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Ducks play an important role in the maintenance of highly pathogenic HSN1 avian influenza viruses (AIVs)
in nature, and the successful control of AIVs in ducks has important implications for the eradication of the
disease in poultry and its prevention in humans. The inactivated influenza vaccine is expensive, labor-intensive,
and usually needs 2 to 3 weeks to induce protective immunity in ducks. Live attenuated duck enteritis virus
(DEV; a herpesvirus) vaccine is used routinely to control lethal DEV infections in many duck-producing areas.
Here, we first established a system to generate the DEV vaccine strain by using the transfection of overlapping
fosmid DNAs. Using this system, we constructed two recombinant viruses, rDEV-ul41HA and rDEV-us78HA,
in which the hemagglutinin (HA) gene of the H5N1 virus A/duck/Anhui/1/06 was inserted and stably main-
tained within the ul41 gene or between the us7 and us8 genes of the DEV genome. Duck studies indicated that
rDEV-us78HA had protective efficacy similar to that of the live DEV vaccine against lethal DEV challenge;
importantly, a single dose of 10° PFU of rDEV-us78HA induced complete protection against a lethal H5N1
virus challenge in as little as 3 days postvaccination. The protective efficacy against both lethal DEV and H5N1
challenge provided by rDEV-ul41HA inoculation in ducks was slightly weaker than that provided by rDEV-
us78HA. These results demonstrate, for the first time, that recombinant DEV is suitable for use as a bivalent
live attenuated vaccine, providing rapid protection against both DEV and H5N1 virus infection in ducks.

The HSN1 highly pathogenic avian influenza viruses (AIVs)
have attracted considerable attention as a result of their deadly
impact on both animals and humans. To date, HSN1 AIVs
have caused disease in more than 60 countries (Office Inter-
national des Epizooties [OIE]; http://www.oie.int), with human
infections being reported in 15 countries (World Health Or-
ganization [WHOJ; http://www.who.int). Despite substantial
efforts to control these outbreaks, H5SN1 AIVs have continued
to evolve and spread, indicating that the threat they pose to
both domestic poultry and public health has not diminished.

Wild waterfowl are considered a natural reservoir for avian
influenza viruses (40). Although H5N1 AIV outbreaks in do-
mestic ducks have been documented (OIE; http://www.oie.int)
and some of the strains responsible for these outbreaks are
lethal to ducks in the laboratory setting (16, 21, 36, 39), most
HS5NT1 strains replicate in ducks asymptomatically. Therefore,

* Corresponding author. Mailing address: State Key Laboratory of
Veterinary Biotechnology, Harbin Veterinary Research Institute,
CAAS, 427 Maduan Street, Harbin 150001, People’s Republic of China.
Phone: 86-451-51997168. Fax: 86-451-51997166. E-mail: hichen1@yahoo
.com.

+ Supplemental material for this article may be found at http://jvi
.asm.org/.

f These authors contributed equally to this work.

" Published ahead of print on 24 August 2011.

§ The authors have paid a fee to allow immediate free access to
this article.

AIVs could circulate silently in this host, allowing them to be
transmitted to susceptible animals and humans (4). The effec-
tive control of H5N1 influenza viruses in ducks thus has im-
portant implications for the eradication of H5N1 influenza
virus infection in poultry and the prevention of human infec-
tions.

In many countries, ducks are bred for their meat, eggs, and
down. In China, up to 4 billion ducks are reared annually, often
in open fields with no biosecurity measures. Vaccination cov-
erage of HSN1 avian influenza in these ducks (<30%) is much
lower than that in chickens (about 70%), and therefore huge
numbers of ducks remain susceptible and are serving as reser-
voirs for HSN1 viruses. The minimal oil adjuvant inactivated
vaccine is the only available vaccine for ducks to control HSN1
AIV. This vaccine has several disadvantages, including its cost
and the local inflammation and “egg drop” it causes animals
exposed to it. Moreover, inactivated vaccine usually needs 2 to
3 weeks to provide solid immune protection (9, 41), which is a
major limitation with regard to emergency vaccination to es-
tablish a buffer zone. A fast-acting, labor-saving, lower-cost
vaccine for ducks is, therefore, still sought after.

Duck viral enteritis, also called duck plague, is an acute
contagious disease among Anseriformes (ducks, geese, and
swans) (31) that is caused by the duck enteritis virus (DEV), a
herpesvirus. Lethal DEV infection can cause 100% mortality
in ducks. The DEV genome is approximately 158 kb (20),
composed of a unique long (ul) region, a unique short (us)
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region, a unique short internal repeat (irs) region, and a
unique short terminal repeat (trs) region. A live attenuated
DEYV vaccine has been developed and used to control duck
viral enteritis since the 1960s (15, 18), and billions of doses of
DEYV live vaccines are used in China every year. DEV atten-
uated live vaccine induces protective immunity within several
hours of vaccination (17), and its efficacy appears to be unaf-
fected by maternal antibodies, as is the case with Marek’s
disease virus-vectored vaccines (29, 37). These features make
DEV a highly desirable live virus vector to generate a bivalent
vaccine against HSN1 AIVs in ducks.

