OPEN @ ACCESS Freely available online @ PLOS ‘ ONE
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Abstract

Highly pathogenic avian influenza viruses (HPAIV) of subtype H5N1 not only cause a devastating disease in domestic
chickens and turkeys but also pose a continuous threat to public health. In some countries, HSN1 viruses continue to
circulate and evolve into new clades and subclades. The rapid evolution of these viruses represents a problem for virus
diagnosis and control. In this work, recombinant vesicular stomatitis virus (VSV) vectors expressing HA of subtype H5 were
generated. To comply with biosafety issues the G gene was deleted from the VSV genome. The resulting vaccine vector
VSV*AG(HA) was propagated on helper cells providing the VSV G protein in trans. Vaccination of chickens with a single
intramuscular dose of 2 x108 infectious replicon particles without adjuvant conferred complete protection from lethal H5N1
infection. Subsequent application of the same vaccine strongly boosted the humoral immune response and completely
prevented shedding of challenge virus and transmission to sentinel birds. The vaccine allowed serological differentiation of
infected from vaccinated animals (DIVA) by employing a commercially available ELISA. Immunized chickens produced
antibodies with neutralizing activity against multiple H5 viruses representing clades 1, 2.2, 2.5, and low-pathogenic avian
influenza viruses (classical clade). Studies using chimeric H1/H5 hemagglutinins showed that the neutralizing activity was
predominantly directed against the globular head domain. In summary, these results suggest that VSV replicon particles are
safe and potent DIVA vaccines that may help to control avian influenza viruses in domestic poultry.
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Introduction disease in humans, but fortunately human-to-human transmission
of H5NI1 has not been observed yet. Nevertheless, further
adaptation of H5NI to humans or reassortment with human
influenza viruses may result in aerosol-transmittable viruses with
pandemic potential [9-12].

Vaccination of domestic poultry may help to control HPAIV
and to reduce both economical losses in poultry farming and
potential zoonotic transmission to humans. Inactivated influenza
virus vaccines have been used in the past to control H5NI
epizootics in poultry [13]. These vaccines have the advantage of
being safe, but they also come with a number of shortcomings. For
example, inactivated vaccines have to be repeatedly applied to
induce full-protective and long-lasting immune responses in
poultry [14]. Because inactivated influenza virus vaccines do not
provide danger signals that would sufficiently trigger innate
immunity, they are often formulated and applied with adjuvants
[15-17]. Inactivated influenza virus vaccines are usually admin-
istered via the intramuscular route making mass vaccination of
poultry labor-intensive and expensive. A general problem for
vaccination is the antigenic drift of influenza viruses. Full
protection may be achieved only if the selected vaccine strain
closely matches the major antigens of currently circulating field

Outbreaks of highly pathogenic influenza viruses (HPAIV) in
chickens and turkeys have led to profound economical losses in
many regions, including Italy, The Netherlands, Egypt, Mexico,
and Southeast Asia [1,2]. A common feature of HPAIV is the
presence of a multi-basic cleavage site that is recognized by furin-
like proteases [3]. As a consequence of the ubiquitous expression of
these proteases, HPAIVs cause systemic multi-organ disease in
poultry. This disease is historically known as “fowl plague”
reflecting its rapid spread and high mortality rates of up to 100%.
Although several AIV subtypes could potentially mutate to
become highly pathogenic [4], only HPAIV of subtypes H5 and
H7 have been detected in nature so far. It is generally believed that
LPAIVs occasionally evolve into HPAIVs when circulating in
domestic poultry [1,3].

Direct transmission of AIVs from birds to humans is rare. A
well-known barrier to transmission is the lack of appropriate
receptors in the human upper respiratory tract [6]. Nevertheless,
human infections with H7 and H5 AIV have occurred in the past,
usually following direct exposure of persons to infected poultry and
high virus doses [7,8]. HPAIV of subtype H5N1 can cause fatal
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viruses. However, if vaccination provides only partial protection,
immunized animals may appear healthy but may shed virus,
which could lead to unnoticed virus spread.

If vaccines are applied to control AIV outbreaks in poultry, they
should allow serological differentiation of infected from vaccinated
animals (DIVA). Inactivated DIVA vaccines containing a different
NA subtype have been used to control AIV outbreaks in Italy
[18,19]. However, such vaccines would not be accepted for the
general prophylactic vaccination of poultry against H5 and H7
viruses because of potential restrictions in trading of poultry and
poultry products. Live-attenuated influenza virus vaccines can
induce broader and longer lasting immune responses than
inactivated vaccines [20]. However, the possible formation of
reassortants between vaccine and field viruses argues against the
use of live-attenuated AIV vaccines.

Recent studies have shown that a propagation-incompetent
vesicular stomatitis virus (VSV) vector encoding HAy; protects
chickens from challenge infection with HPAIV of subtype H7NI1
[21]. In the present work, the capacity of recombinant VSV
replicon particles to induce protective immunity against HPAIV of
subtype H5N1 was evaluated in chickens. Specifically, the vaccine
dose and the number of applications required to induce protection
and to reduce virus shedding was studied. Furthermore, sera from
immunized chickens were analyzed for virus neutralizing activity
against a limited number of H) viruses from different clades.
Finally, the compatibility of the vaccine with the DIVA principle
was examined.

Materials and Methods

Ethics statement

Animal trials were were performed in compliance with the Swiss
animal protection law and approved by the animal welfare
committee of the Canton of Berne (authorization number 76/10).

Cells

BHK-21 cells were obtained from the German Cell Culture
Collection (DSZM, Braunschweig; Germany) and grown in Earle’s
minimal essential medium (MEM; Life Technologies, Carlsbad,
CA) supplemented with 5% fetal bovine serum (FBS; Biowest).
BHK-G43, a transgenic BHK-21 cell clone expressing the VSV G
protein in a regulated manner, was maintained as described
previously [22]. Madin-Darby canine kidney (MDCK) cells (type I)
were provided by Georg Herrler (TiHo Hannover) and cultured
with MEM and 5% FBS. Vero cells (C1008) were purchased from
the American Type Culture Collection (Manassas, VA) and
maintained in Dulbecco’s modified Eagle medium (DMEM; Life
Technologies; Carlsbad CA) supplemented with 5% FBS.

Viruses

HPAIV A/chicken/Yamaguchi/7/2004 (H5N1) [23], HPAIV
A/whooper swan/Mongolia/3/2005 (H5NI1), and LPAIV A/
duck/Hokkaido/Vac-1/2004 (H5N1) [24] were kindly provided
by Yoshihiro Sakoda, Hokkaido University, Sapporo, Japan. The
following LPAIV were kindly provided by Timm Harder
(Friedrich-Loffler-Institut, Riems-Greifswald, Germany): A/
duck/Potsdam/1402/86 (H5N2), A/duck/Potsdam/2216/84
(H5N6), A/duck/Potsdam/619/85 (H5N2), A/ostrich/Ger-
many/R5-10703  (H5N2), A/mallard/Fohr/Wv1310-13/03
(H5N2), and A/teal/Fshr/Wv1378-79/03 (H5N2). HPAIV A/
Cygnus olor/Italy/742/2006 (H5N1) and LPAIV A/duck/Italy/
1447/2005 (HIN1) were kindly provided by William Dundon
(IZSV Istituto Zooprofilattico Sperimentale delle Venezie, Venice,
Italy). NIBRG-14, a 2:6 reassortant virus between A/Vietnam/
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1194/2004 (H5N1) and A/Puerto Rico/8/1934 (HINI1) was
provided by J. Robertson (National Institute for Biological
Standards and Control, UK). The HA of this virus contains a
modified cleavage site [25]. All viruses were propagated in the
allantoic cavity of 10-day old embryonated specific pathogen-free
(SPT) chicken eggs for 2 days at 37°C. HA ¢cDNA was determined
and deposited at the EMBL nucleotide sequence database for the
following viruses: HF563054 for A/duck/Italy/1447/2005
(HINT1), HF563055 for A/duck/Potsdam/619/1985 (H5N2),
HF563056 for A/mallard/Foehr/Wv1310-13/2003 (H5N2),
HF563057 for A/ostrich/Germany/R5-10/2006 (H5N3), and
HF563058 for A/teal/Foehr/Wv1378-79/2003 (H5N2).
Influenza viruses were titrated on MDCK cells either in the
absence (for titration of HPAIV) or presence (for titration of
LPAIV) of I pug/ml of acetylated trypsin (Sigma-Aldrich, St. Louis,
MO). At 72 hours post infection (p.1.), the cells were washed with
PBS and fixed with 10% formalin containing 0.1% (w/v) crystal
violet. The plates were washed with tap water to remove excess
crystal violet and dried. If LPAIV did not induce obvious
cytopathic effects, infected cells were visualized by immunostain-
ing with an anti-NP monoclonal antibody (clone H16-L10-4R5;
ATCC, HB-65) according to a previously published protocol [26].
Virus titers were calculated according to the Spearman-Kirber
method [27,28] and expressed as 50% tissue culture infectious

doses (TCID5(/ml).

