii) 24 h after i.p. challenge with WNV NY99

200 pfu/mouse). A control group of six mice was infected with
00 pfu of NY99. The mice were monitored for survival for 14
ays. Blood samples were collected at indicated time points and
ested for Fc-9E2 circulation and anti-WNV mouse IgM. Fc-9E2
nd mouse anti-WNV IgM levels in mouse sera from protec-
ion studies were determined in ELISA using semi-purified viral
Y99 antigen (NY99 WNV pelleted through 20% sucrose cush-

on; solubilized with 0.5% Triton-X100 in PBS) as described
arlier (Yamshchikov et al., 2004, 2005) using either goat anti-
uman IgG or goat anti-mouse IgM HRP-labeled secondary
ntibodies. The color reaction was developed with tetramethyl-
enzidine (TMB, Sigma).

.5. Statistics

Differences in the survival of mice were analyzed using the
aplan–Meier method, and groups were compared using the

og-rank test using the GraphPad Prism software. Antibody

iters measured in challenge experiments were compared by
epeated Measures ANOVA analysis after natural-logarithmic

ln) transformation of each value, where P < 0.05 was considered
ignificant.
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(no ME, no boiling) migrated as a ∼110 kDa band (right lane),
which corresponds to the dimeric form of the recAb. Purified
A. Pereboev et al. / Antiv

. Results

.1. Characterization of anti-WNV recAbs

The aim of this study was to test whether gene-based in
ivo production of pathogen-specific neutralizing recAbs can
e useful in the treatment of infectious diseases. To achieve that
e have generated a recombinant Ad vector encoding secreted

ecAb Fc-9E2 using the genetic material from a hybridoma cell
ine secreting monoclonal antibody 9E2 (Fig. 1a) This mAb dis-
layed a strong neutralizing activity against different strains of
NV (Razumov et al., 2005). Coding DNA of the VH and VL

ortions of mAb 9E2 were PCR-amplified and cloned to encode
cFv 9E2 (Fig. 1b). The Fc-9E2 (Fig. 1c) expression cassette
as then generated that included a gene of secreted Fc-9E2

the mouse Ig kappa leader peptide followed by human IgG1
c and scFv 9E2 ORF) upstream of the SV40 polyadenylation
ignal. The entire cassette controlled by the CMV promoter was
ncorporated into an Ad vector. The resulting recombinant virus
d/Fc-9E2 (Fig. 1d) was used in this study for both in vitro pro-

ein production and for in vivo recAb gene delivery (Fig. 1e). We
nticipated that after inoculation of animals with Ad/Fc-9E2 sus-
ained levels of WNV-neutralizing recAbs in blood will confer

rotection against otherwise lethal WNV infection. Sequences
f scFv 9E2 VH and VL were deposited in GenBank under
ccession numbers EF571851 and EF571852, respectively.

ig. 1. Schematic outline of the study. Genetic material form a hybridoma secret-
ng the WNV-neutralizing mAb 9E2 (a) was used to generate scFv 9E2 (b)
nd then Fc-9E2 (c) coding sequences. Expression cassette comprising Fc-9E2
RF, preceded by mouse kappa chain leader peptide sequence and followed by
polyadenylation signal, placed under the control of the CMV promoter was

ntroduced into an Ad genome, which was further used to generate recombinant
d/Fc-9E2 (d). The vector was used to inoculate mice (e) achieving Fc-9E2 in
ivo production resulting in WNV neutralization and animal protection.
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ScFv 9E2 produced in bacteria and purified from periplasmic
xtract was shown to recognize purified C-terminal fragment
f WNV E protein–WNVEC in ELISA (data not shown). Fc-
E2 produced in vitro was purified from the culture supernatant
f Ad/Fc-9E2-transduced A549 cells using protein A chro-
atography. The yield of Ad-mediated recAb production was
5 mg/L. Western blot of purified Fc-9E2 stained with anti-

