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chickens against highly pathogenic H5N1 virus
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Summary. - Development of an effective, broadly-active and safe vaccine for protection of poultry from
H5NT1 highly pathogenic avian influenza viruses (HPAIVs) remains an important practical goal. In this study
we used alow pathogenic wild aquatic bird virus isolate A/duck/Moscow/4182/2010 (H5N3) (dk/4182) as alive
candidate vaccine. We compared this virus with four live 1:7 reassortant anti-H5N1 candidate vaccine viruses
with modified hemagglutinin from either A/Vietnam/1203/04 (H5N1) or A/Kurgan/3/05 (H5N1) and the rest
of the genes from either H2N2 cold-adapted master strain A/Leningrad/134/17/57 (rtVN-Len and rKu-Len) or
H6N?2 virus A/gull/Moscow/3100/2006 (rVN-gull and rKu-gull). The viruses were tested in parallel for patho-
genicity, immunogenicity and protective effectiveness in chickens using aerosol, intranasal and oral routes of
immunization. All five viruses showed zero pathogenicity indexes in chickens. Viruses rVN-gull and rKu-gull
were immunogenic and protective, but they were insufficiently attenuated and caused significant mortality of
1-day-old chickens. The viruses with cold-adapted backbones (rVN-Len and rKu-Len) were completely non-
pathogenic, but they were significantly less immunogenic and provided lower protection against lethal challenge
with HPAIV A/Chicken/Kurgan/3/05 (H5N1) as compared with three other vaccine candidates. Unlike other
four viruses, dk/4182 was both safe and highly immunogenic in chickens of any age regardless of inoculation
route. Single administration of 10° TCID,  of dk/4182 virus via drinking water provided complete protection of
30-days-old chickens from 100 LD, of the challenge virus. Our results suggest that low pathogenic viruses of wild
aquatic birds can be used as safe and effective live poultry vaccines against highly pathogenic avian viruses.
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Introduction

H5NT1 highly pathogenic avian influenza virus (HPAIV)
causes significant economic losses in the poultry industry.

E-mail: al.gambaryan@gmail.com; phone: +7-495-8419038.
Abbreviations: AB = antibodies; dk/4182 = A/duck/
Moscow/4182/2010 (H5N3); gull/3100 = A/Gull/Moscow/3100/2006
(H6N2); HA = hemagglutinin; HAI = hemagglutination-inhibiting
assay; HPAIV(s) = highly pathogenic avian influenza virus(es);
IAF = Infectious virus-containing allantoic fluids; IVPI = stand-
ard intravenous pathogenicity indices; LD, = 50% lethal dose;
MN = microneutralization; NA = neuraminidase; p.i. = post
infection; rVN-PR8 = Vietnam/1203/04-PR8/CDC-RG (H5N1);
TCID,, = 50% tissue culture infection dose

Control over H5N1 infection has mainly been achieved by
culling of poultry in outbreak regions. Another effective
way to combat avian influenza is vaccination of poultry.
Most commonly used are inactivated oil-in-water emulsion-
adjuvanted whole virus vaccines based on reverse genetically
engineered (rg) reassortants with H5 hemagglutinin (HA)
and N1 neuraminidase (NA) from H5N1 viruses, and the
remaining genes from A/PuertoRico/8/1934 (PR8). Tens
of billions of doses of such vaccines were used in affected
countries, primarily in China (Chen, 2009; Spackman and
Swayne, 2013).

Numerous studies have focused on determining the im-
mune efficacy of inactivated whole virus vaccines against
H5N1 virus infection in chickens and ducks. The fundamen-
tal problem for H5N1 vaccination is antigenic drift of field
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viruses since immunological effectiveness of inactivated vac-
cines strongly depends on the antigenic match between the
HA in the vaccine and the HA of the field viruses. Antigenic
drift has been recognized as a plausible reason of failure of
vaccination programs in poultry (Kim et al., 2010; Tian et
al., 2010; El-Zoghby et al., 2012).

Compared with inactivated vaccines, potential advan-
tages of live vaccines are the possibility of mass inoculation
and a potentially increased immune response to viral rep-
lication in relevant tissues involving cellular immunity to
influenza (Spackman and Swayne, 2013). To date, a number
of live recombinant H5N1 influenza vaccines have been
developed using other virus vectors, such as fowl pox vi-
rus (FPV), Newcastle disease virus (NDV), turkey herpes
virus (HVT), duck enteritis virus (DEV), and infectious
laryngotracheitis virus (ILTV). These vaccines provide
protection against two viral diseases, which is superior in
terms of ease of administration and cost reduction. In total,
over 11 billion doses of the bivalent recombinant NDV
vector H5N1 Al vaccine were manufactured and used in
chickens in China between 2006 and 2012 (Cornelissen et
al., 2012; Li et al., 2014).