Construction of plasmids

The ¢cDNAs encoding HAp; of HPAIV A/chicken/Yamagu-
chi/7/2004 (clade 2.5) and LPAIV A/duck/Hokkaido/Vac-1/
2004 (classical clade) were kindly provided by Y. Sakoda, Sapporo,
Japan (EMBL/GenBank accession numbers GU186708 and
AB259712, respectively). To obtain the cDNA of HAyy, total
RNA was extracted from MDCK cells infected with A/duck/
Italy/1447/2005 (HINI1) and reverse transcribed with the
RevertAid reverse transcriptase (MBI Fermentas) using the
Unil2 oligonucleotide primer [29]. The cDNA of viral RNA
segment 4 was amplified with universal primers as described
previously [30], ligated into the pJET2.1 plasmid (MBI Fermentas)
and sequenced (EMBL/GenBank accession number HF563054).
Chimeric H5/H1 and H1/H5 hemagglutinins were constructed
with the cDNAs of A/chicken/Yamaguchi/7/2004 (H5N1) and
A/duck/Italy/1447/2005 (HINI) according to a published
strategy [31]. The HAps; and HAgy; globular head domains
comprising amino acids 42-274 (numbering based on the mature
HA\yy5 protein) were assembled into the heterologous HAp, and
HAg5 backbones using fusion PCR technology [32].

For generation of recombinant VSV replicon particles, HA
genes were amplified by PCR and inserted into the pVSV*
plasmid using single Mul and BstEII restriction sites upstream and
downstream of the fourth transcription unit, thereby replacing the
VSV G gene [21]. The resulting plasmids are referred to as
pVSV*AGHAs5 11p), pVSVFAGHA51p), pVSV*AGHAR,),
pVSV*AGHARW;,11), and pVSV*AG(HAR,,/15). HA sequences
were confirmed by Sanger sequencing.

Generation of recombinant VSV replicon particles

VSV replicon particles (VRPs) were generated as described
previously [33]. Briefly, BHK-G43 cells were infected with
recombinant MVA-T7 virus expressing T7 RNA polymerase
[34] and subsequently transfected with pVSV*AG(HA) along with
three plasmids driving T7 RNA polymerase-mediated expression
of the VSV proteins N, P, and L. Expression of the VSV G protein
was induced by adding mifepristone (Sigma; final concentration
1077 M) to the cell culture medium. At 24 hours post transfection,
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the cells were detached with trypsin, seeded into T-75 flasks along
with an equal number of fresh BHK-G43 cells, and further
incubated at 37°C for 24 hours in the presence of mifepristone.
The cell culture supernatant was clarified by low-speed centrifu-
gation and passed through a 0.20 um pore filter. The replicon
particles were propagated on mifepristone-induced BHK-G43
cells and stocks were stored at —70°C. All VRPs were titrated on
BHK-21 cells in 96-well microtiter plates. Infectious titers were
expressed as fluorescence-forming units per milliliter (ffu/ml).

Inactivation of VRPs was performed with a GS Gene Linker
UV Chamber (Bio-Rad). A volume of 1 ml of VRP stock was
placed into a 35-mm dish and irradiated with UV light (365 nm)
corresponding to a total energy of 1.0 Joule. To check for
successful inactivation, UV light-treated and non-treated VRPs
were added to BHK-21 cells for 8 hours and eGFP expression
monitored by fluorescence microscopy.

Immunofluorescence and flow cytometric analysis

Vero cells grown on 12-mm-diameter cover slips were
inoculated  for 90 minutes  with  either =~ VSV*AG,
VSV*AGHAps5.3p) or VSV*AGHAps5.1p) using a multiplicity
of infection (MOI) of 3 ffu/cell, and further incubated at 37°C. In
some experiments, the cells were treated with trypsin and exposed
to pH 5.4 prior to immunofluorescence analysis (see below). Cells
were fixed at 6-8 hours p.i. with 3% paraformaldehyde for
20 minutes and then washed with PBS containing 0.1 M glycine.
The cells were subsequently incubated with swine anti-H5N1
serum (1:250; kindly provided by Lisa Harwood, IVI Mittelhau-
sern, Switzerland) and anti-swine IgG antibody conjugated with
rhodamine (1:500; Rockland, Gilbertsville, PA). Finally, the cells
were counterstained for 5 minutes at 37°C with 4',6-diamidino-2-
phenylindole (DAPI; Sigma; 0.1 pg/ml in ethanol), washed with
distilled water, and embedded in Mowiol 4-88 (Sigma) mounting
medium.

For flow cytometric analysis of HA expression, BHK-21 cells
were infected with recombinant VRPs using an MOI of 3 ffu/cell.
The cells were suspended at 6 hours p.i. in PBS containing 0.5%
bovine serum albumin, incubated for 20 minutes at 4°C with
chicken anti-H1 or anti-H5 immune serum (1:100 each), and
washed with PBS. Cells were incubated for 20 minutes at 4°C with
goat anti-chicken IgY secondary antibody conjugated with Alexa
546 (1:200, Life Technologies, Carlsbad, CA). The cells were
washed and fluorescence was measured with a FACSCalibur
cytometer (Becton Dickinson, Franklin Lakes, NJ) and analyzed
with the Flow]Jo software (Treestar Inc., Ashland, OR).

Western blot analysis

Confluent MDCK cells in T-75 cell culture flasks were
inoculated for 90 minutes at 37°C with 10 ml of MEM containing
10° TCID5, of A/duck/Hokkaido/Vac-1/2004 (H5N1) and
further incubated in serum-free MEM in the presence of 1 ug of
acetylated trypsin/ml. At 24 hours p.i., the cell culture superna-
tant was harvested and clarified by low-speed centrifugation.
Influenza virus was pelleted through a 25% (w/w) sucrose cushion
by ultracentrifugation at 105,000 x g (60 minutes, 4°C). The virus
pellet was suspended in 100 pl of milli() water and the protein
content determined with the BCA protein assay kit (Pierce —
Thermo Fisher Scientific). Virus proteins were dissolved in sodium
dodecyl sulfate (SDS) sample buffer with or without 5% (v/v) B-
mercaptoethanol, separated (2 pg protein/lane) by SDS 10%
polyacrylamide gel electrophoresis (PAGE), and transferred to
nitrocellulose membranes by semi-dry blotting [35]. The nitrocel-
lulose membranes were blocked overnight at 4°C with Odyssey
Blocking Reagent (LI-COR Biosciences, Lincoln, NE) diluted 1:2
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with PBS. For immunodetection, the membranes were subse-
quently incubated with primary (chicken immune sera, 1:5000)
and secondary antibodies (IRDye 800CW donkey anti-chicken
IgY, 1:10,000), diluted in Odyssey Blocking Reagent/PBS (1:2).
The membranes were washed with PBS supplemented with 0.1%
Tween-20 and finally with detergent-free PBS. The Western blots
were imaged with the Odyssey Infrared Imaging System (LI-
COR).