uman IgG Abs (Fig. 2a) revealed a specific band of ∼55
Da (left lane) corresponding to the recAb’s monomeric form
ig. 2. Characterization of Fc-9E2. (a) Western blot of purified Fc-9E2. A549
ells were transduced with the Ad/Fc-9E2. The recAb was protein A-purified
rom culture supernatant. Aliquots of the purified recAb were separated by SDS-
AGE followed by Western blot with HRP-labeled goat anti-human IgG Abs
nd DAB staining. (R) Sample in reducing (2-ME, boiling) conditions; (UR)
ample in unreducing (no 2-ME, no boiling) conditions. (b) Indirect ELISA
ith WNV-infected cell lysate. Anti WNV mAb 5H6 (squares) or an irrele-
ant mAb (diamonds) were used as capturing Abs. The wells were incubated
ith WNV-infected (Eg-101) Vero cell lysate followed by Fc-9E2, anti-human

gG/HRP and DAB staining. (c) Radioimmunoprecipitation with the lysate of
HK cells transfected with WN956 infectious clone. Cell lysate was incubated
ith Fc-9E2 (lane 1) and WNV E protein-specific mAb E31 (lane 2) followed
y precipitation with protein A agarose. Proteins were separated by 12% SDS-
AGE and visualized on X-ray film. (d) Fc-9E2 ELISA with WNVEC. Fc-9E2
as incubated with either WNVEC (squares) or casein (diamonds) followed by
RP-labeled goat anti-human IgG Abs and DAB staining.
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Table 1
Fc-9E2 neutralization test with WNV strains NY385-99 and Eg101

WNV strains HIMAa Fc-9E2

WN NY-99 1280 5120 (2.9 nMb)
WN Eg101 640 10240 (1.5 nMb)

Neutralizing titer was calculated as endpoint of antibody dilution providing 50%
reduction in the number of foci over control wells that contained no immune
s
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Fig. 3. Ad delivered recAb blood circulation in mice. Female BALB/c mice were
inoculated i.p. with either 108 (diamonds) or 109 (squares) pfu of Ad/Fc9E2.
S
F
E

A
−
to the NY99 challenge. As shown in Fig. 4a, Ad-mediated in
vivo production of anti WNV Fc-9E2 resulted in a remarkable
increase in survival of animals compared to those which received
the Ad encoding an irrelevant recAb (Fig. 4b). Survival of 83.3%

Fig. 4. Ad/Fc-9E2 mediated protection against WNV. Ad/Fc-9E2 (a), or Ad/Fc-
erum.
a Hyperimmune mouse ascites against WN NY385-99.
b EC50 calculated considering that 1 �g of Fc-9E2 equals 18.807 pmol.

c-9E2 was demonstrated to specifically bind WNV virions
strain Eg101) in indirect ELISA (Fig. 2b). Purified Fc-9E2
pecifically immunoprecipitated WNV E protein from lysates of

NV infected radiolabeled BHK cells (Fig. 2c). It was shown
reviously (Razumov et al., 2005) that mAb 9E2 interacted
ith the C-terminal portion of WNV E protein. ELISA with

he corresponding antigen WNVEC demonstrated that Fc-9E2
etained specific binding to this antigen (Fig. 2d). This was fur-
her confirmed by Western blot with purified WNVEC (data not
hown).

Next we examined the ability of purified Fc-9E2 to neutral-
ze WNV in vitro using plaque reduction-neutralization test. As
hown in Table 1, Fc-9E2 efficiently neutralized infectivity of

NV strains NY99 (isolate 385-99) and Eg101. As expected,
c-9E2 also neutralized WNV strain Vlg99-27889 (data not
hown).

Thus, an adenovirus encoding recombinant antibody Fc-9E2
chieved a high level of recAb production in cell culture. Fc-9E2
as demonstrated to form dimers, retained the parental mAb’s

pecificity to the C-terminal portion of the WNV E protein and
fficiently neutralized different isolates of WNV.