In recent years promising experimental reverse genetics-
derived H5N1 live attenuated vaccines have been generated
and characterized, including vaccines that are attenuated
through temperature-sensitive mutation, replacement of
the polybasic hemagglutinin cleavage site with an elastase
motif, modulation of the interferon antagonist protein, or
disruption of the M2 protein (Gabriel et al., 2008; Steel,
2011). Nang et al. (2012) developed a vaccine comprising
internal genes from a cold-adapted HIN2 influenza virus
and hemagglutinin and neuraminidase derived from a highly
pathogenic H5N1 influenza virus. Reassortants with modi-
fied HA genes from H5N1 clade 1 and clade 2 viruses and
internal genes from a cold-adapted donor or a nonpatho-
genic H6N2 influenza virus were developed in our laboratory.
These experimental live H5 vaccines were nonpathogenic
for mice and provided protection against challenge with
HPAIV infection 4 weeks after immunization. Preliminary
testing demonstrated that these strains can protect chickens
against highly pathogenic H5N1 virus (Boravleva et al., 2011;
Gambaryan et al., 2012).

In the nineties, ideas of using waterfowl-origin isolates
of influenza viruses for vaccine production had been dis-
cussed (Murphy et al., 1982). Oral immunization with a live
waterfowl-origin avian influenza virus (H5N9) effectively
protected chickens from lethal H5AI virus challenge and
blocked cloacal shedding of the challenge virus (Crawford
et al., 1998). Unfortunately, this research was not followed
up.

In this study we have compared a nonpathogenic influ-
enza virus isolated from a wild duck and four experimental
reassortants as live poultry vaccines.

Materials and Methods

Viruses. The list of viruses used in this study is shown in
Table 1. Virus Vietnam/1203/04-PR8/CDC-RG (H5N1) (rVN-PRS)
was kindly provided by Dr. R. Donis, CDC, USA. Viruses A/Gull/
Moscow/3100/2006 (gull/3100) and A/duck/Moscow/4182/2008
(dk/4182) were isolated from avian feces collected on the shore of
a pond in Moscow, Russia (Lomakina et al., 2009; Boravleva et al.,
2012). Attenuation of the highly pathogenic H5N1 virus isolate A/
Chicken/Kurgan/3/05 was described previously (Lomakina et al.,
2011; Gambaryan et al., 2012). The cold-adapted reassortants rVn-
Len and rKu-Len and reassortants with HA from either rVN-PR8
or Ku-at and 7 other gene segments from the avian H6N2 virus
A/gull/Moscow/3100/2006 were produced as described elsewhere
(Boravleva et al., 2011; Gambaryan et al., 2012). Virus stocks were
propagated in the allantoic cavity of 10-day-old embryonated
SPF chicken eggs. Gull/3100, dk/4182, ch/Ku, Ku-at, rVN-gull
and rKu-gull strains were incubated at 37°C and harvested 48 hr
post infection (p.i.). Eggs inoculated with rVN-Len and rKu-Len
were incubated at 32°C and harvested 90 hr p.i. Infectious virus-
containing allantoic fluids (IAF) were pooled, divided into aliquots,
and stored at -70°C. TCID, for each virus stock was determined
by titration in MDCK cells. For detection or isolation of influenza
viruses, samples of avian feces were suspended in two volumes of
phosphate buffered saline (PBS) supplemented with 0.4 mg/ml
gentamycin, 0.1mg/ml kanamycin, 0.01mg/ml amphotericin B
and 2% MycoKill AB (PAA Laboratories GmbH) and centrifuged
at 4000 rpm. The supernatant was used to inoculate 10-day-old
embryonated chicken eggs (0.2 ml per egg). After incubation for
48 hr, IAFs were collected and tested by hemagglutination assay
with chicken red blood cells. Three serial passages were performed
for isolation of viruses.

Viral RNA sequencing. Viral RNA was extracted from allantoic
fluid using QIAamp Viral Mini Kit (Qiagen, Germany). cDNA frag-
ments generated by reverse transcription followed by PCR were
sequenced by dideoxy method using 3130x/Genetic Analyzer (Ap-
plied Biosystems, USA) with BigDye Terminator V3.1 Sequencing
Kit. GenBank Acc. Nos. for the sequences are EU152234-EU152241,
DQ323672-DQ323679, HQ724520-HQ724527, and KF885672-
KF885679.