As with other herpesviruses that have been used successfully
to construct recombinant vaccines (22, 29, 37, 38, 42), the large
genome of DEV makes it a technically suitable vaccine vector
to express the foreign antigen genes of other pathogens. Since
the natural host range of DEV is limited to the order Anseri-
formes (31), its use as a vaccine vector would be safe for other
domestic animals and humans. In addition, DEV can establish
latency in the trigeminal ganglia, lymphoid tissues, and periph-
eral blood lymphocytes (33) and can induce long-term humoral
and cellular immune responses. A DEV-vectored live vaccine
targeted against AIV could help to control infection and pre-
vent the spread of AIV in ducks, and therefore it could be an
effective option in the control of AIV transmission to humans.
In this study, we first established a system for generating DEV
by transfecting overlapping fosmid DNAs and then generated
two recombinant DEVs with the hemagglutinin (HA) gene of
an HS5N1 virus inserted at different sites in the DEV vaccine
strain genome. Tests in ducks demonstrated that these DEV-
vectored live vaccines were immunogenic and provided solid
protection against HSN1 avian influenza and DEV in as little
as 3 days postvaccination and completely prevent the replica-
tion and shedding of an HSN1 AIV after lethal challenge.

MATERIALS AND METHODS

Viruses and cells. The virulent DEV and DEV vaccine strains were obtained
from the China Veterinary Culture Collection and propagated in primary
chicken embryo fibroblasts (CEFs). HSN1 avian influenza viruses A/duck/Hubei/
49/05 (HB/49) (clade 2.3.4) and A/duck/Anhui/1/06 (AH/1) (clade 2.3.4) were
isolated from ducks in China and have been previously characterized (21, 36).
The viruses were propagated in the allantoic cavities of 10-day-old specific-
pathogen-free embryonated chicken eggs and kept in a —70°C freezer before
RNA extraction or the challenge study.

Construction of the DEV fosmid library. The DEV vaccine strain was prop-
agated in CEFs and then purified by using 20 to 60% sucrose density gradient
centrifugation. DEV DNA was extracted from purified virus as described previ-
ously (24) and was used to construct the DEV fosmid library according to the
manufacturer’s instructions for the CopyControl fosmid library production kit
(Epicentre). Briefly, viral DNA was sheared to generate approximately 25- to
50-kb fragments. After blunt treatment and the phosphorylation of the ends, the
DNA fragments were separated by using pulsed-field gel electrophoresis and
recovered from the agarose gel. Linker fragments with FseI-SbfI-Pmel enzyme
digestion sites were introduced at both ends of the DNA fragments, which then
were inserted into the cloning-ready fosmid pCCIFOS (Epicentre). The recom-
binant fosmids were packaged and plated on EPI300-T1 plating cells (Epicen-
tre). The presence of the DNA fragment inserts in these fosmids was confirmed
by partial sequencing with a set of specific primers (5" TAA TAC GAC TCA
CTA TAG GG and 5" GCC AAG CTA TTT AGG TGA GA).

Construction of fosmids with the HA gene insertion. We constructed an HS
HA gene-expressing cassette. The HA gene was amplified from HSN1 AIV AH/1
by using reverse transcription-PCR (RT-PCR). The ¢cDNA of the HA open
reading frame (ORF) was modified to remove four basic amino acids at the
cleavage site, as previously described (41). The modified HA gene was intro-
duced into the pSI plasmid (Promega) to form the HA gene-expressing cassette
(SV40HA), which included the simian virus 40 (SV40) promoter, the HA ORF,
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and the SV40 poly(A) signal. The SV40HA cassette then was used to replace the
gus gene ORF in the plasmid pENTR-gus (Invitrogen). The resultant plasmid
was designated pENTRsv40-HA. The kanamycin resistance gene (KanR) was
amplified from pMODG6 (Epicentre) by using PCR and was used to replace the
OREF of the chloramphenicol resistance gene (CmR) in the reading frame cas-
sette A (RfA) of the Gateway vector conversion system with One Shot ccdB
Survival 2 T1R competent cells (Invitrogen). About 50 nucleotides matching the
sequences of different areas of UL41, US7, and USS8 of the DEV genome were
introduced into the two ends of the cassette (aatR1-KanR-ccdB-aatR2) by using
PCR. The resultant cassettes, designated UL41ccdB and US78ccdB, respectively,
were inserted into fosmids D and T (Fig. 1A), respectively, by using the Coun-
terSelection BAC modification kit (Gene Bridges) according to the manufactur-
er’s instructions. The resultant recombinant fosmids were designated
D-ul4lccdB and T-us78ccdB. To insert the SV4A0HA cassette into the desired
fosmids, the plasmid pPENTRsv40-HA was mixed with the fosmid D-ul41ccdB or
T-us78ccdB and treated with LR Clonase II enzyme (Invitrogen). The mixtures
were transformed into competent Escherichia coli EPI300-T1 cells; only fosmids
with the KanR-ccdB sequence replaced by the HA cassette could replicate and
be selected in EPI300-T1. The resultant fosmids were designated D-ul41HA and
T-us78HA, respectively (Fig. 1B and C).

DEYV rescue. Five fosmid combinations, with or without foreign insertions that
covered the entire DEV genome, were used for virus rescue. Viral DNA inserts
were released from purified fosmids by digestion with Sbfl or Fsel enzymes and
purified by phenol-chloroform extraction and ethanol precipitation. Five micro-
grams of DNA was used to transfect primary CEFs in 60-mm dishes by using the
calcium phosphate procedure described by Morgan et al. (24). Cells were ob-
served for CPE for 7 days after transfection, and CPE-positive samples were
harvested for further characterization.

Characterization of rescued DEVs by use of enzyme digestion and Southern
blotting. The genomic DNA of wild-type and rescued DEV was extracted from
purified virus as described previously (24). Viral DNA (3 pg) was digested with
different enzymes and then separated by using pulsed-field gel electrophoresis.
For Southern blotting, 3 g of purified viral DNA was digested with various
enzymes, separated on a 1% agarose Tris-borate EDTA (TBE) gel by using the
CHEF Mapper XA pulsed-field electrophoresis system (Bio-Rad), and trans-
ferred to nylon membranes. A 500-bp HA gene fragment was amplified, labeled,
and hybridized by using the digoxigenin DNA labeling and detection kit (Roche)
according to the manufacturer’s instructions.