Animal trials

Specific pathogen-free (SPY) white Leghorn chickens were
obtained from the Institute of Virology and Immunology (IVI,
Mittelhausern, Switzerland) breeding flock. Animals (n =5) were
immunized intramuscularly (i.m.) 4 weeks after hatch by injecting
cell culture supernatant containing the indicated VRPs (4x10°
ffu/ml or less) into both the left and right breast muscle (250 ul
each). The animals were kept for 3 weeks employing deep litter
management and “ad lbitum” access to feed and water. At 7 weeks
of age, chickens were either immunized a second time or were left
untreated. The chickens were challenged at 9 weeks of age with A/
whooper swan/Mongolia/3/2005 (H5N1) via the nasal route
using 10° TCID; diluted in 100 ul PBS. Following infection, the
animals were kept in cages (5 animals per cage) and surveyed daily
for clinical signs of disease. A clinical scoring system was used as
described previously [21]. At 14 days post infection, all surviving
animals were euthanized. For transmission studies, 3 sentinel
animals were housed together with 3 infected chickens starting
from day 1 post infection (two cages with total 6 primary infected
and 6 contact chickens were used for each transmission
experiment). All experiments with HPAIV H5N1 were performed
in compliance with biosafety level 3.

Whole virus inactivated vaccine

The LPAIV  A/duck/Hokkaido/Vac-1/2004 (H5N1) was
passaged in MDCK cells in the presence of acetylated trypsin
(1 pg/ml). The virus was pelleted from the cell culture supernatant
by ultracentrifugation (105,000x g, 60 minutes, 4°C), suspended
in PBS and incubated with paraformaldehyde (0.5% final
concentration) overnight at 4°C. The virus preparation was
diluted with 25 volumes of PBS containing 0.1 M glycine, pelleted
by ultracentrifugation as above and suspended in PBS. The total
protein content was estimated by the BCA protein assay kit
(Pierce). Equal volumes of inactivated virus suspension and ABM-
S adjuvant (Linaris, Bettingen, Germany) were mixed and directly
used for intramuscular immunization of chickens. Each animal
received 2 injections (250 pl each) corresponding to 5 pg total
protein. After 3 weeks, the animals were boosted with the same
vaccine and dose.

Analysis of virus shedding by qRT-PCR

Oropharyngeal and cloacal swabs were daily collected from
infected chickens for seven days p.i., suspended in 2 ml of MEM
medium and stored at —70°C. Total RNA was extracted from the
samples using the NucleoSpin 96 Virus kit (Macherey-Nagel AG,
Diiren, Germany). For detection of viral RNA, a quantitative real-
time RT-PCR based on the amplification of the conserved viral
RNA segment 7 was performed in triplicates employing eGFP as
internal control [36,37].

Serological tests
Hemagglutination (HA), hemagglutination inhibition (HI), and

virus neutralization tests were performed according to guidelines
of the OIE World Organization of Animal health (http://web.oie.
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int/eng/normes/en_mmanual.htm). Detection of anti-HAp; an-
tibodies by cELISA was performed using the FlockCheck® kit
according to the manufacturer’s protocol IDEXX Laboratories,
Liebefeld, Switzerland). Anti-NP antibodies were detected with a
commercially available cELISA (ID-Vet, Montpellier, France).

Syncytia formation assay

Vero cells were grown on glass cover slips (12-mm in diameter)
and infected with either VSV*AGHAps5.1p), VSVFAGHA,),
VSV*AGHAx /15), or VSVFAG(HAR;,111) using an MOT of 1
flu/cell. At 5 hours pi. with either VSV*AG(HApy,) or
VSV*AG(HAs,m1), cells were treated for 1 hour at 37°C with
trypsin (10 pg/ml) in order to activate HA. At 6 hours p.i., all
infected cells were incubated for 30 minutes at 37°C with serially
diluted chicken immune sera (heat-inactivated for 30 minutes at
56°C) or monoclonal antibody clone C179 (Takara Bio Europe/
SAS, Saint-Germain-en-Laye, France) and subsequently exposed
for 5 minutes to pH 5.4 in order to trigger the fusion process.
Subsequently, cells were incubated in DMEM with 5% FBS for
2 hours at 37°C and fixed overnight at 4°C with 3% paraformal-
dehyde in PBS. Finally, the nuclei were stained with DAPI
(5 minutes, 37°C), washed with distilled water, and embedded in
Mowiol 4-88 mounting medium. Infected cells were imaged using
an inverted fluorescence microscope (Cell Observer, Zeiss, Jena,
Germany). For each experiment a total of 300 to 400 nuclei were
counted. The number of nuclei in syncytia per total number of
nuclei was calculated and expressed as percent fusion rate (%).
The quotient formed by the fusion rate in the presence of HA-
specific antibody and the fusion rate in presence of pre-immune
serum was calculated and expressed as percent fusion inhibition
rate (%).

Statistical analysis

Mean values and standard deviations were calculated where
indicated. Statistical analysis was performed using the unpaired t-
test. P<<0.05 was considered significant.

Results

Generation of RNA replicon particles expressing
functionally active H5 hemagglutinin

Non-transmissible vesicular stomatitis virus (VSV) vectors were
generated by replacing the VSV glycoprotein G gene with either
the hemagglutinin (HA) gene of A/chicken/Yamaguchi/7/2004
(H5NT1), a highly pathogenic avian influenza virus (HPAIV), the
HA gene of A/duck/Hokkaido/Vac-1/2004 (H5NI1), a low-
pathogenic avian influenza virus (LPAIV) [24], or the enhanced
green fluorescent protein (eGFP) gene (Fig. 1a). To facilitate virus
detection and titration, the eGFP reporter protein was expressed
from an additional transcription cassette downstream of the HA
genes. The resulting viruses, VSV*AGHARj5.1p),
VSV*AG(HAp;5.1p), and VSV*AG were propagated on helper
cells providing the VSV G glycoprotein i trans. Virus titers of 2—
5%10% fluorescence forming units (ffu) per ml of cell culture
supernatant were usually attained. The trans-complemented
particles were able to infect a broad spectrum of different avian
and mammalian cell lines [33]. However, in accordance with our
previous observation that HA does not substitute for VSV G
protein functions [21], these cells did not release progeny virus
(data not shown). We therefore refer to the VSV G protein-
complemented, propagation-incompetent viral vectors as to virus
replicon particles (VRP).

To study the expression of recombinant HA, Vero cells were
infected with VRPs and analyzed by immunofluorescence using
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Figure 1. Expression of functional hemagglutinin (HA) with
recombinant VRPs. (a) Genome maps of recombinant VSV: the
parental VSV genome contains five transcription units encoding for the
nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein
(G), and the large RNA polymerase (L). VSV*AG lacks the glycoprotein G
gene but contains the eGFP gene instead (the asterisk denotes for
eGFP). VSV*AG(HA) expresses the influenza virus HA from the fourth
gene position while eGFP is expressed from an additional transcription
unit downstream of HA. (b) Immunofluorescence analysis of Vero cells
8 hours p.i. with either VSV*AG, VSV*AG(HAys.1p) or VSV*AG(HAYsp).
At 5 hours p.. with VSV*AG(HAys.p), the cells were treated for
60 minutes with trypsin (+T) or were left untreated (—T). Thereafter,
the cells were exposed for 5 minutes to either pH 5.4 or pH 7.4,
incubated for 60 minutes at 37°C with normal medium, fixed with
formalin, and finally processed for immunofluorescence using a swine
antiserum to HAys (red fluorescence). Nuclei were stained with DAPI
(blue fluorescence). Expression of eGFP is indicated by green
fluorescence. Scale bar represents 20 pm.
doi:10.1371/journal.pone.0066059.g001

swine anti-HAps immune serum. HA was detected at the cell
surface 6 hours post infection (p.i.) with either VSV*AGHAQ5_1p)
or VSV¥AG(HAy5.1p), whereas VSV*AG-infected control cells
remained negative for HA (Fig. 1b). When cells infected with
VSV*AG(HAps5.3p) were briefly exposed to pH 5.4, they started
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to form large syncytia as a consequence of HA-mediated cell-cell
fusion. In case of VSV*AG(HApys.1p), fusion did not take place
unless the cells were treated with exogenous trypsin (Fig. 1b,
lower panel). These results indicate that the recombinant HAs
were expressed at the cell surface in their functionally active
conformation.