Animals. Chickens of Shaver Brown and Leghorn breeds and
embryonated chicken eggs were purchased from State poultry farm
“Ptichnoe” (Moscow, Russia). All studies with HP A/Chicken/
Kurgan/3/05 virus were conducted in a BSL-3 containment facility
of the Federal Center for Animal Health, Vladimir, Russia.

Ethics statement. Studies involving animals were performed in
accordance with the European Convention for the Protection of
Vertebrate Animals (1986). All operations were performed to amel-
iorate animal suffering. Highly pathogenic H5N1 influenza viruses
cause rapid development of the symptoms of systemic infection and
death of infected animals. The study design included assessment
of the pathogenicity indexes of the viruses, i.e. determination of
exact counts of sick and severely sick birds as well as birds dying
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as a result of systemic infection. These circumstances were taken
into account by the institutional Ethics Committee in the process of
the study protocol approval. It was recommended to use alternative
humane endpoints in all possible cases.

Assessment of pathogenicity index. The standard intravenous
pathogenicity indices (IVPI) were assessed by inoculating 6-week-
old chickens with 10° TCID,  of the viruses. Birds were examined
twice daily for up to 10 days. At each observation, each bird was
scored 0 if normal, 1 if sick, 2 if severely sick, 3 if dead, and average
IVPI for each group was determined (Manual of Diagnostic Tests
and Vaccines for Terrestrial Animals, 2012). If birds were too sick
to eat or drink, they were humanely sacrificed and scored as dead
at the next observation.

Oral, intranasal and aerosol routes of inoculation in chickens. For
oral infection, chickens were left overnight without water. One drink-
ingbowl per 3 chickens was placed in each cage in the morning. Each
bowl contained 20 ml of diluted or undiluted IAE. Chickens were
infected intranasally with 0.4 ml of undiluted stock viruses. Aerosol
infection was performed as described below. Doses of the viruses and
numbers of chickens per group are specified in the text.

Assessment of antibody levels. The levels of antibodies (AB) present
in sera were assessed by ELISA with anti-chicken IgY (IgG) horserad-
ish peroxidase-labeled antibodies (Sigma, USA), by hemagglutina-
tion-inhibiting assay (HAI), or by microneutralization (MN) assay
using A/Chicken/Kurgan/3/05 virus (Suguitan et al., 2006).

Aerosol challenge with HP A/Chicken/Kurgan/3/2005 virus.
Aerosol challenge was performed as described previously (Gamba-
ryan et al., 2002). Briefly, the chickens were placed into a 200 liter
transparent plastic chamber, which was connected to the Micro-
pump Nebulizer (Aerogen, Ireland) generating virus aerosol. The
aerosol entered the chamber through the inlet in its upper lid and
was exhausted trough the outlet in the bottom part of the chamber
connected via HEPA filter. Calculation of the virus deposition per
animal was performed as described by Ovcharenko and Zhirnov

(1994). The virus dose was ~10* TCID, /chicken, which is equiva-
lent to 100 LD, . To unify the dose of the virus all chickens were
marked and infected in the same chamber. After treatment chickens
were divided into groups again and handled separately. Survival
and body weight were monitored daily. Feces were sampled once
daily on days 3-10 post challenge.

Results
Genome analysis of A/duck/Moscow/4182/2010 virus

Avian influenza virus (H5N3) A/duck/Moscow/4182/2010
was isolated from mallard feces collected in October 2010 on
the shore of a pond in Troparevo Park, Moscow. Complete
genome sequencing (KF885672-KF885679, GenBank) al-
lowed to determine its genotype (G-G-D-5G-F-3B-F-1E)
according to FluGenome nomenclature (Lu et al., 2007).
Analysis of viral proteins based on data obtained from the
NIAID IRD (http://www.fludb.org) did not reveal any mark-
ers of pathogenicity or increased transmissivity. In particular,
dk/4182 had the sequence PQRETRGLF at the HA cleavage
site, 36A in PA, 678S in PB1, 1994, 701N, 627E, 661A and
702K in PB2, 16E and 55L in M2 (Suppl. S1).

Phylogenetic analysis of the full-length genomic sequenc-
es showed that all genes of A/duck/Moscow/4182/2010 were
located in evolutionary clades containing exclusively low
pathogenic viruses of wild aquatic birds (Suppl. S2).