Confirmation of the expression of the H5 HA gene in cells infected with the
rDEV-H5HAs. H5 HA gene expression in the recombinant DEVs was confirmed
by using immunofluorescence and Western blotting. For immunofluorescence,
CEFs in confocal dishes (35 mm) were infected with the rescued virus at a
multiplicity of infection (MOI) of 0.2. The primary antibodies used were specific
chicken polyclonal serum against HSN1 AIV or rabbit polyclonal antiserum
against the gC of DEV. The secondary antibodies were fluorescein isothiocya-
nate-conjugated rabbit anti-chicken IgGs (for HA detection) (Sigma) or tetra-
methyl rhodamine isothiocyanate-conjugated goat anti-rabbit IgGs (for gC de-
tection) (Santa Cruz). Cells were observed with a laser-scanning confocal
microscope (Leica). Western blotting was performed as described previously
(11). Chicken antiserum, induced by the H5 ATV HA gene DNA vaccine, rabbit
polyclonal antiserum against the gC protein of DEV, and mouse monoclonal
anti-B-actin antibody (Sigma) were used as primary antibodies; IRDye 700DX-
conjugated rabbit anti-chicken IgGs (for HA detection), goat anti-rabbit IgGs
(for gC detection), and donkey anti-mouse IgGs (For B-actin detection) (Rock-
land) were used as secondary antibodies. The cell nuclei were stained with
4’ 6-diamidino-2-phenylindole (DAPI).

Stability and growth properties of the rescued viruses. To evaluate the genetic
stability of the foreign gene in the recombinant virus, we passaged the virus in
CEFs 20 times. The detection of the inserted gene was carried out by using PCR
with a pair of specific primers (5" GGC TTG GTA GAT TTG AGG C and 5’
TTC CAT CGC AAT GAG TAG G) for rDEV-ul41HA and a pair of specific
primers (5'-ACG CAA ATT ATG TCG TTG TT and 5'-TTG AGG TTC CGT
AGT CTG G) for rDEV-us78HA. HA expression was confirmed by using an
immunofluorescence assay as described above. To investigate the growth prop-
erty of the recombinant DEVs, cells cultured in 12-well plates were inoculated
with different viruses at an MOI of 0.01 and maintained at 37°C in 5% CO,. The
cells and supernatants were harvested at different time points and frozen at
—80°C. After the cells were thawed at room temperature, the cell debris was
removed by using centrifugation and the supernatants were titrated in 96-well
plates containing cultured CEFs.

Vaccine efficacy in ducks. A total of 338 4-week-old specific-pathogen-free
(SPF) ducks were used for these studies. Ducks were inoculated intramuscularly
with 0.1 ml of serum-free minimum essential medium diluted virus and were
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FIG. 1. Insertion sites for the HA gene in the DEV genome. (A) Genomic structure of DEV and the five fosmid DNAs used for DEV

regeneration. Numbers show the location of each fosmid fragment in

the DEV genome. (B) Construction of the fosmid with HA inserted within

the ul41 gene. (C) Construction of the fosmid with HA inserted between the us7 and us8 genes.

challenged with lethal DEV or H5N1 AIV at different time points postvaccina-
tion (p.v.). Oropharyngeal and cloacal swabs were collected from H5N1 AIV-
challenged ducks on days 3, 5, and 7 postchallenge for virus titration. Ducks also
were observed for signs of disease and death for 2 weeks after the challenge.
Three ducks in the H5N1 virus-challenged groups were euthanized on day 3
postchallenge, and their organs were harvested for virus titration.

Serologic tests and virus titration. The neutralization (NT) antibody against
DEV was tested in CEFs, and H5N1 hemagglutination inhibition (HI) antibody
assays were performed by following the OIE standard (25). The NT antibody
against H5N1 influenza was tested in MDCK cells as described previously (19).
Each swab was washed in 1 ml of cold phosphate-buffered saline (PBS). One
gram of each organ was homogenized in 1 ml of cold PBS, and the solid debris
was pelleted by centrifugation and discarded. Virus titration was conducted in
10-day-old SPF embryonated chicken eggs and calculated by the method of Reed
and Muench (28).

Laboratory facility. All experiments related to highly pathogenic AIVs were
conducted in a biosecurity level 3 facility approved for such use. This study was
carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the Ministry of Science and Technology
of the People’s Republic of China. The protocol was approved by the Committee
on the Ethics of Animal Experiments of the Harbin Veterinary Research Insti-
tute, Chinese Academy of Agricultural Sciences (approval number JQ-YA-02).

RESULTS

Generation of the DEV vaccine strain from overlapping
fosmid DNA. As described in Materials and Methods, we first
generated a DEV fosmid library, from which we selected a
total of 21 fosmids with DEV DNA insertions for recombinant
virus generation; the size and location of these DNA fragments
in the DEV genome are shown in Fig. S1A in the supplemental
material. For virus regeneration, we prepared 10 sets, each
consisting of four- or five-fosmid combinations that cover the
entire genome of DEV (see Fig. S1B), and transfected them
into primary CEFs. Among these 10 sets of DNA fragments,
the transfection of set 1, set 9, and set 10 resulted in cytopathic
effects (CPE) on days 4 to 6 posttransfection (p.t.), reaching
100% on day 7 p.t. (see Fig. S1B); viruses generated from sets
1, 9, and 10 were designated rDEV1, rDEV2, and rDEV3,
respectively.