VSV*AG(HA) protects chickens from lethal infection with

heterologous H5N1

To assess whether vaccinated animals would be protected
against challenge infection with highly pathogenic H5N1 virus,
specific pathogen-free (SPF) chickens at 4 weeks of age were
immunized  intramuscularly  (im.  with  adjuvant-free
VSV*AG(HAp;5.»p) particles using doses of 2x10°% 2x107, or
2x10® flu. Control animals received VSV*AG particles (2x10°
ffu). A second control group was immunized with UV light-
irradiated VSV*AG(HAps5 1qp). At 7 weeks of age, the chickens
received a second dose of the vaccine or were left untreated. No
adverse effects due to vaccination were observed. Sera were
collected from chickens at 9 weeks of age and were tested for virus
neutralizing antibodies against A/whooper swan/Mongolia/3/
2005/ (H5N1) (Table 1). Sera from chickens that had been
vaccinated with the control vector VSV*AG remained negative for
neutralizing antibodies. In contrast, all chickens immunized once
with 2x10% ffu of VSV*AGHAps5.3p) produced neutralizing
antibodies. Antibody titers ranged from 140 to 1350 ND;y/ml
After booster immunization, serum antibody titers increased
significantly (p<<0.05) and ranged between 9050 and 51200
NDs(/ml, indicating that a second vaccine application can
effectively strengthen the immune response. In contrast, chickens
immunized twice with UV light-treated VSV*AGHAp;.»p) did
not respond, indicating that replication/transcription of the
replicon genome 1is crucial for triggering the immune response.
When chickens were immunized twice with a tenfold lower dose
(2><107 ffu) of VSV*AG(HAps.pp), only 2 out of 5 chickens
showed neutralizing antibody titers above 100 ND;o/ml. All
animals receiving a single immunization with 2x10” ffu or 2
immunizations with 2x10° fflu had antibody titers below 100
NDjso/ml. These findings suggest that the VRP-based vaccine
operates in a dose-dependent manner and has a strong boosting
effect if applied a second time.

RNA Replicon Vaccine for Avian Influenza Viruses

Immunized chickens were infected via the intranasal route with
10° TCIDs, of HPAIV A/whooper swan/Mongolia/3/2005
(H5N1). All animals immunized with VSV*AG succumbed to
infection (mean time to death 2.3 d) (Fig. 2a). Likewise, chickens
were not protected if they were vaccinated with lower doses of
VSV*AG(HA;5.4p), ie. 2 immunizations with 2x10° fiu or a
single immunization with 2x107 ffu. The mean times to death
were 2.8 d and 3.4 d, respectively. Animals vaccinated twice with
2x107 ffu were partially protected (mean time to death 5 d).
Surviving animals in this group showed signs of disease (Fig. 2b).
In contrast, all animals immunized with 2x10° flu of
VSV*AG(HApAnp), either once or twice, were completely
protected and did not show any clinical symptoms (Fig. 2a, b).
This indicates that immunization with a single high-dose VRP
vaccine provides a more robust protection than a low-dose vaccine
applied twice.

Analysis of oropharyngeal and cloacal swabs by quantitative
RT-PCR showed that secretion of challenge virus was abolished
when the chickens received a high dose 2x10° ffu) of
VSV*AGHApanp) (Fig. 2c,d). A single application of the
vaccine appeared to be as efficient as a prime/boost application.
In contrast, lower vaccine doses did not prevent virus shedding
even when applied twice. In order to confirm these results, virus
transmission experiments employing naive contact chickens were
performed (Table 2). At first, chickens were vaccinated twice with
2x10° flu of either VSV*AG or VSV*AG(HApa.p) and
challenged with A/whooper swan/Mongolia/3/2005 (H5N1). At
day 1 post infection, naive contact chickens were co-housed with
the infected animals. Sentinel chickens died 2 days later if they
were kept together with VSV*AG-immunized chickens, indicating
that challenge virus was efficiently transmitted from the control
animals. In contrast, all sentinels housed together with
VSV*AG(HAps.1p)-vaccinated chickens remained healthy and
did not seroconvert to influenza virus NP antigen. Infected animals
were easily discriminated from vaccinated ones by employing two
commercially available ELISA tests for the detection of NP and
HA antibodies, respectively (Table 2). Although vaccinated
animals were clinically protected from challenge infection and
did not secrete virus, five of six animals seroconverted to NP
antigen, indicating that limited virus replication occurred.

Table 1. Virus neutralizing activity of serum antibodies from vaccinated SPF chickens.

NDso/mlI?

Chicken no.

Number of
VRP? immunizations Vaccine dose (ffu) #1 #2 #3 #4 #5
VSV*AG 2 2x108 <100 <100 <100 <100 <100
VSV*AG(HAys.14p) (UV-irradiated) 2 - <100 <100 <100 <100 <100
VSV*AG(HAys1p) 1 2x108 1350 400 141 283 200

2 2x108 12800 51200 9050 9050 9050
VSV*AG(HAs.1p) 1 2x107 <100 <100 <100 <100 <100

2 2x107 283 141 <100 <100 <100
VSV*AG(HAWs-1p) 2 2x10° <100 <100 <100 <100 <100

PBlood was collected from vaccinated chickens at 9 weeks of age.

doi:10.1371/journal.pone.0066059.t001

PLOS ONE | www.plosone.org

aSPF chickens were immunized (i.m.) once or twice with the indicated doses of either VSV*AG or VSV*AG(HAus.1p)-

Serum was prepared and inactivated for 30 minutes at 56°C. Virus neutralisation assays were performed with HPAIV A/whooper swan/Mongolia/3/2005 (H5N1).

June 2013 | Volume 8 | Issue 6 | e66059



RNA Replicon Vaccine for Avian Influenza Viruses

(@) Survival (b)  Clinical symptoms
100 3-
)
& 3
© 50 2
S 8
> £ 1
] [&]
0 2 4 6 8 0 2 4 6 8
days p.i. days p.i.
(c) Oropharyngeal shedding (d) Cloacal shedding
25+ 25 -
20 - u 20
-] = m @
. L B 5
O 15- gt m O 15+ - B
1 (] !
< 10- 2 10
51 5
1357 1357 1357 1357 1357 1357 1357 1357 1357 1357 1357 1357
days p.i. days p.i.

2x108 ffu, prime/boostg
2x108 ffu, prime
2x107 ffu, prime/boost — VSV*AG(HA ,,»)

2x107 ffu, prime

2x1068 ffu, prime/boost__

O 2x108 ffu, prime/boost} VSV*AG

Figure 2. VSV replicon vaccines protect chickens from HPAIV challenge in a dose-dependent manner. Chickens (group size n=>5) were
immunized (i.m.) once or twice with VSVAG(HAs.1p) Using the indicated doses and subsequently challenged by intranasal inoculation with 10°
TCIDso of A/whooper swan/Mongolia/3/2005 (H5N1). The animals were surveyed daily for survival (a) and clinical symptoms (b). The animals were
scored as follows: (0) healthy, (1) ill (animals show one of the following symptoms: apathy, ruffled feather, anorexia, diarrhea, cyanosis of the exposed
skin, comb and wattles, edemas of the face and/or head, neurological symptoms), (2) severely ill (severe or more than one of the symptoms
mentioned above), and (3) dead. A daily clinical index representing the mean value of all chickens per group was calculated. For analysis of virus
shedding oropharyngeal (c) and cloacal (d) swabs were taken from each animal at daily intervals for a period of 8 days post infection. RNA was
extracted from the swabs and analyzed for the presence of viral RNA segment 7 by quantitative RT-PCR.

doi:10.1371/journal.pone.0066059.g002

VSV*AG(HA) induces antibodies with broadly antibodies resulting in reduced or even total loss of neutralizing
neutralizing activity activity. To assess the range of neutralizing activity of chicken
immune sera, we performed virus neutralization tests with a panel
of H5 viruses belonging to different phylogenetic clades. Chickens
vaccinated with VSV*AG(HAy5.yp) developed antibodies direct-