.2. RecAb gene transfer in vivo

We anticipated that inoculation of animals with Ad/Fc-9E2
ill result in sustained levels of recAbs in the circulation, which
ould last for a time sufficient to completely abrogate WNV

nfection. In order to evaluate these parameters we injected
d/Fc-9E2 into mice and monitored human IgG Fc in the blood
uring 3 weeks after inoculation. Two groups of mice were
njected i.p. with Ad/Fc-9E2 at the doses of 108 and 109 pfu per

ouse. The results shown in Fig. 3 demonstrate that at the dose
f 109 pfu/mouse, recAb was already detectable in the blood at
4 h post-inoculation and reached maximum levels at days 3–5
ost-inoculation. Detectable recAb levels were still observed at
4 and even 21 days post-inoculation. The dose 108 pfu/mouse
esulted in lower overall recAb levels and an earlier decrease
eyond the detection limit.

.3. Animal protection

The ultimate goal of our study was to demonstrate that Ad-

ediated recAb gene delivery resulting in sustained circulation

evel of Fc-9E2 will abrogate lethal WNV infection in animal
odel. To test that, mice were infected with 200 pfu of WNV
Y99 (10 LD50 (Yamshchikov et al., 2004)) and treated with

G
2
i
g
w

era samples were collected at days 1, 2, 3, 4, 5, 7, 14 and 21 post-inoculation.
c9E2 concentrations in individual sera were determined using Human IgG
LISA Quantitation Kit. Bars represent mean ± S.D.

d/Fc-9E2, or Ad/Fc-G19 encoding an irrelevant recAb, at days
1, 0 (preventive studies), and +1 (therapeutic study), in regard
19 encoding an irrelevant recAb (b), were inoculated i.p. at 109 pfu/mouse:
4 h before (squares); simultaneously with (triangles); and 24 h after (circles)
.p. challenge with WNV NY99. Swiss Webster mice were used, 6 mice per
roup. One group (diamonds) was used as control for viral infection. The mice
ere monitored for survival for 14 days.
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5/6) animals was achieved when Ad/Fc-9E2 was administered
4 h before WNV challenge. The survival advantage in this
roup over the group not receiving Ad vectors was statistically
ignificant (P = 0.0289; log-rank test). All mice survived when
d vector was given either simultaneously with, or 24 h after

he challenge. Survival in these groups was significantly higher
han in control group (P = 0.0042; log-rank test).

Serum levels of Fc-9E2 after WNV challenge were deter-
ined by ELISA using the NY99 coating antigen. As expected,
c-9E2 was clearly detectable during the monitored interval
Fig. 5a–c). An indication of establishment and progression of
ctive WNV infection is the production of host IgM at early
tages of the process (Tardei et al., 2000). We measured mouse
nti-WNV IgM in the blood during the course of treatment. As
hown in Fig. 5d–f, levels of WNV-specific IgM did not rise
n the animals receiving Ad/Fc-9E2, thus indicating an efficient
uppression of infection. In contrast, mice receiving control Ad
howed significantly higher host IgM levels, both for animals
eceiving Ads 24 h before (P = 0.0008), and at the time of the
hallenge (P = 0.00006). No statistically significant difference
as observed between the mice groups that received Ads 24 h

fter the challenge, likely indicating the establishment of initial

NV infection that later was abrogated by recAb gene transfer

esulting in increased survival. All the comparisons were made
t day 7 post-WNV challenge.

ig. 5. Anti WNV antibodies in WNV challenged mice treated with recAb-
ncoding Ad vectors. Sera samples were collected from the mice described in
ig. 4 at indicated time points and tested by ELISA for Fc-9E2 circulation (a–c)
nd anti-WNV mouse IgM (d–f). (squares) Animals treated with Ad/Fc-9E2;
diamonds) with Ad/Fc-G19. (a and d) Ads given 24 h before; (b and e) Ads
iven simultaneously with; (c and f) Ad given 24 h after WNV challenge. Bars
epresent mean ± S.D.
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. Discussion