The rescued viruses then were characterized. We digested
the purified viral DNA with two different enzymes (EcoRI and
BamHI). The digested products then were analyzed by using
pulsed-field gel electrophoresis. We found that the rescued
rDEVs had DNA fragment separation patterns similar to those
of the wild-type parent DEV (see Fig. S2A in the supplemental
material). We also evaluated the replication phenotype of the
rDEVs in primary CEFs and found that the rDEVs replicated
to titers similar to those of wild-type DEV (see Fig. S2B).
These results indicate that we, for the first time, successfully
rescued the DEV vaccine strain from overlapping fosmid
DNA, and that the rescued viruses had a genotype and repli-
cation phenotype similar to those of wild-type DEV.

The sizes of the viral genome DNA fragments in fosmids D,
H, J, Q,and T (set 10 in Fig.S1A in the supplemental material)
are similar (range, 38,783 to 44,511 bp), and virus is easily
rescued from this set of DNA fragments. Therefore, we se-
lected the fosmid D+H+J+Q+T combination for further re-
combinant virus construction (Fig. 1A).

Generation of recombinant DEV expressing the HA gene of
H5N1 avian influenza virus. ul41 and the area between us7 and
us8 in other herpesvirus genomes have been identified as being
nonessential regions for viral replication and suitable for for-
eign gene insertion (1, 12). We therefore focused on the
genomic regions in ul41 and the area between us7 and us8 for
recombinant DEV generation.

We constructed two cassettes, each containing an HA gene
of an H5N1 avian influenza virus, A/duck/Anhui/1/06 (21).
DNA cassettes 1 and 2 were separately inserted into fosmids D
and T, respectively, as described in Materials and Methods.
The resultant fosmids were designated fosmid D-ul41HA and
fosmid T-us78HA, respectively (Fig. 1B and C).

To rescue the DEV with the foreign gene inserted in differ-
ent areas of the DEV genome, we used the DNA fragments of
fosmid D-ul41HA or T-us78HA to replace the DNA fragments
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FIG. 2. Characterization of the recombinant DEVs with the H5N1
HA gene insertion. (A) DNA patterns of the DEV genome and re-
combinant DEVs. Purified genomic DNA was digested with the indi-
cated enzymes and then separated by using pulsed-field gel electro-
phoresis. (B) Southern blotting of recombinant viruses. (C) Detection
of HA protein expression in recombinant virus-infected CEFs by using
immunofluorescence. (D) Western blotting of recombinant DEV ex-
pressing the HA protein of A/duck/Anhui/1/06 (H5N1) virus. (E) De-
tection of the HA gene insertion in the recombinant viruses. The
numbers show the passages of the recombinant viruses. The marker
used was DL15000. (F) Detection of HA protein expression in recom-
binant virus-infected CEFs by using immunofluorescence. The recom-
binant viruses used were passaged in CEFs for 20 passages.
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in fosmid D or fosmid T in the fragment combination (Fig. 1A)
for the transfection. Four to 7 days p.t., CPE was detected in
the cells transfected with the DNA combination from fosmid
combination D+H+J+Q+T and both sets of fosmid combi-
nations containing the HA insertion. We confirmed the inser-
tion of the HA gene by using enzyme digestion and Southern
blotting (Fig. 2A and B). These results indicate that viruses
containing the HS HA gene within ul41 or between us7 and us8
of DEV were successfully generated. We designated these
recombinants TDEV-ul41HA and rDEV-us78HA, respectively.

Characterization of the recombinant DEVs expressing the
H5 HA gene. We next investigated if the inserted HA gene
could be expressed in recombinant DEV-infected cells. As
expected, cells infected with wild-type DEV did not react with
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FIG. 3. NT antibody response against DEV in ducks inoculated
with recombinant or wild-type DEVs. Groups of 10 ducks were inoc-
ulated intramuscularly with 10° PFU of rDEV-ul41-HA, rDEV-us78-
HA, or wild-type DEV or with PBS as a control. Sera were collected at
the indicated time points to detect the NT antibody against DEV in
CEFs. The data for week 0 represent the pretest values. The dashed
line shows the detection limit for a positive response.

chicken antiserum to the HS ATV HA protein but reacted with
rabbit polyclonal antiserum against the glycoprotein C (gC) of
DEV (Fig. 2C). In contrast, cells infected with rDEV-ul41HA
and rDEV-us78HA reacted with chicken antiserum to H5 AIV
HA protein as well as to the anti-gC antiserum. HA protein
expression by the recombinant viruses also was confirmed by
Western blotting. The levels of HA protein expression by the
two recombinant viruses differed; the HA expression level for
rDEV-ul41HA was notably higher than that for rDEV-
us78HA (Fig. 2D).

To investigate whether the inserted gene could be stably
maintained in the recombinant viruses, we passaged the viruses
in CEFs 20 times. The HA gene in both recombinants could be
detected by using PCR amplification (Fig. 2E), and its expres-
sion in recombinant virus-infected cells still could be confirmed
by immunofluorescence after 20 passages (Fig. 2F).

We also tested whether the HA insertion affected the in vitro
replication of DEV. Cells and supernatants infected by differ-
ent viruses were harvested at different time points for titration
in 96-well plates containing cultured CEFs. The rDEV-
ul41HA and rDEV-us78HA viruses replicated to levels similar
to those of the parent DEV virus, indicating that the insertion
of the HA gene at these two positions did not affect the rep-
lication of the DEV vaccine strain (see Fig. S3 in the supple-
mental material).