Neutralizing antibodies often interfere with the receptor-binding
activity of HA by binding to epitopes in the globular head domain
[38]. Minor changes in these epitopes may affect binding of
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ed against the HAps antigen of A/chicken/Yamaguchi/7/2004
(clade 2.5), which efficiently neutralized all H5 isolates tested
(Table 3). Chickens immunized with VSV*AG(HAp;5.1p) pro-
duced antibodies directed to the HAp; antigen of A/duck/
Hokkaido/Vac-1/2004 (classical clade). These antibodies were
also capable of neutralizing the whole spectrum of H5 isolates.
However, viruses of clades 1, 2.2, and 2.5 were neutralized with
lower efficacy than viruses belonging to the classical clade
(p<<0.05). Compared to the VSV*AG(HApsp) vaccine, the
inactivated A/duck/Hokkaido/Vac-1/2004 vaccine induced even
lower levels of neutralizing antibodies against viruses of clades 1,
2.2, and 2.5. Interestingly, immune sera from chickens vaccinated
with live A/duck/Hokkaido/Vac-1/2004 neutralized all viruses of
the classical clade but failed to neutralize viruses belonging to
clades 1, 2.2, or 2.5. This indicates that A/duck/Hokkaido/Vac-
1/2004 HAys is antigenically distinct and less related to the HAyys
antigen of clades 1, 2.2, or 2.5.

Chicken immune sera bind to both HA subunits

Neutralizing antibodies may be directed either to the globular
head domain, which is part of the HA; subunit, or to the
conserved stalk domain [39]. To see which part of the HA
molecule is recognized by the chicken immune sera, the A/duck/
Hokkaido/Vac-1/2004 (H5N1) vaccine strain was grown on
MDCK cells in the presence of trypsin, pelleted from the cell
culture supernatant by ultracentrifugation, and separated by SDS
polyacrylamide gel electrophoresis under non-reducing as well as
reducing conditions. Western blot analysis with chicken immune
sera from all four vaccine groups showed that the subunits HA,
and HA, were recognized equally well (Fig. 3). Quantitative
fluorescence signals showed that the chicken immune sera bound
with higher affinity (approx. 4-fold) to the non-reduced HA than to
the reduced one. The intact disulfide bonds most likely prevented
entire denaturation of HA, facilitating the binding of conforma-
tion-dependent antibodies.

Chicken immune sera inhibit fusion activity of chimeric
HA

In order to map the neutralizing activity of chicken immune
sera to either the globular head or the stalk region of HA, chimeric
HA\y, /115 was constructed by replacing the globular head region in
the HA of A/chicken/Yamaguchi/7/2004 (H5N1) with the
corresponding region from A/duck/Italy/1447/2005 (HINI)
(Fig. 4a). The complementary HApyj5,41; protein was generated

swan/Mongolia/3/2005 (H5N1).

RNA Replicon Vaccine for Avian Influenza Viruses

by replacing the HA globular head region from A/duck/Italy/
1447/2005 (HIN1) with the corresponding domain from A/
chicken/Yamaguchi/7/2004 (H5N1). The chimeric HA genes as
well as the authentic HAp, were cloned into the VSV*AG vector
and VRPs produced on helper cells. Expression of the recombi-
nant HAs was studied in BHK-21 cells 6 hours post infection.
Flow cytometric analysis revealed that both HApy, and HAy/p15
were recognized by anti-HAgy; but not by anti-H5 serum. Vice
versa, anti-HA; serum bound to HAps5 and chimeric HAp5 /1,
glycoprotein but neither to HAg; 115 nor to HAy, (Fig. 4b).

Chicken immune sera were tested for their ability to inhibit low
pH-triggered syncytia formation [40]. At first, Vero cells were
infected with VRPs expressing either HAp5 gp, HA, HAps, 1,
or HAg;/m5. In the case of HAy; and HAys, 1, the cells were
treated with trypsin 5 hours p.1. in order to proteolytically activate
HA at the cell surface. Subsequently, the cells were briefly exposed
to pH 5.4 to trigger the fusion process. All four HA glycoproteins
were able to induce syncytia, indicating that the chimeric
glycoproteins HAgy 15 and HApgs,411 were functionally active
(Fig. 4c). Fusion activity was not inhibited if the cells were
incubated with chicken anti-NAy; immune serum, whereas the
cross-subtypic monoclonal antibody C179 [40-42] inhibited all
four HAs, the authentic as well as the chimeric ones (Table 4).
Anti-HAp; immune sera from VSV*AG(HAys.p)-vaccinated
chickens specifically inhibited syncytia formation mediated by
HAps.up and HAys,/4;, but did not affect fusion mediated by
HAy, /15 and HAyy, (Fig. 4c, Table 4). Correspondingly, anti-
HAyy, serum inhibited fusion triggered by HAp, 115 and HAyy,
whereas this serum did not inhibit the fusion activity of HAys gp
and HAyy5,1,. These results suggest that the neutralizing activity
of the chicken immune sera tested is predominantly directed
against the HA globular head domain. The antigenic sites in this
domain have previously been identified [43,44].We compared the
amino acid residues at these sites for 6 different H5 viruses used in
this study (Table 5). It turned out that low-pathogenic H5 viruses
belonging to the classical clade are antigenically more distinct from
A/Yamaguchi/7/2004 (clade 2.5) than the viruses of clades 1 and
2.2.

Discussion

The H5N1 epizootics, which started in Guangdong in 1996, has
killed or resulted in culling of more than 250 million domestic and
wild-living birds in 63 countries [13]. As part of their control
strategy, several countries implemented vaccination programs

Table 2. Survival rate and seroconversion of vaccinated and sentinel SPF chickens following challenge infection with A/whooper

Survival rate and seroconversion of chickens®

Transmission experiment 1

Transmission experiment 2

VSV*AG sentinel VSV*AG (HAus.Lp) sentinel
Survival 0 0 6 6
Sero-conversion (NP) pre- challenge 0 0 0 0
post- challenge NA NA 5 0
Sero-conversion (HALs)  pre- challenge 0 0 6 0
post- challenge NA NA 6 0

doi:10.1371/journal.pone.0066059.t002

PLOS ONE | www.plosone.org

SPF chickens (n=6) were immunized twice with either VSV*AG or VSV*AG(HAys.1p) and subsequently challenged with A/whooper swan/Mongolia/3/2005 (H5N1).
At 1 day post challenge, sentinel birds (n=6) were housed along with the infected chickens. The animals were serologically tested directly before infection and 12 days
post infection for the presence of NP and HAys antibodies, respectively. The number of surviving and seropositive animals are shown. NA, not applicable.
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Table 3. Virus neutralizing activity of immune sera from SPF chickens following vaccination with either VRPs, inactivated virus, or

Virus neutralization titers (NDso/ml) following immunization with®

Inactivated Vac-1/04 Live Vac-1/04

Virus Clade VSV*AG (HAps 1p) VSV*AG (HAus.L.p) (H5N1) (H5N1)
A/Vietnam/1194/2004 (H5N1) 1 2260 2'260 560 <100
A/chicken/Yamaguchi/7/2004 (H5N1) 25 12'800 1350 670 <100
A/whooper swan/Mongolia/3/2005 (H5N1) 22 6’400 1350 470 <100
A/Cygnus olor/Italy/742/2006 (H5N1) 22 10’800 4'550 280 <100
A/duck/Hokkaido/Vac-1/2004 (H5N1) - 21300 72'800 72'400 21’500
A/duck/Potsdam/1402/1986 (H5N2) - 9'050 30800 6'400 800
A/duck/Potsdam/2216/84 (H5N6) - 5'400 21’300 4’530 1130
A/duck/Potsdam/619/85 (H5N2) = 10'750 36'200 21'520 2'260
A/ostrich/Germany/R5-10/03 (H5N2) - 16'400 15'750 21280 1'640
A/mallard/Féhr/Wv1310-13/03 (H5N2) - 10’800 18100 9'050 960
A/teal/Féhr/Wv1378-79/03 (H5N2) - 3800 6'400 21'528 1'340

aSPF chickens were immunized with four different vaccines.

doi:10.1371/journal.pone.0066059.t003

mainly employing inactivated influenza virus vaccines. Although
these vaccination programs reduced the burden of H5N1, vaccine
failure due to antigenic drift remained a problem [45,46].
Moreover, secretion of antigen-drifted field virus from vaccinated
animals represents a considerable risk for unnoticed virus spread,
especially as inactivated vaccines normally do not comply with the
DIVA principle. Thus, there is a need for safe and broadly
protective DIVA vaccines which can be rapidly adapted if new
strains emerge.