Pathogenicity indices and virulence of viruses inoculated
by different routes

Previously we reported that wild-type A/duck/Moscow/
4182/2010 virus and reassortants rVN-gull, rKu-gull rVN-

Table 1.The influenza A viruses used in this study

Virus Subtype Abbreviation Notes
A/chicken/Kurgan/3/05, wt H5N1 ch/Ku HPAIV

clade 2
A/chicken/Kurgan/3/05, attenuated H5N1 Ku-at Substitutions in HA:

clade 2 Asp54Asn and Lys222Thr in HAL;

Val48lle and Lys131Thr in HA2

A/Vietnam/1203/04- H5N2 rVN-Len Cold-adapted reassortant 1/7*
A/Leningrad/134/17/57 clade 1
A/Vietnam/1203/04- H5N2 rVN-gull Reassortant 1/7
A/gull/Moscow/3100/2006 clade 1
Ku-at H5N2 rKu-Len Cold-adapted reassortant 1/7
-A/Leningrad/134/17/57 clade 2
Ku-at H5N2 rKu-gull Reassortant 1/7
-A/gull/Moscow/3100/2006 clade 2
A/duck/Moscow/4182/2010 H5N3 dk/4182 LPAIV
A/gull/Moscow/3100/2006 H6N2 gull/3100 LPAIV

*The HA from H5N1 virus and the remaining seven gene segments from a donor strain.
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Table 2. Survival of chickens depending on age, dose and route of virus inoculation

il:;::izfl Intravenous Oral Oral Intranasal Aerosol
Age (days) 42 7 30 7 1
Dose (TCID_ ) 10° 10 107 10° 10°
Strains

Ku/05 0/10* - - 0/5 0/5
Ku/at 10/10 - - 8/11 -
rKu-Len 10/10 5/5 - 20/20 20/20
rKu-gull 10/10 4/5 - 14/17 6/20
rVN-Len 10/10 5/5 - 19/19 20/20
rVN-gull 10/10 5/5 - 9/10 11/20
dk/4182 10/10 64/64 62/62 8/8 26/26
Gull/3100 10/10 - - 8/8 5/5

*Number survived/number of infected birds. (-) = not tested.

Len, and rKu-Len generated in our laboratory were safe for

mice and provided protection against HPAI H5N1 virus
(Boravleva et al., 2012; Gambaryan et al., 2012). Here we
compared the pathogenicity of these viruses for chickens

To determine the IVPIs, 10° TCID, of each virus (0.2 ml
of stock viruses diluted at 1:10) were administered intrave-
nously to groups of ten 6-week-old chickens. The IVPIs of
wild type avian viruses dk/4182 and gull/3100, attenuated

(Table 2). virus Ku/at and the four reassortants were 0. The chickens
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results below detection limit of the assay are shown under the lines.

Parallel testing of antibody titers in sera using ELISA, microneutralization and hemagglutination inhibition assays

Trial 1. Five, ten and eight 30 days-old chickens were vaccinated with 10°, 10°and 10" TCID, jof dk/4182 virus added to drinking water, respectively. Sera
were collected at 14 day post immunization, e.g. one week before challenge with 100 LD, of HPATV A/chicken/Kurgan/3/2005. Black triangles represent
sera samples taken from the chickens that died after challenge. Horizontal lines show lower limits of detection of the assays. Data points representing
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in these groups showed no signs of the disease. The wild
type HPAIV A/chicken/Kurgan/3/2005 used as a control
showed an IVPI of 2.9, as all chickens died as a result of
infection.

Oral and intranasal infection of 7-day-old chickens with
Ku/at, rKu-gull and the rVN-gull led to death of some
chickens. The highest mortality was observed following
aerosol infection of 1-day-old chickens. In this group, rKu-
gull killed most of the chickens and rVN-gull killed about
half of them. rKu-Len, rVN-Len and native virus isolates
dk/4182 and gull/3100 did not kill chickens infected by any
of the routes tested.

Immunogenicity assessment

Immunogenicity of the viruses was assessed by measuring
antibody titers in chicken sera collected on day 14 p.i. using
hemagglutination-inhibition (HAI) assay, microneutraliza-
tion (MN) assay and ELISA. An example of parallel testing
of serum samples from chickens infected with dk/4182 vi-
rus using these methods is shown in Fig. 1. Challenge with
HPAIV A/chicken/Kurgan/3/2005 was performed 21 days
after immunization. ELISA reliably detected AB levels in
almost all sera, while HAI and MN tests detected AB only
in sera with titers above 1000 in ELISA. The antibody titers
were, therefore, further determined by ELISA.