Virulence and immunogenicity evaluation of the recombi-
nant DEVs. To investigate whether the insertion of the foreign
gene influences the virulence of the parent virus, we intramus-
cularly inoculated groups (n = 10) of 4-week-old SPF ducks
with 10° PFU (a recommended dose for DEV vaccine in the
field) of wild-type DEV, rDEV, rDEV-ul41HA, and rDEV-
us78HA or with PBS as a control. All of the ducks remained
healthy, indicating that the insertion of the foreign gene did
not increase the virulence of the attenuated DEV vaccine
strain.

We then tested the NT antibody titers against DEV from the
sera of ducks that were inoculated with the two recombinant
DEVs, the wild-type DEV, and PBS. The NT titers of the
ducks in the PBS-inoculated group were below 3 log,, the
detection limit for infection with DEV virus (25), at all time
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FIG. 4. Protective efficacy of the recombinant viruses against lethal DEV challenge. Groups of 6 to 10 ducks were vaccinated intramuscularly
with one (A, B, and C) (n = 10) or two doses (D) (n = 6) of the recombinant DEVs and challenged with lethal DEV at 3 days (A), 1 week (B),
3 weeks (C), or 10 weeks (D) postvaccination (p.v.). Ducks were monitored daily for 2 weeks after challenge.

points tested (Fig. 3). Two of 10 ducks in each of the recom-
binant virus-inoculated groups and 3 of 10 ducks in the DEV-
inoculated group had NT antibody titers greater than 3 log, at
1 week p.v., and 7 of 10 ducks in all three groups had NT
antibody titers greater than 3 log, at 2 weeks p.v.; however, the
titers dropped quickly, and only a few ducks in each of the
recombinant DEV- or wild-type DEV-inoculated groups main-
tained positive NT titers at 3 weeks p.v. (Fig. 3). Although the
NT antibody titers were low and short lived, no differences
were detected among the virus-inoculated groups, indicating
that the insertion of the HA gene did not change the immu-
nogenicity of the parent DEV.

Vaccine efficacy against lethal DEV challenge in ducks. The
parent DEV we used here is a live attenuated vaccine strain
which rapidly induces protection against lethal DEV challenge
in ducks (17). To investigate whether the inserted gene affected
the protective efficacy of the parent DEV, ducks were chal-
lenged with a 100-fold 50% duck lethal dose (DLDs,) of a
virulent DEV by intramuscular injection at 3 days, 1 week, and
3 weeks p.v. All of the ducks in the PBS-inoculated control
groups showed signs of disease, including listlessness, ruffled
feathers, and anorexia, and died within 5 days (Fig. 4A, B, and
C). In contrast, all of the ducks in the groups inoculated with
DEYV and rDEV-us78HA remained healthy during the 2-week
observation period. Two ducks in the group that was vacci-
nated with rDEV-ul41HA and challenged on day 3 p.v. died
during the observation period (Fig. 4A). These results indicate
that the recombinant viruses bearing the H5 HA gene insertion
have immunogenicity similar to that of the DEV vaccine strain
and induced protective immunity against lethal DEV challenge

in as little as 3 days p.v., although two ducks died in the
rDEV-ul41HA-vaccinated group that was challenged on
day 3 p.v.

Antibody responses against H5N1 virus induced by recom-
binant DEVs in ducks. To understand the antibody response
induced by the recombinant viruses, groups of 12 ducks were
inoculated with two doses, 3 weeks apart, of 10° PFU of rDEV-
us78HA or rDEV-ul41HA. We also inoculated a group of six
ducks with a single dose of 10° PFU of rDEV-us78HA to
investigate whether the antibody response was dose related.
Sera from all of the ducks were collected weekly for 10 weeks
for HI and NT antibody detection; a group of 12 ducks was
inoculated with PBS as a control. As shown in Fig. 5, after one
dose of 10° PFU of rDEV-us78HA or rDEV-ul41HA, HI
antibody was detected in a limited number of animals 1, 2, and
3 weeks p.v., and the HI antibody titers were dramatically
increased in both groups after the second dose (Fig. SA and C).
However, only one and two animals in the rDEV-ul41HA- and
rDEV-us78HA-vaccinated groups, respectively, had detectable
HI antibodies by the end of week 10 p.v. (Fig. 5A and C). After
inoculation with 10° PFU of rDEV-us78HA, HI antibodies
were detected in five of six ducks at 2 weeks p.v. and in all six
ducks at 3 and 4 weeks p.v. The antibody titers then rapidly
declined, and by 10 weeks p.v. only one animal had detectable
HI antibody (Fig. 5E). To detect the NT antibody against
HS5N1 virus, we also included sera that were collected from
ducks that were inoculated with 10° PFU of rDEV-us78HA or
rDEV-ul41HA. The NT and the HI antibody responses of the
ducks in the recombinant vaccine-inoculated groups were sim-
ilar, although there were more NT antibody-positive ducks
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FIG. 5. Antibody response against H5SN1 virus in ducks inoculated with recombinant DEVs. Groups of ducks were inoculated intramuscularly
with two doses of 10° PFU of rDEV-ul41-HA (A and B) (n = 12), rDEV-us78-HA (C and D) (n = 12) at a 3-week interval, or one dose of 10°
PFU of rDEV-us78HA (E and F) (n = 6). Sera were collected from ducks weekly for HI antibody (A, C, and E) and NT antibody (B, D, and F)
detection. The sera of ducks (n = 10) that were inoculated with 10° PFU of DEV also were included for comparison in panels C and D. The data
for week 0 represent the pretest values. The dashed lines in A, C, and E show the limits of detection, while the dashed lines in B, D, and F show

the detection limits for a positive response.

than HI antibody-positive ducks at all time points tested. The
NT antibody titers of the PBS- and DEV-inoculated ducks all
were below 3 log,, which is regarded as negative for infection
(Fig. 5B, D, and F). These results indicate that the recombi-
nant DEVs induce a dose-related response in HI and NT
antibody titers in ducks and that a second dose boosts antibody
titers. However, the duration of the HI antibody response in
these ducks is much shorter than that induced in ducks by
inactivated H5N1 vaccines (41).