Recently, we have demonstrated that propagation-incompetent
replicon particles expressing the HAy; antigen of A/chicken/
Rostock/8/1934 (H7N1) provided full protection against infection
with A/chicken/Italy/445/1999 (H7N1), even though the latter

VSV*AG(HAWs.1p) and VSV¥AG(HAys. p) were applied intramuscularly without adjuvant using 2 x108 ffu for both the primary and booster immunization. Inactivated A/
duck/Hokkaido/Vac-1/04 (H5N1) was formulated with adjuvant and applied two times via the intramuscular route. Live A/duck/Hokkaido/Vac-1/04 (H5N1) was applied
one time via the intratracheal route using 10” TCIDso. Serum was prepared from 4 to 5 animals per group and pooled. Virus neutralization tests were performed with the
viruses listed in the left column. Neutralization titers obtained with homologous virus are underlined.

virus was isolated 65 years after the former [21]. In this study, we
showed that propagation-incompetent VRPs expressing HA s p1p
(clade 2.5) can confer complete protection from lethal infection
with heterologous H5N1 (clade 2.2). In addition, the serum
antibodies induced by this vaccine also neutralized A/Vietnam/
1194/2004 (clade 1) as well as several low-pathogenic H5 viruses
representing the classical clade. Vice versa, VRPs encoding the
HA51p antigen of A/duck/Hokkaido/Vac-01/2004 (classical
clade) induced serum antibodies capable of neutralizing viruses of
clades 1, 2.2, and 2.5, although the vaccine antigen differed from
the HA of the latter viruses at several antigenic sites (see Table 5).
In contrast, immune sera from chickens immunized with live A/
duck/Hokkaido/Vac-01/2004 failed to neutralize viruses of clades

chicken chicken
chicken chicken  anti-HA . . anti-HA _
M (kDa) anti-HA.. anti-HA . (live (whole virus
r ( ) (VRP) (VRP) attenuated) inactivated)
150— Ll 3 [T}
75—
90— . o . - . - - Eﬁ”
d £3
37— 1
25— -
L 2 - HA2
BMe: - + - + - + -+

Figure 3. Western-blot analysis of purified LPAIV particles with different chicken immune sera. A/duck/Hokkaido/Vac-01/2004 (H5N1)
was grown on MDCK cells in the presence of trypsin and pelleted from the cell culture supernatant by ultracentrifugation. The virus particles were
separated by SDS-PAGE under non-reducing (— BME) or reducing (+ BME) conditions and blotted onto a nitrocellulose membrane. HA antigen was
detected with the chicken immune sera indicated on top of the blot. The positions of marker proteins of known molecular masses are indicated on
the left, the positions of the HA subunits on the right hand side.

doi:10.1371/journal.pone.0066059.g003
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Figure 4. Inhibition of HA-mediated syncytia formation by chicken immune sera. (a) Diagrams of chimeric hemagglutinins. The chimeric
H1/H5 hemagglutinin was constructed by swapping the globular head domain located between C42 and C274 of A/chicken/Yamaguchi/8/2004
(H5N1) HAys (grey) with that of the corresponding region from A/duck/Italy/1447/2005 (H1N1) HAy, (green). The chimeric H5/H1 hemagglutinin was
constructed accordingly by replacing the HA; globular head domain with the corresponding HAps domain. The proteolytic cleavage site (arrow),
fusion peptide (FP) and transmembrane (TM) domain are indicated. (b) Flow cytometric analysis of BHK-21 cells expressing parental and chimeric HAs.
Cells were infected with either VSV*AG (blue graphs) or VRPs expressing the indicated HAs (red graphs). At 6 hours p.i,, cells were stained with
chicken immune sera specific for either HAys or HAy; and goat anti-chicken IgY Alexa-546 conjugates. (c) Inhibition of syncytia formation. Vero cells
were infected with VRPs expressing the indicated HAs using an MOI of 5 ffu/cell. At 5 hours p.i., cells were treated for 60 minutes with acetylated
trypsin to proteolytically activate HAy; and HAys 1. At 6 hours p.i, the cells were incubated for 30 minutes at 37°C with the indicated chicken
immune sera (diluted 1:20 in MEM), exposed for 5 minutes at 37°C to pH 5.4, further incubated in medium for 2 hours, and fixed with
paraformaldehyde. The nuclei were stained with DAPI (blue fluorescence). Expression of eGFP is indicated by green fluorescence. Scale bar represents
20 um.

doi:10.1371/journal.pone.0066059.g004

1, 2.2, or 2.5, although it neutralized related viruses of the same conventionally vaccinated animals (DIVA). The VRP vaccine fully
clade. This indicates that the VRP vaccine has a higher potential complies with the DIVA principle because it only encodes for the
than the live-attenuated vaccine for inducing broadly neutralizing influenza virus HA antigen [21]. This enabled us to distinguish
antibodies. Likewise, propagation-incompetent VSV  replicon between infected and vaccinated animals by taking advantage of a
particles expressing HAps were found to induce broadly commercially available cELISA for detection of NP antibodies.
neutralizing antibodies in mice, which provided long-term Vaccination with VRPs induced a protective immune response
protection against challenge infection with different phylogenetic in chickens although adjuvants were not employed. The efficacy of
clades of H3N1 [47]. Future studies must show whether the VRP the VRP vaccine may be attributed to three factors (i) efficient
vaccines will also protect chickens against H5N1 of clades 1.1, delivery of the recombinant RNA to cells, (ii) high level antigen
2.3.2.1, 2.3.4, and 7 that are presently circulating in Asia [48]. expression, and (iii) cytotoxicity of the vector. The replicon

Vaccines will contribute to the control of H5N1 epizootics only particles are coated with the VSV G protein which mediates
if they are able to significantly reduce virus transmission [49]. This binding of the particles to a common receptor, subsequent
goal may be achieved using inactivated influenza virus vaccines receptor-mediated endocytosis, and low pH-triggered membrane
[16,17,50]. However, there are also examples showing that fusion. In the cytosol, the viral RNA polymerase catalyzes several
mnactivated vaccines sometimes fail to prevent virus shedding, rounds of replication/transcription of the negative-strand RNA
especially if birds were immunized only once, or if the vaccine genome resulting in enormous amplification of the genetic
strain did not adequately match the HA antigen of the challenge information and high-level antigen expression. Replication/
virus [14,51]. Interestingly, vaccination of chickens with recom- transcription of the viral RNA genome is required to trigger the
binant VRPs expressing HAps.g1p (clade 2.5) abolished cloacal and immune system as recombinant VRPs did not induce an antibody
oropharyngeal shedding of A/whooper swan/Mongolia/3/2005 response to HA antigen when irradiated with UV light. By virtue
(clade 2.2). In addition, vaccination with VRPs expressing HAps. of the host shut-off activity of the VSV matrix protein, infected
rp (classical clade) prevented transmission of A/whooper swan/ cells are destined for apoptosis [52,53], which is generally regarded
Mongolia/3/2005 to sentinel birds housed in the same cage. In as non-immunogenic [54]. However, if the VRP vaccine is used at
these experiments, animals were immunized twice which resulted high doses apoptotic cells may not be cleared quickly enough,
in high titers of neutralizing serum antibodies. However, a single allowing secondary necrosis to take place. Necrotic cells are highly
vaccine dose was already sufficient to protect chickens against immunogenic, stimulating professional antigen-presenting cells
lethal infection with A/whooper swan/Mongolia/3/2005 and to due to the release of proinflammatory cytokines and chemokines
reduce virus shedding, despite significantly lower levels of [55]. These cells phagocytose necrotic cell debris, proteolytically
neutralizing serum antibodies induced. Further studies must show process the proteins, and finally present peptide epitopes to T
whether transmission to sentinels can be prevented if animals are lymphocytes. This process may explain why the VRP vaccine - in
vaccinated once. contrast to many inactivated vaccines - did not rely on adjuvant to

The prophylactic vaccination of poultry against H5 and H7 be immunogenic. Any risk of adverse effects due to the use of
viruses is not allowed in many countries. One reason for this policy adjuvants is therefore eliminated.

is the difficulty to serologically discriminate between infected and

Table 4. Fusion inhibitory activity of chicken immune sera.