75

Pathogenicity, immunogenicity and protective activity of
the experimental vaccines after aerosol infection of chickens

Comparison of oral, intranasal and aerosol infection led
to the conclusion that aerosol administration of viruses to
1-day-old chickens is the most powerful method of infection
(Table 2). In addition, younger chickens are more sensitive
to challenge (data not shown). Therefore, this experimental
design is very suitable to analyze the efficacy of experimental
vaccines. For these reasons, we compared different strains
using aerosol infection and challenge.

rKu-gull and rVN-gull viruses caused weight loss and
significant mortality in chickens. All chickens that survived
the infection by these viruses developed similar high levels
of antibodies (Fig. 2 and Table 3) and were protected against
subsequent challenge with 100 LD, of H5N1 HPAIV A/
chicken/Kurgan/3/2005. Reassortant viruses with cold-
adapted backbones (rKu-Len and rVN-Len) caused no
disease symptoms or weight loss, but they were significantly
less immunogenic and offered lower protection against
lethal challenge as compared with 3 other experimental
vaccines. The best results were obtained with the A/duck/
Moscow/4182/2010 virus, which caused no mortality or
visible signs of the disease but stimulated the development
of high levels of antibodies and offered 100% protection
against lethal challenge.
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Fig. 2

Weight dynamics of 1-day-old chickens after aerosol infection with viruses dk/4182, rVN-Len, rVN-gull, rKu-Len and rKu-gull
Doses of viruses, numbers of birds and survival rates are indicated in legend to Table 3.
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Table 3. Safety, immunogenicity, virus shedding and protective efficacy of dk/4182, rVN-Len, rVN-gull, rKu-Len and rKu-gull after aerosol
infection of 1-day-old chickens

Dose Post vaccination Post challenge
Virus TCID, Survival* Ab** Shedding Survival Shedding
rKu-Len 10¢ 20/20 155 - 5/20 +
rKu-gull 10° 6/20 2696 + 6/6 -
rVN-Len 10° 20/20 167 - 4/20 +
rVN-gull 10° 11/20 2063 10/10 -
dk/4182 10° 26/26 1423 20/20 -
Control 10/10 - 0/10 +

*Survived/total number after vaccination or after challenge. **Geometric mean titer of antibodies. ***Shedding of the virus with feces. (-) = no shedding

detected in any of the birds tested. (+) = shedding detected at least once.

Thus, immunogenicity of reassortants rKu-Len and rVN-
Len, on the one hand, and rKu-gull and rVN-gull, on the
other hand, directly correlated with their pathogenicity. By
contrast, immunization with wild type avian dk/4182 virus
resulted in potent and uniform immune response and pro-
tection without causing any signs of disease.

Unlike chickens immunized with rKu-Len and rVN-Len,
chickens infected with rKu-gull, rVN-gull and dk/4182, shed
the vaccine virus with feces on days 3-10 p.i. However, these
chickens did not shed HPAIV A/chicken/Kurgan/3/2005
after the challenge.

Protective efficacy of A/duck/Moscow/4182/2010 virus
administered via drinking water

Effectiveness and ease of application of AIV vaccines is
a major factor in poultry vaccination, as the H5N1 HPAIV
is primarily a problem of under-developed countries and
small-scale family poultry farms. Vaccine administration via
drinking water is, thus, an attractive way of immunization.
To explore the capabilities of this method of vaccination,
we evaluated dk/4182 virus as an oral live vaccine candidate
for preventing disease and cloacal shedding of the virus
following HP H5N1 challenge. Five trials with chickens
from Shaver Brown and Leghorn breeds were conducted as
described below (Figs. 1, 3-5). The antibody responses of 3
to 30-day-old chickens after infection with different doses of
viruses with different vaccination schemes were measured,
and protective efficacy against lethal H5N1 challenge was
assessed.