Vaccine efficacy against lethal HSN1 AIV challenge in ducks.
To investigate the protective efficacy of the recombinant vi-
ruses against HSN1 virus challenge, groups of 11 ducks were
inoculated with 10° PFU of recombinant DEV and challenged
with a 100-fold DLDy, of the H5N1 virus, A/duck/Hubei/49/05
(HB/49) (21, 36), intranasally at 3 days, 1 week, or 3 weeks p.v.
Three ducks in each group were euthanized on day 3 postchal-
lenge, and their organs were harvested for virus titration in
eggs. The remaining eight ducks were observed for virus shed-
ding and signs of deaths for 2 weeks. As shown in Fig. 4, in the
DEV- and PBS-inoculated ducks, the challenge H5N1 virus
was detected in the lung, kidney, spleen, ileum, and brain, with
titers ranging from 4.8 to 8.5 log,, 50% egg infectious doses
(EIDs,). Ducks shed virus through both the oropharynx and
cloacae and died before day 5 postchallenge (Fig. 6). In the
recombinant virus-vaccinated groups that were challenged on
day 3 p.v., the challenge virus was detected in multiple organs,
but the titers were more than 100-fold lower than those in the
control ducks (Fig. 6A). Several of the ducks in this group shed
virus and died during the observation period (Table 1). How-

ever, in the rDEV-ul4lHA- or rDEV-us78HA-inoculated
ducks that were challenged at 1 or 3 weeks p.v., the challenge
virus was not recovered from any organs tested, and all of the
ducks remained healthy and survived the duration of the ob-
servation period (Fig. 6B and C and Table 1).

These results indicate that 10° PFU of recombinant DEV
can induce partial protection against lethal H5N1 virus chal-
lenge in as little as 3 days p.v. We then investigated whether a
higher dose could induce better protection. Groups of 11 ducks
were inoculated with 10° PFU of the two recombinant DEVs,
wild-type DEV, and PBS as a control and were challenged 3
days p.v. with 100 DLDs, of HB/49. The challenge H5N1 virus
was not detected in any organs tested in the ducks that were
vaccinated with rDEV-us78HA, and only low titers of chal-
lenge H5N1 virus were recovered from the lungs and kidneys
of ducks that were vaccinated with rDEV-ul41HA (Fig. 6D).
All of the ducks in both groups remained healthy and survived
the duration of the 2-week observation period, although virus
shedding was detected from the oropharyngeal swab of one
duck in the rDEV-ul41HA-vaccinated group (Table 1). In the
DEV- and PBS-inoculated groups, the H5N1 virus replicated
to high titers in all organs tested (Fig. 6D); the ducks shed virus
from their oropharynx and cloacae and died within 5 days
postchallenge (Table 1).

We also challenged the ducks that were previously used to
monitor the antibody duration (shown in Fig. 5) with lethal
DEV or H5N1 HB/49 virus at 10 weeks p.v. As shown in Fig.
4D, after challenge with lethal DEV, the ducks that received
two doses of 10° PFU of rDEV-us78HA were completely pro-
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FIG. 6. H5NI1 virus replication in the organs of ducks that were vaccinated with recombinant DEV vaccines. Groups of three ducks were
inoculated intramuscularly with 10° PFU (A, B, and C) or 10° PFU (D) of the recombinant DEVs or wild-type DEV or with PBS as a control.
They then were challenged with the lethal HSN1 virus HB/49 intranasally at 3 days (A and D), 1 week (B), or 3 weeks (C) postvaccination. Three
days after challenge, the ducks were euthanized and their organs were harvested for virus titration in eggs. The dashed lines show the limits of

detection.

tected, whereas one of the six ducks in the rDEV-ul41HA-
inoculated group and all six ducks in the PBS-inoculated group
died within the 2-week observation period. After challenge
with the H5N1 virus, all of the birds in the recombinant virus-
inoculated groups remained healthy and survived the duration
of the 2-week observation period, although virus shedding was
detected from one duck in the group that was vaccinated with
two doses of 10° PFU of rDEV-ul41HA. All ducks in the
PBS-inoculated groups shed virus and died within 4 days of
challenge (Table 1).

These studies indicate that recombinant DEVs expressing
the HSN1 HA can induce protective immunity in ducks against
HS5NI1 virus challenge and offer protection against challenge
with lethal DEV. Although both the rDEV-ul41HA and the
rDEV-us78HA viruses have similar replication phenotypes in
CEFs and HA protein expression in tDEV-ul41HA-infected
cells was notably higher than that in rDEV-us78HA-infected
cells, it appears that rDEV-us78HA provided better protection
against both DEV and H5N1 virus challenge than did tDEV-
ul41HA. The protection against the lethal DEV and H5N1
virus challenge was independent of the antibody levels in
ducks.