Fusion inhibitory dose 50%?

VRP chicken anti-NAy; (VRP) chicken anti-HA,s (VRP) chicken anti-HAy; (VRP) mouse Mab C179
VSV*AG(HAps.1p) <10 213 (+92) <10 113 (+41)
VSV*AG(HAH1/15) <10 10 (£10) 60 (£23) 113 (%41)
VSV*AG(HAHs/H1) <10 133 (£46) 10 (£10) 226 (+83)
VSV*AG(HAW1) <10 <10 120 (*46) 293 (£122)

Vero cells were infected with the indicated recombinant VRPs using an MOI of 5 ffu/cell.

Five hours p.i., HAys,1 and HAy, were proteolytically activated with trypsin. Six hours p.i,, the cells were incubated with serial dilutions of the indicated chicken sera or
Mab C179, shortly exposed to pH 5.4 and incubated for 2 hours in normal medium prior to fixation. The serum dilution causing 50% inhibition of syncytia formation
was calculated. Mean values and standard deviations of three independent experiments are shown.

doi:10.1371/journal.pone.0066059.t004
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Previous work showed that recombinant HA does not
functionally substitute the deleted VSV G protein [21]. Therefore,
propagation of the vector in vaccinated animals is not possible and
this certainly contributes to the safety of the vaccine. Propagation-
incompetent VRP vaccines not only are avirulent, they are also
unable to revert to virulence. Another positive consequence of the
VSV G deletion is that the immunized animals do not produce
antibodies to the VSV G protein which could neutralize the VRPs
[47]. This allowed us to use the vaccine in homologous prime-
boost protocols. It should also be noted that VSV is not a natural
avian pathogen, thus eliminating the problem of preexisting
immunity to the vector.

Conventional inactivated influenza virus vaccines for use in
poultry are produced in embryonated chicken eggs. In case of a
new HPAIV epidemic millions of eggs have to be supplied at short
notice, which may be a problem given that eggs represent an
important protein source in many countries. In contrast, VRP
vaccines are propagated to high titers on helper cells which offers a
convenient way to produce vaccines in bulk. In addition, the
replicon vector represents a very flexible vaccine platform which
allows to instantly switch the antigen if this should be necessary.
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The intramuscular route of vaccination with VRPs was used
throughout this study. This vaccination turned out to be very
effective, however it is not useful for mass vaccinations in poultry
industry. Therefore, alternative routes of application are currently
being evaluated.

Acknowledgments

This work was performed by Stefan Halbherr in partial fulfillment of the
requirements for the PhD degree from the Universitiy of Bern (Graduate
School for Cellular and Biomedical Sciences). We thank Daniel Brechbiihl
for helping with the animal trials. We are grateful to Timm Harder (FLI,
Riems) and William Dundon (Legnaro, Italy) for providing influenza
viruses and Yoshihiro Sakoda (Sapporo, Japan) for providing viruses and
plasmids.

Author Contributions

Conceived and designed the experiments: SH TB GZ. Performed the
experiments: SH TB SL MT MBR GZ. Analyzed the data: SH GZ. Wrote
the paper: SH GZ.

2. Chen H (2009) H5N1 avian influenza in China. Sci China C Life Sci 52: 419—
427.

June 2013 | Volume 8 | Issue 6 | e66059



20.

21.

22.

24.

26.

27.

28.

. Klenk HD, Garten W (1994) Host cell proteases controlling virus pathogenicity.

Trends Microbiol 2: 39—43.

. Veits J, Weber S, Stech O, Breithaupt A, Graber M, et al. (2012) Avian influenza

virus hemagglutinins H2, H4, H8, and HI14 support a highly pathogenic
phenotype. Proc Natl Acad Sci U S A 109: 2579-2584.

. Webster RG, Govorkova EA (2006) H5N1 influenza—continuing evolution and

spread. N Engl J Med 355: 2174-2177.

. Matrosovich MN, Matrosovich TY, Gray T, Roberts NA, Klenk HD (2004)

Human and avian influenza viruses target different cell types in cultures of

human airway epithelium. Proc Natl Acad Sci U S A 101: 4620-4624.

. Gambotto A, Barratt-Boyes SM, de Jong MD, Neumann G, Kawaoka Y (2008)

Human infection with highly pathogenic H5N1 influenza virus. Lancet 371:
1464-1475.

. Fouchier RA, Schneeberger PM, Rozendaal FW, Broeckman JM, Kemink SA, et

al. (2004) Avian influenza A virus (H7N7) associated with human conjunctivitis
and a fatal case of acute respiratory distress syndrome. Proc Natl Acad Sci U S A
101: 1356-1361.

. Van Hoeven N, Pappas C, Belser JA, Maines TR, Zeng H, et al. (2009) Human

HA and polymerase subunit PB2 proteins confer transmission of an avian
influenza virus through the air. Proc Natl Acad Sci U S A 106: 3366-3371.

. Imai M, Watanabe T, Hatta M, Das SC, Ozawa M, et al. (2012) Experimental

adaptation of an influenza H5 HA confers respiratory droplet transmission to a

reassortant H5> HA/HINI virus in ferrets. Nature 486: 420—428.

. Herfst S, Schrauwen E]J, Linster M, Chutinimitkul S, de Wit E, et al. (2012)

Airborne transmission of influenza A/H5N1 virus between ferrets. Science 336:
1534-1541.

. Russell CA, Fonville JM, Brown AE, Burke DF, Smith DL, et al. (2012) The

potential for respiratory droplet-transmissible A/H5N1 influenza virus to evolve
in a mammalian host. Science 336: 1541-1547.

Swayne DE (2012) Impact of vaccines and vaccination on global control of avian
influenza. Avian Dis 56: 818-828.

. Poetri O, Bouma A, Claassen I, Koch G, Soejoedono R, et al. (2011) A single

vaccination of commercial broilers does not reduce transmission of H5N1 highly
pathogenic avian influenza. Vet Res 42: 74.

. Isoda N, Sakoda Y, Kishida N, Soda K, Sakabe S, et al. (2008) Potency of an

inactivated avian influenza vaccine prepared from a non-pathogenic H5N1
reassortant virus generated between isolates from migratory ducks in Asia. Arch
Virol 153: 1685-1692.

. van der Goot JA, Koch G, de Jong MC, van Boven M (2005) Quantification of

the effect of vaccination on transmission of avian influenza (H7N7) in chickens.
Proc Natl Acad Sci U S A 102: 18141-18146.

. Poctri ON, Bouma A, Murtini S, Claassen I, Koch G, et al. (2009) An

inactivated H5N2 vaccine reduces transmission of highly pathogenic H5N1
avian influenza virus among native chickens. Vaccine 27: 2864-2869.

. Capua I, Cattoli G, Marangon S (2004) DIVA-a vaccination strategy enabling

the detection of field exposure to avian influenza. Dev Biol (Basel) 119: 229-233.

. Capua I, Schmitz A, Jestin V, Koch G, Marangon S (2009) Vaccination as a tool

to combat introductions of notifiable avian influenza viruses in Europe, 2000 to
2006. Rev Sci Tech 28: 245-259.

Gambaryan AS, Lomakina NF, Boravleva EY, Kropotkina EA, Mashin VV, et
al. (2012) Comparative safety, immunogenicity, and efficacy of several anti-
H5NI influenza experimental vaccines in a mouse and chicken models (Testing
of killed and live H5 vaccine). Influenza Other Respi Viruses 6: 188-195.
Kalhoro NH, Veits J, Rautenschlein S, Zimmer G (2009) A recombinant
vesicular stomatitis virus replicon vaccine protects chickens from highly
pathogenic avian influenza virus (H7N1). Vaccine 27: 1174-1183.