The use of antibody-based therapies against infectious agents
n routine clinical practice, although very efficient in many appli-
ations, is limited by several factors including safety issues
nd cost. Therapeutic antibodies are among the most expensive
rugs used in clinical practice (Kasuya et al., 2005). The high
ost of Ig preparations is related to the fact that these reagents
equire special handling and are costly to obtain, produce, and
aintain. Immunoglobulins derived from immune donors may

ontain adventitious agents (including yet unknown ones) or
ay be potentially bio-hazardous otherwise, since the 100%

urity cannot be achieved. In addition, in vitro production of
bs, especially the full size, two-chain Abs, requires tedious
ptimization and the yields are often low. We show in this study
hat there is an alternative to purified Ab preparations for pas-
ive immunization. Gene-based delivery of protective recAbs
ffers a number of advantages. First, the recAbs are produced
n vivo and therefore are properly processed by the host mecha-
isms. Second, there is no need for recAb purification, although
linical vector preparations have to be produced according to the
ccepted criteria. Third, the recAb gene expression is maintained
ver time, thus eliminating the need for repeated injections of
bs to maintain therapeutic concentrations. An important safety

eature of the proposed treatment is that we used a replication
ncompetent Ad vector for recAb gene delivery. The ability of
eplication-deficient Ad vectors to mediate transient gene trans-
er looks especially attractive in the context of acute infectious
isease treatment with recAbs.

The strategy described here is highly generalizable by swap-
ing the pathogen binding/neutralizing portion of the recAb it
s possible to generate therapeutics against infectious agents for
hich passive immunization was proven to be effective. This

pproach can be used for at-risk individuals such as laboratory
ersonnel, or during a possible bio-terrorism attack. Pre-existing
nti Ad immunity resulted from previous exposure to Ad either
hrough natural infection or administration of a vector may affect
pplications in which long-term expression is necessary and
hich will require re-administration of vector following the

ventual loss of therapeutic transgene expression. We show here
hat a single dose Ad-recAb treatment abrogated WNV infection
n laboratory animals. Nevertheless, should a need for repeated
d administrations arise, several studies have documented effec-

ive re-administration in certain applications. For example, in a
hase I/II trial for recurrent ovarian cancer where intraperitoneal
e-administration was used, transgene expression was measur-
ble in 17 of 20 samples obtained after two or three cycles (Buller
t al., 2002). In another phase I clinical, 5 out of 6 tested patients’
era were positive for anti Ad antibodies but that did not result
n reduction of the transgene expression after i.p. administra-
ion of Ad21 encoding for an intrabody (Alvarez et al., 2000).
hus, it should be recognized that the ability to effectively repeat
dminister Ad vectors is dose-dependent and site-specific.
In the present study we describe generation of a recAb Fc-
E2 comprising a fusion protein between the Fc portion of
uman IgG1 linked to an scFv derived from a hybridoma 9E2
hat secretes a mAb capable of neutralizing different isolates
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f WNV. MAb 9E2 was shown previously to recognize the C-
erminal portion (domain III) of WNV E protein (Razumov et
l., 2005). Domain III is the putative receptor binding domain
f the virus (Crill and Roehrig, 2001) and an important target
or neutralizing antibodies (Beasley and Barrett, 2002; Oliphant
t al., 2005; Razumov et al., 2005; Sanchez et al., 2005). Neu-
ralizing Abs that bind to the E protein prevent infection of cells
y blocking attachment of virus to cellular receptors and attach-
ent factors (Crill and Roehrig, 2001). Recent data suggests