Dose-dependence of vaccination efficacy

30-day-old chickens were vaccinated with 10°, 10° and
107 TCID, of dk/4182 virus via drinking water. Sera were
collected 14 days after vaccination; challenge with 100 LD,
of HPAIV A/Chicken/Kurgan/3/2005 was performed 21
days after vaccination. All chickens receiving 10° and 107

TCID,, of the virus had protective levels of AB and survived
the challenge. Antibody responses to immunization with
the lowest dose (10° TCID, ) varied. Two of the 5 chickens
had very low AB levels and died after challenge, whereas the
three other chickens showed strong response and survived
the challenge (Fig. 1).
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Optimization of age for oral vaccination of chickens
Trial 2. Six, four, nine and eight chickens were vaccinated at the age of 3,
7, 13 or 23 days, respectively, via drinking water with 10" TCID,; of the
dk/4182 virus. 4 chickens vaccinated at the age of 3 days were repeatedly
vaccinated at the age of 23 days. Sera were collected at 14 day post immu-
nization. Circles and black squares represent sera samples obtained from
chickens vaccinated once or twice, respectively.
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The optimal age of vaccination

In trial 2, chickens were vaccinated with 10” TCID, of
dk/4182 virus via drinking water at the age of 3, 7, 13 and 23
days. Four chickens were vaccinated twice: 3 days after hatch-
ing and 23 days after hatching. Sera were collected 14 days
post vaccination. AB responses in 3-day-old chickens were
weak and uneven. 7-day-old chickens developed higher AB
responses, and 13-day-old and 23-day-old chickens showed
the highest AB titers. All chickens that were vaccinated twice
had stable and high AB titers (Fig. 3).

Optimization of the vaccination scheme

In trials 3, 4 and 5, we evaluated the antibody response
after vaccination of Shaver Brown or Leghorn chickens via
drinking water with 10° TCID,  of dk/4182 with a single dose
at either 7 or 30 day of age, or with two doses at 7 and 30 day
of age. Vaccination of 30 day-old chickens was more effective
than vaccination of 7 day-old chickens. Vaccination with two
doses was more effective (Fig. 4). We found no significant
differences between antibody responses in Shaver Brown
and Leghorn chickens.

Protective levels of antibodies

Vaccinated chickens from trials 1, 3,4 and 5 (Fig. 1 and 4)
were challenged with 100 LD, of H5N1 virus A/chicken/
Kurgan/3/2005 at 21-87 days post last vaccination. To de-

termine the levels of protective antibodies, antibody titers in
sera collected the day before challenge were measured. Fig. 1
and 5 show the titers of antibodies and the outcomes of the
challenge for individual chickens. Chickens with AB titers
in ELISA below 100 generally died simultaneously with the
control chickens on day 3 after infection. All chickens with
AB titers above 1000 survived the challenge. Chickens with
AB titers between 100 to 1000 either survived or died 4-11
days after infection. (Fig. 1 trial 1 and Fig. 5 trial 3).

The viruses in the organs and feces of chickens

Dk/4182 and ch/Ku viruses were detected in the lungs, kid-
neys, brains, cloacae and feces on days 3-9 post vaccination or
challenge in trials 1, 4, 5. More than 200 samples of feces and
about 50 samples of internal organs were tested. The dk/4182
virus was regularly detected in the cloacae and feces and was
not detected in the lungs, kidneys or brains of chickens after
vaccination via drinking water. Ch/Ku challenge virus was
detected in internal organs and in feces of control chickens
as well as in lungs and kidneys of vaccinated chickens, which
died on day 3 after challenge. However, ch/Ku was had never
been detected in feces of vaccinated chickens.

Transmission of dk/4182 virus in chickens
Despite the fact that dk/4182 virus is excreted in feces,

we did not find any evidence of infection in chickens kept
in cages together with infected ones. The chickens did not
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Antibody titers in sera of chickens infected via drinking water after single and double vaccination
Trials 3, 4 and 5. Chickens were infected with 10° TCID, of dk/4182 virus with a single dose at either 7 or 30 days of age (groups 1 and 2, respectively),
or with two doses at 7 and 30 days of age (group 3). Sera were collected at 14 day post immunization.
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Titers of anti-H5 antibodies in sera of individual chickens before challenge and outcomes of the challenge
Groups 1, 2 and 3 were vaccinated with a single dose at the age of 7 days, a single dose at the age of 30 days, or with two doses at the age of 7 days and
30 days, respectively. The challenge was performed at the age of 58 days in trial 3; at the age of 93 days in trial 4 and at the age of 74 days in trial 5. Lines,
filled triangles and empty triangles represent, respectively, chickens that survived the challenge, died 3-5 days after challenge and died 6-11 days after

challenge.

excrete the virus and had no antibodies to dk/4182 virus.
Furthermore, our attempts to passage dk/4182 virus by fecal
- oral route were unsuccessful as the virus was lost after the
first passage. These results can be explained by the fact that
a very high dose of dk/4182 virus is required for successful
infection of chickens (Fig. 1). Our observations match with
previous reports of inefficient replication and transmission
of aquatic bird viruses in chickens (Ito et al., 2001 and Cil-
loni et al., 2010).