Hanika A, Larisch B, Steinmann E, Schwegmann-Wessels C, Herrler G, et al.
(2005) Use of influenza C virus glycoprotein HEF for generation of vesicular
stomatitis virus pseudotypes. J Gen Virol 86: 1455-1465.

. Manzoor R, Sakoda Y, Nomura N, Tsuda Y, Ozaki H, et al. (2009) PB2 protein

of a highly pathogenic avian influenza virus strain A/chicken/Yamaguchi/7/
2004 (H5N1) determines its replication potential in pigs. J Virol 83: 1572-1578.
Soda K, Sakoda Y, Isoda N, Kajihara M, Haraguchi Y, et al. (2008)
Development of vaccine strains of H5 and H7 influenza viruses. Jpn J Vet

Res 55: 93-98.

. Nicolson C, Major D, Wood JM, Robertson JS (2005) Generation of influenza

vaccine viruses on Vero cells by reverse genetics: an H5N1 candidate vaccine
strain produced under a quality system. Vaccine 23: 2943-2952.
Ocana-Macchi M, Bel M, Guzylack-Piriou L, Ruggli N, Liniger M, et al. (2009)
Hemagglutinin-dependent tropism of H5N1 avian influenza virus for human
endothelial cells. J Virol 83: 12947-12955.

Brownie C, Statt J, Bauman P, Buczynski G, Skjolaas K, et al. (2011) Estimating
viral titres in solutions with low viral loads. Biologicals 39: 224-230.

Fung KP, Wong TW (1989) Estimation of quantal dose response of drugs by the
Spearman-Karber method: a computer program written in BASIC. J Singapore
Paediatr Soc 31: 129-132.

PLOS ONE | www.plosone.org

12

30.

31

32.

33.

34.

36.

37.

38.

39.

40.

41.

42,

46.

47.

48.

49.

50.

51.

52.

RNA Replicon Vaccine for Avian Influenza Viruses

. Hoffmann E, Stech J, Guan Y, Webster RG, Perez DR (2001) Universal primer

set for the full-length amplification of all influenza A viruses. Arch Virol 146:
2275-2289.

Stech J, Stech O, Herwig A, Altmeppen H, Hundt J, et al. (2008) Rapid and
reliable universal cloning of influenza A virus genes by target-primed plasmid
amplification. Nucleic Acids Res 36: ¢139.

Hai R, Krammer F, Tan GS, Pica N, Eggink D, et al. (2012) Influenza viruses
expressing chimeric hemagglutinins: globular head and stalk domains derived
from different subtypes. J Virol 86: 5774-5781.

Horton RM, Hunt HD, Ho SN, Pullen JK, Pease LR (1989) Engineering hybrid
genes without the use of restriction enzymes: gene splicing by overlap extension.
Gene 77: 61-68.

Berger Rentsch M, Zimmer G (2011) A vesicular stomatitis virus replicon-based
bioassay for the rapid and sensitive determination of multi-species type I
interferon. PLoS One 6: €25858.

Sutter G, Ohlmann M, Erfle V (1995) Non-replicating vaccinia vector efficiently
expresses bacteriophage T7 RNA polymerase. FEBS Lett 371: 9-12.

. Kyhse-Andersen J (1984) Electroblotting of multiple gels: a simple apparatus

without buffer tank for rapid transfer of proteins from polyacrylamide to
nitrocellulose. J Biochem Biophys Methods 10: 203-209.

Hofmann MA, Renzullo S, Baumer A (2008) Phylogenetic characterization of
H5NI1 highly pathogenic avian influenza viruses isolated in Switzerland in 2006.
Virus Genes 37: 407-413.

Spackman E, Senne DA, Myers TJ, Bulaga LL, Garber LP, et al. (2002)
Development of a real-time reverse transcriptase PCR assay for type A influenza
virus and the avian H5 and H7 hemagglutinin subtypes. J Clin Microbiol 40:
3256-3260.

Cattoli G, Milani A, Temperton N, Zecchin B, Buratin A, et al. (2011) Antigenic
drift in H5N1 avian influenza virus in poultry is driven by mutations in major
antigenic sites of the hemagglutinin molecule analogous to those for human
influenza virus. J Virol 85: 8718-8724.

Han T, Marasco WA (2011) Structural basis of influenza virus neutralization.
Ann N'Y Acad Sci 1217: 178-190.

Okuno Y, Isegawa Y, Sasao F, Ueda S (1993) A common neutralizing epitope
conserved between the hemagglutinins of influenza A virus H1 and H2 strains.
J Virol 67: 2552-2558.

Smirnov YA, Lipatov AS, Gitelman AK, Okuno Y, Van Beek R, et al. (1999) An
epitope shared by the hemagglutinins of H1, H2, H5, and H6 subtypes of
influenza A virus. Acta Virol 43: 237-244.

Sakabe S, Iwatsuki-Horimoto K, Horimoto T, Nidom CA, Le MQ), et al. (2010)
A cross-reactive neutralizing monoclonal antibody protects mice from H5N1
and pandemic (HIN1) 2009 virus infection. Antiviral Res 88: 249-255.

. Wu WL, Chen Y, Wang P, Song W, Lau SY, et al. (2008) Antigenic profile of

avian H5NT viruses in Asia from 2002 to 2007. J Virol 82: 1798-1807.

. Cai Z, Ducatez MF, Yang J, Zhang T, Long LP, et al. (2012) Identifying

antigenicity-associated sites in highly pathogenic H5N1 influenza virus
hemagglutinin by using sparse learning. J Mol Biol 422: 145-155.

. Kayali G, Kandeil A, El-Shesheny R, Kayed AS, Gomaa MR, et al. (2013) Do

commercial avian influenza H5 vaccines induce cross-reactive antibodies against
contemporary H5N1 viruses in Egypt? Poult Sci 92: 114-118.

Grund C, Abdelwhab el SM, Arafa AS, Ziller M, Hassan MK, et al. (2011)
Highly pathogenic avian influenza virus H5NI from Egypt escapes vaccine-
induced immunity but confers clinical protection against a heterologous clade
2.2.1 Egyptian isolate. Vaccine 29: 5567-5573.

Schwartz JA, Buonocore L, Roberts A, Suguitan A Jr, Kobasa D, et al. (2007)
Vesicular stomatitis virus vectors expressing avian influenza H5 HA induce
cross-neutralizing antibodies and long-term protection. Virology 366: 166-173.
WHO/OIE/FAO H5NI1 evolution working group (2012) Continued evolution
of highly pathogenic avian influenza A (H5NI): updated nomenclature.
Influenza Other Respi Viruses 6: 1-5.

Marangon S, Cecchinato M, Capua I (2008) Use of vaccination in avian
influenza control and eradication. Zoonoses Public Health 55: 65-72.

van der Goot JA, van Boven M, Stegeman A, van de Water SG, de Jong MC, et
al. (2008) Transmission of highly pathogenic avian influenza H5N1 virus in
Pekin ducks is significantly reduced by a genetically distant H5N2 vaccine.
Virology 382: 91-97.

Eggert D, Swayne DE (2010) Single vaccination provides limited protection to
ducks and geese against HSN1 high pathogenicity avian influenza virus. Avian
Dis 54: 1224-1229.

Lyles DS (2000) Cytopathogenesis and inhibition of host gene expression by
RNA viruses. Microbiol Mol Biol Rev 64: 709-724.

. Hoffmann M, Wu YJ, Gerber M, Berger-Rentsch M, Heimrich B, et al. (2010)

Fusion-active glycoprotein G mediates the cytotoxicity of vesicular stomatitis
virus M mutants lacking host shut-off activity. J Gen Virol 91: 2782-2793.

. Kepp O, Senovilla L, Galluzzi L, Panaretakis T, Tesniere A, et al. (2009) Viral

subversion of immunogenic cell death. Cell Cycle 8: 860-869.
Green DR, Ferguson T, Zitvogel L, Kroemer G (2009) Immunogenic and
tolerogenic cell death. Nat Rev Immunol 9: 353-363.

June 2013 | Volume 8 | Issue 6 | e66059