hat DIII-specific neutralizing antibodies may also be inhibiting
t a post-attachment step (Nybakken et al., 2006). A replication-
eficient recombinant Ad vector has been generated to encode
c-9E2 under the control of powerful CMV promoter. The
ecombinant Ad mediated sustained levels of the recAb produc-
ion after systemic administration into mice, which lasted for at
east 3 weeks post-inoculation. Our expectation that gene-based
n vivo expression of recAbs may serve as an efficient treatment
f an acute infectious process was confirmed in WNV challenge
tudies in mice treated with Ad/Fc-9E2. The experiments were
erformed using three regimens: (i) with the Ad vector given
day before the lethal WNV challenge; (ii) with Ad vector

iven simultaneous with the lethal WNV challenge; and (iii)
ith Ad vector given 1 day after the lethal WNV challenge. An
utstanding animal protection was observed after a single injec-
ion of Ad/Fc-9E2 in all three treatments groups, which was
ontrasted by the high mortality in control groups that received
d/Fc-G19 encoding an irrelevant recAb. All mice have sur-
ived in the groups receiving the Ad encoding the WNV-specific
ecAb simultaneously with and 24 h after the lethal WNV chal-
enge. Treatments with Ad/Fc-9E2 in the WNV challenged
nimals resulted in significant and sustained specific recAb lev-
ls in sera of inoculated mice as determined by WNV-specific
LISA. Since WNV-specific IgM responses were not detected in

hese animals, we concluded that such treatment effectively sup-
ressed the development of active WNV infection. Thus, a single
ose of recombinant Ad vector that mediated WNV-specific
ecAb gene delivery resulted in abrogation of acute WNV infec-
ion, both in prophylactic and in therapeutic treatment regiments.
o our knowledge, this is the first demonstration of Ad mediated
ecAb gene transfer that resulted in abrogation of an acute infec-
ious process. Ablation of infection is supported by the observed
uppression of early IgM response in animals that survived the
ethal challenge. Earlier, Kasuya et al. (2005) had demonstrated
n Ad mediated in vivo neutralization of anthrax toxin (Kasuya
t al., 2005) but not infection caused by an active pathogen.

The timing of passive Ab administration relative to the devel-
pment of clinical symptoms is the determining factor for the
reatment’s efficacy. Elimination of WNV disease was shown to
e successful when pre-existing Abs were administered even
t day 5 after virus challenge (Oliphant et al., 2005). We
emonstrate here that recAb delivered 1 day after the challenge
brogated WNV infection. Determination of Ad-mediated Fc-
E2 efficacy at later WNV infection stages is the subject of our

ngoing studies.

Beside direct pathogen neutralization in vivo, protective
ntibodies (even non-neutralizing in vitro) can utilize other
echanisms to eliminate pathogens and abrogate disease,

D

esearch 77 (2008) 6–13

.g. antibody-dependent and complement-mediated cellular
ytotoxicity-functions attributed to the Fc. The key event in the
ormer mechanism is interaction of IgG attached to infected
ells to Fc� receptor III. Residues Leu-Leu-Gly-Gly-Pro of the
ower hinge of IgG1 have been implicated in the receptor binding
Lund et al., 1991), and since they are preserved in Fc-9E2, this
unction should be present in the described construct. Residues
270, K322, P329, and P331 which are responsible for C1q

omplement sub-component binding to IgG (Idusogie et al.,
000) are also preserved in our construct and therefore, Fc-
E2 should have the latter function, too. Neonatal Fc receptor
FcRn) plays important role in regulation of IgG circulation half-
ife favoring recycling and/or transcytosis rather than catabolism
Ghetie and Ward, 1997). The residues responsible for Fc inter-
ction to FcRn have been identified in CH2 and CH3 domains
Kim et al., 1999) and are as well preserved in our construct. To
xperimentally confirm that these important effector functions
re indeed retained in the construct, we are planning detailed
tudies of mechanisms of Fc-9E2-mediated anti-WNV protec-
ion.
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