Discussion

In this study we have tested five live experimental vac-
cines against highly pathogenic H5N1 viruses. Our ex-
periments with viruses rVN-Len and rKu-Len agree with
previous observations, in which viruses with internal gene
segments from cold adapted donors were overly attenuated
for chickens and did not provide reliable protection from
lethal challenge with HPAIV (Suguitan et al., 2006, 2009). In
contrast, all three viruses with internal genes from viruses of
wild birds provided complete protection against HPAIV A/
Chicken/Kurgan/3/2005, despite the fact that the hemagglu-
tinin of rVN-gull belongs to another clade of H5N1 viruses,

and that A/duck/Moscow/4182/2010 belongs to a distant
evolutionary clade of subtype H5 viruses. However, among
three viruses offering protection, rVN-gull and rKu-gull were
not attenuated enough and caused partial death of chickens.
Both viruses have 7 gene segments from the gull/3100 parent
strain, which is completely safe for chickens. Hemagglutinin
of rKu-gull contains mutations, which reduce the fusion pH
from 5.6 to 5.1, and is attenuated for mice (Gambaryan et
al., 2012). Nevertheless, rKu-gull caused death of 1-day-old
chickens due to the presence of the multibasic cleavage site,
which is considered to be the main pathogenicity marker
of AIV. However, in addition to multibasic cleavage site,
some other specific properties of the HA are required for
the high virulence of HPAIV in chickens (Stech et al, 2009).
Thus, although the HA of rVN-gull lacked the multibasic
cleavage site, this virus was able to kill 1-day-old chickens.
We speculate that the high pH optimum of HA-mediated
fusion can be responsible for the pathogenicity of this virus.
Dependence of replication efficiency and pathogenicity of
influenza viruses on fusion pH was well documented previ-
ously (Brown et al., 2001; Hsu et al., 2006; Reed et al., 2010;
Shelton et al., 2013).

The risk of pathogenicity restoration is the main disad-
vantage of live-attenuated vaccines based on HPAI viruses.
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Restoration of virulent infectious laryngotracheitis virus
resulting from recombination between distinct attenuated
vaccine strains has been shown (Lee et al. 2012). It has been
shown that attenuated vaccines, particularly those produced
by passaging in chicken embryos, could be transmitted to
non-vaccinated birds, shed by the host, and revert to viru-
lence after in vivo passage (Coppo et al., 2013). Reassort-
ment with field strains or reverse mutation could repair the
virulence of a virus. Because of the presumable risks of such
reversions to pathogenicity, live vaccines against H5N1 virus
are not approved for use anywhere except China (Spackman
& Swayne, 2013).

To address some of these issues, new-generation live
vaccines have been developed (Steel, 2011). Nevertheless,
“regulatory barriers are probably insurmountable for avian
influenza viruses based live vaccine in poultry” (Spackman
and Swayne, 2013).

It is generally believed that HPAI viruses emerge
from low-pathogenicity avian predecessors (Alexander,
2003). Indeed, it has been shown that outbreaks of HPAI in
Pennsylvania (1983-1984), Mexico (1994-1995), and Italy
(1999-2000) were caused by originally non-virulent viruses
that had evolved to high pathogenicity during circulation in
poultry (Van Der Goot et al., 2003). However, phylogenetic
analyses showed that all mentioned episodes of rapid ac-
quisition of pathogenicity happened in the cases when the
low-pathogenicity avian predecessors were closely related
to poultry pathogenic viruses and had only recently been
re-introduced into natural wild bird reservoir. All viruses of
the Pennsylvania/1983 lineage had RKKRG in the cleavage
site, and the difference between the HAs of the virulent and
non-virulent strains was the lack of an asparagine-linked
carbohydrate on the virulent HA1 polypeptide at residue 11
(Deshpande et al., 1987). Both HPAI and LPAI were found
among viruses of the Mexican/1994 lineage, but all of them
were relatively far from the LPAI viruses that circulated in
wild ducks (data not shown).