DISCUSSION

We established a system to regenerate a DEV vaccine strain
by using the transfection of overlapping fosmid DNAs. The
rescued virus maintained replication and immunogenic prop-
erties that were similar to those of the parent DEV strain. We

further generated two recombinant DEVs, rDEV-ul41HA and
rDEV-us78HA, by inserting the HA gene of an H5SN1 AIV at
different positions in the DEV vaccine strain genome. The HA
protein was stably expressed in both recombinant virus-in-
fected cells. The insertion of this foreign gene at these two sites
in the genome did not affect the replication phenotype of DEV
in cell culture and did not increase the virulence of the DEV
vaccine strain in ducks. Animal studies in ducks showed that
both rDEV-ul41HA and rDEV-us78HA were immunogenic,
providing solid protection against challenge with lethal DEV
and with an H5NT1 virus. More importantly, rDEV-us78HA
induced full protection against challenge with an H5N1 virus
and completely prevented the HSN1 virus from replicating and
shedding within 3 days of vaccination. These results demon-
strate the immense value of a DEV-vectored live bivalent vac-
cine in the control and eradication of H5N1 virus in ducks, a
large and important reservoir for HSN1 viruses in nature.
Live attenuated DEV vaccines have been developed and
used in different countries to control lethal DEV infections in
ducks. The DEV vaccine seed virus used in our study was
derived by passaging the lethal DEV in CEFs and has been
used in the field since the 1960s (15); however, the genetic
basis for its attenuation is not known. We compared the se-
quence of the ul41 gene and the area between the us7 and us8
genes of the lethal virus and the DEV vaccine strain and did
not find any changes (data not shown), indicating that the ul41
gene and the area between the us7 and us8 genes do not
contribute to the attenuation phenotype of this vaccine strain.
The development of a fosmid-based rescue system for DEV
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TABLE 1. Protective efficacy of recombinant DEV vaccines against H5N1 lethal virus HB/49 challenge in ducks”
No. HI No. of swabs showing shedding virus/total no. (titer in log,, EIDs,/ml) on day p.c.:

Chall antibody No.
e a‘enge Vaccine PFiJ positive/total” 3 5 7 surviving/
1me p-v. (PFU) (mean titer, total

log,) Oropharyngeal Cloacal Oropharyngeal Cloacal Oropharyngeal Cloacal
3 Days rDEV-ul4lHA 10° 0/11 3/8(25£15) 3/8(23=1.1) 1/6(1.3) 0/6 0/5 0/5 5/8
rDEV-us78HA  10° 0/11 3/8(1.9 £1.2) 1/8(1.3) 0/6 0/6 0/6 0/6 6/8
DEV 10° 0/11 8/8(29=1.4) 88(24+09) / / / / 0/8
PBS 0/11 8/8((3.1x13) 6/8(1.9*+0.6) / / / / 0/8
1 wk rDEV-ul41HA  10° 3/11(1.3) 0/8 0/8 0/8 0/8 0/8 0/8 8/8
rDEV-us78HA 10°  3/11(2.6) 0/8 0/8 0/8 0/8 0/8 0/8 8/8
DEV 10° 0/11 88(4=05) 88(3.3x04) 1/1(3.5) 1/1 (2.3) / / 0/8
PBS 0/11 88 (3.1 £0.6) 88(3.0x0.5) / / / / 0/8
3 wk rDEV-ul41HA 10° 3/11 (1.6) 0/8 0/8 0/8 0/8 0/8 0/8 8/8
rDEV-us78HA  10° 4/11 (1.7)  0/8 0/8 0/8 0/8 0/8 0/8 8/8
DEV 10° 0/11 88(3.5x1.6) 7/8(127x15) / / / / 0/8
PBS 0/11 8/8(3.3x0.8) 88(28=05) 2/2(3.1x0.5) 2/2(1.9+0.9) / / 0/8
3 Days rDEV-ul4lHA 10° 0/11 1/8 (1.8) 0/8 0/8 0/8 0/8 0/8 8/8
tDEV-us78HA 10°  0/11 0/8 0/8 0/8 0/8 0/8 0/8 8/8
DEV 10° 0/11 8/8(2.1 £0.6) 6/8(1.5=*15) 2/2(29*0.9) 2/2(2.1 =0.6) / / 0/8
PBS 0/11 88(332+12) 6/8(22x0.6) / / / / 0/8
10 wk  rDEV-uldlHA 107  1/6 (3) 1/6 (1.5) 0/6 0/6 0/6 0/6 0/6 6/6
rDEV-us78HA  10°¢  2/6 (1) 0/6 0/6 0/6 0/6 0/6 0/6 6/6
rDEV-us78HA 10°  1/6 (1) 0/6 0/6 0/6 0/6 0/6 0/6 6/6
PBS 0/6 6/6 (3.3 £1.7) 6/6(26=*09) / / / / 0/6

“ Four-week-old specific-pathogen-free ducks were used in these studies. The ducks were intramuscularly injected with one or two doses of DEV or recombinant
DEVs as indicated or with PBS as a control (p.v. indicates postvaccination). They then were challenged intranasally with 100-fold DLDs, of the HSN1 virus HB/49 at
different time points. Three ducks in each group, excluding those that were challenged at 10 weeks p.v., were euthanized on day 3 postchallenge (p.c.) to test for viral
replication in organs (Fig. 4), and the remaining ducks in each group were monitored for virus shedding and death for 2 weeks.

b Sera were collected from all ducks before challenge, and HI antibody titers were determined by using 0.5% chicken red blood cells. The titers shown are the means

for the ducks that had detectable HI antibodies.

¢ Swabs were collected from all of the available ducks on days 3, 5, or 7 p.c. for virus titration in eggs. The titer shown is the means * standard deviations for the
ducks that shed viruses. A backslash indicates that the animals had died by that time point.
4 Ducks were vaccinated with two doses of 10° PFU of the indicated recombinant DEVs at a 3-week interval.

allows the full manipulation of the DEV genome and, there-
fore, facilitates the study of the mechanism underlying DEV
pathogenesis.

The full genome of DEV was sequenced recently (20), and
the sequencing revealed that DEV and Marek’s disease virus
(MDV) have similar gene structures in their genomes. The us
areas in MDYV have proven to be suitable for foreign gene
insertion, including the sites within Sorfl, Sorf2, usl, usl0,
Sorf3, us2, us3, and us6 (26, 27, 30). In our preliminary studies,
we tried to insert foreign genes into the us2 and us10 genes of
DEV but failed to rescue any recombinant viruses, suggesting
that these genes are essential for DEV replication and that the
function of these areas in DEV differs from those in other
herpesviruses. The us7 and us8 genes are essential for MDV
replication (32). Therefore, we generated the recombinant vi-
rus TDEV-us78HA by inserting the HA gene between us7 and
us8. This recombinant virus showed protective efficacy against
lethal DEV challenge in ducks similar to that shown by the
parent DEV vaccine strain and also showed stable HA expres-
sion during passage in CEFs, indicating that the region be-
tween the us7 and us8 genes of DEV is suitable for foreign
gene insertion.

The ul41 gene of alphaherpesviruses encodes the viral host
shutoff (vhs) protein, which triggers global mRNA destabiliza-
tion in infected cells, an effect that generally is assumed to fully

account for its role in host shutoff (34). The deletion of the
ul41 gene increases the immunogenicity of herpes simplex vi-
rus type 1 (HSV1) (12). The deletion of this gene also may
benefit HA gene expression. For these reasons, we generated
a recombinant virus, tDEV-ul41HA, by replacing part of the
ul4l gene with the HA gene cassette. We found that rDEV-
ul41HA had a replication titer similar to that of the DEV
vector vaccine virus and that of - DEV-us7S8HA. HA expression
in rDEV-ul41HA-infected cells was notably higher than that in
rDEV-us78HA-infected cells. However, from the challenge
study, it appears that the protective efficacy against DEV or the
HS5N1 virus was slightly impaired rather than increased in
rDEV-ul41HA-inoculated ducks relative to that of DEV vec-
tor virus- or IDEV-us78HA-inoculated ducks with respect to
challenge virus shedding, replication in organs, and duck sur-
vival rates during the observation period. These results indi-
cate that us41 is not an ideal site for foreign gene insertion.
It is highly notable that a single dose of 10° PFU of rDEV-
us78HA induced very early solid protection against both lethal
DEV and H5N1 virus challenge and completely prevented
HS5N1 virus replication and shedding at 3 days p.v. This feature
makes this vaccine extremely valuable, especially if used in
buffer zone animals to prevent the spread of H5SN1 virus during
an outbreak. Clearly, the rapid protection against HSN1 virus
challenge is the result of adaptive immunity or HA-activated
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innate immunity, since all of the ducks in the DEV- and PBS-
inoculated groups died within 3 to 5 days of being challenged.
Many studies have demonstrated that live virus vaccines suc-
cessfully induce specific cellular immune responses, especially
CD8™ cytotoxic T-lymphocyte (CTL) responses, and may pro-
vide immune protection independently of specific antibody
responses (13, 14). We did not conduct any tests for cellular
immune responses; however, it is highly unlikely that the vac-
cine can elicit enough H5N1 virus-specific CD8" CTLs to
provide complete protection in such a short time. Therefore,
the mechanism for the rapid and complete protection induced
by the DEV-vectored vaccine still remains to be determined.
The HA protein of influenza viruses, including H5 AIVs, may
activate natural killer (NK) cells (8). Since DEV can infect and
establish latency in lymphoid tissues and peripheral blood lym-
phocytes (33), the HA protein expressed by the recombinant
DEVs may have a greater opportunity to interact with the
receptors on NK cells and activate their antiviral function.
Similar rapid protection has been reported for recombinant
vesicular stomatitis virus-vectored vaccines against Marburg
hemorrhagic fever virus and Ebola virus (6, 10), although the
mechanistic basis for such rapid specific immune protection
remains largely unknown.

Influenza virus easily undergoes antigenic drift while circu-
lating in nature. Therefore, the strains used in the human
influenza vaccine are updated regularly based on viral epide-
miology information. Similarly, vaccine strains for HSN1 avian
influenza control have been regularly updated (3). The tradi-
tional methods for generating recombinant herpesvirus, such
as plasmid transfection plus virus coinfection, often are ineffi-
cient, labor-intensive, and time-consuming due to the need for
cloning and purification processes. In addition, a selection
marker has to be included (5). Infectious bacterial artificial
chromosomes (BACs) of herpesviruses are powerful tools for
genetic manipulation (2, 7, 23). However, the presence of BAC
vector sequence in the viral genomes often causes genetic and
phenotypic alterations, and the excision of the BAC sequence
is time-consuming (35, 43-45). Here, we established and opti-
mized a highly efficient and stable fosmid system for rescuing
recombinant DEV; in this system, a selection marker is not
necessary. With this system, we could generate a DEV-vec-
tored H5 AIV vaccine candidate strain within 2 weeks, which
demonstrates that vaccine update would be easy and feasible.

Recombinant Newcastle disease virus (NDV) expressing the
HA gene of H5N1 influenza virus has been used as a bivalent
vaccine against both NDV and H5N1 viruses in chickens in
China since 2006 (3, 11). The recombinant NDV vaccine has
been used to replace the regular NDV live vaccine in routine
vaccination programs on many chicken farms. The recombi-
nant DEV vaccine could similarly be used to replace the reg-
ular DEV live vaccine in routine vaccination programs in
ducks. Although more studies are required to determine an
ideal vaccination protocol, the recombinant DEV vaccine
holds great promise and is highly likely to be used to combat
infection with two important lethal pathogens in ducks.
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