LP viruses of wild aquatic birds differ significantly in this
respect from LP poultry-adapted viruses. The wild duck
viruses do not replicate efficiently in poultry. For example,
all attempts to propagate the LPAI H5N3 virus A/whistling
swan/Shimane/499/83 by intranasal, intratracheal, and
intracerebral inoculation into 1-day-old chickens were
unsuccessful. This virus acquired partial virulence in 2-day-
old chickens only after 11 passages through air sacs (Ito et
al., 2001). Introduction of four basic amino acid residues at
the HA cleavage site and ten subsequent consecutive pas-
sages in air sacs of chickens were needed for acquisition of
intravenous pathogenicity of a non-pathogenic HIN2 virus
in chickens (Soda et al., 2011). In our study we show that
A/duck/Moscow/4182/2010 virus also poorly replicated in
the internal organs of chickens and was not transmitted to
contact birds.

Inefficient replication of aquatic birds viruses in chickens
depends, at least partially, on the differences in receptors
on target cells in these species (Gambaryan et al., 2002).
Adaptation of duck viruses to gallinaceous poultry is ac-
companied by changes in the viral receptor specificity and
neuraminidase activity, owing to acquisition by poultry-
adapted viruses of additional glycosylation sites near the
receptor-binding site of the HA and to deletions in the stem
region of their NA (Matrosovich et al., 1999, 2001; Banks et
al., 2001; Gambaryan et al., 2008). These adaptive changes
in the HA and NA of poultry-adapted viruses occur before
the acquisition of multibasic cleavage site and high patho-
genicity, which is the final stage in the evolution of AIV in
gallinaceous poultry.

High virulence is not typical for viruses of wild hosts.
HPAIVs are only occasionally transmitted from poultry
to aquatic birds and, as a rule, are not maintained in wild
birds. In the wild, quick death of the host is the barrier to
spread of the virus. By contrast to influenza viruses in natural
reservoirs, increase in virulence is not prevented by natural
selection under specific conditions of poultry farms with
constant crowding of the birds with efficient transmission by
both fecal-oral and airborne routes. During years of circula-
tion of H5N1 viruses in domestic chickens they accumulated
multiple mutations in many genes that increase pathogenicity
(Hatta et al, 2001, Seo et al., 2002; Gabriel et al, 2005; Jiao et
al., 2007; Stech et al, 2009; Imai et al., 2010). On the other
hand, influenza viruses of wild birds had been subjected to
natural selection toward non-virulence for centuries.

Considering naturally selected lack of virulence of
waterfowl-origin LPAIV, many researchers tried to use the
genes of these viruses for the development of live influenza
vaccines (Murphy et al., 1982, Crawford et al., 1998, Van
Der Coot et al., 2003; Shi et al., 2007; Wu et al., 2010; Zhang
et al., 2012; Pena et al., 2013). Our data confirm that the
H5N3 wild duck virus represents a promising live candidate
vaccine for protection of poultry from H5N1 HPAI viruses.
Parallel testing of experimental strains rVN-Len, rKu-Len,
rVN-gull, rKu-gull and duck virus dk/4182 showed that
only the wild duck virus A/duck/Moscow/4182/2010 meets
requirements for the “perfect AIV vaccine for poultry”,
such as high safety and high potency with protection after
a single vaccination, low cost and the possibility of vaccine
administration without handling each bird individually
(Peyre et al, 2009; Spackman and Swayne, 2013). Indeed,
our experiments show that dk/4182 is safe for chickens of
any age, regardless of the method of application. The virus
is also apathogenic for mice and likely other mammals. It
offers protection from the lethal challenge and prevents
shedding of the challenge virus after a single immunization,
can be administered via drinking water (mass application)
and meets the formal criteria of « DIVA» owing to the pres-
ence of N3 neuraminidase.
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Since dk/4182 virus is antigenically equidistant from all
the H5N1 viruses, including the ch/Ku, which was used for
the challenge, it could be expected that it will be effective
against a broad range of H5N1 strains.

A disadvantage of the dk/4182 vaccine may be high dose
of virus required for immunization via drinking water (at
least 10° EID per animal), which increases vaccination costs.
This disadvantage should be compensated by the ease and
low costs of the vaccine production. The most primitive
poultry farms can produce enough material for immuni-
zation from a small amount of the stock virus. Another
disadvantage of dk/4182 vaccine is that the vaccine virus
is excreted in feces of chickens and could theoretically get
out of control. However, in the case of focused vaccinations
in regions where HPAI H5N1 viruses already circulate and
cause problems, the LPAI H5N3 duck virus is clearly a lesser
evil. Furthermore, a possible spillover of the dk/4182 virus
into the environment should not be overdramatized because
the virus already widely circulates in wild aquatic birds.

Supplementary information is available in the online version of
the paper.
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