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A recombinant avian
paramyxovirus serotype 3
expressing the hemagglutinin
protein protects chickens against
H5N1 highly pathogenic avian
influenza virus challenge

Edris Shirvani, Berin P.Varghese, Anandan Paldurai & Siba K. Samal*

Highly pathogenic avian influenza (HPAI) is a devastating disease of poultry and a serious threat to
public health. Vaccination with inactivated virus vaccines has been applied for several years as one of
the major policies to control highly pathogenic avian influenza virus (HPAIV) infections in chickens.
Viral-vectored HA protein vaccines are a desirable alternative for inactivated vaccines. However, each
viral vector possesses its own advantages and disadvantages for the development of a HA-based
vaccine against HPAIV. Recombinant Newcastle disease virus (rNDV) strain LaSota expressing HA
protein vaccine has shown promising results against HPAIV; however, its replication is restricted only
to the respiratory tract. Therefore, we thought to evaluate avian paramyxovirus serotype 3 (APMV-3)
strain Netherlands as a safe vaccine vector against HPAIV, which has high efficiency replicationin a
greater range of host organs. In this study, we generated rAPMV-3 expressing the HA protein of H5N1
HPAIV using reverse genetics and evaluated the induction of neutralizing antibodies and protection
by rAPMV3 and rNDV expressing the HA protein against HPAIV challenge in chickens. Our results
showed that immunization of chickens with rAPMV-3 or rNDV expressing HA protein provided complete
protection against HPAIV challenge. However, immunization of chickens with rAPMV-3 expressing
HA protein induced higher level of neutralizing antibodies compared to that of rINDV expressing HA
protein. These results suggest that a rAPMV-3 expressing HA protein might be a better vaccine for
mass-vaccination of commercial chickens in field conditions.

Avian influenza viruses (AIVs) are members of the genus Alphainfluenzavirus in the family Orthomyxoviridae'.
They can cause a wide range of clinical disease in chickens. Alphainfluenzaviruses are classified into combinations
of 18 H (H1-H18) and 11 N (N1-N11) subtypes, based on antigenic differences of their hemagglutinin (HA) and
neuraminidase (NA) surface glycoproteins. H1-H16 and N1-N9 subtypes have been found in avian species®
AlVs are divided into low pathogenic avian influenza viruses (LPAIVs) that cause restricted respiratory and/or
intestinal disease without mortality in specific pathogen free (SPF) chickens, and highly pathogenic avian influ-
enza viruses (HPAIVs) that cause high mortality following an acute systemic infection in SPF chickens®*. Avian
influenza is a devastating disease of poultry and a serious threat to public health, which is caused by H5 or H7
subtype of HPAIV>S,

Nationwide vaccination with inactivated virus vaccines and/or viral vectored HA-based vaccines is one of
the major policies that is currently implemented against HPAIV in chickens in many countries’. Although the
greater part of currently used vaccines are inactivated vaccines, this type of vaccine is not the best choice to com-
bat HPAIV infection in poultry. Because not only the effectiveness of these vaccines is suboptimal, but also the
processes of production and administration of these vaccines are expensive, time consuming and labor intensive.
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Furthermore, the inability to easily serologically differentiate infected birds from vaccinated ones is a concern
of vaccination with inactivated vaccines containing virus particles®®. On the contrary, viral-vectored HA pro-
tein vaccines are a desirable alternative for inactivated vaccines!'®-!°. However, the advantages and disadvantages
of each virus should be considered when it is chosen as a vector for the development of a HA-based vaccine
against HPAIV'. Among several viral-vectored HA protein vaccine candidates that have been extensively studied
in chickens, recombinant Newcastle disease virus (rNDV) expressing HA protein of HPAIV has shown highly
promising results and has been licensed to use in the field>!*7-2,

NDV is a member of genus Orthoavulavirus in the family Paramyxoviridae'. NDV strains are classified
into three pathotypes based on the severity of disease which they cause in chickens: lentogenic (low virulent),
mesogenic (moderately virulent) and velogenic (highly virulent). The major viral factor that determines the
pathotypes of NDV is the fusion protein cleavage site (FPCS) sequence. Cleavage of precursor F0 to F1 and F2
subunits is a prerequisite for paramyxovirus infectivity, tissue tropism and pathogenicity?**. Lentogenic NDV
strains contain a mono or dibasic amino acid within the FPCS such that the FO protein can be cleaved into F1 and
F2 subunits only by a trypsin-like protease that is present extracellularly in the respiratory and intestinal tracts.
In contrast, mesogenic and velogenic NDV strains have multibasic amino acids at the FPCS that can be cleaved
intracellularly by the ubiquitous furin-like protease, resulting in systemic infection®. Although both lentogenic
and mesogenic NDV strains have been evaluated as human and veterinary vaccine vectors, the mesogenic NDV
strain Beaudette C was found to be highly effective because of its systemic replication?”. However, mesogenic
NDYV strains are Select Agents and therefore cannot be used as vaccine vectors. Hence, we thought to evaluate
another avian paramyxovirus (APMV) serotype as a vaccine vector against HPAIV, which has high efficiency
replication in a greater range of host organs, in comparison to NDV strain LaSota, which is restricted only to the
respiratory tract?®%.

All strains of NDV belong to APMV-1, but officially 20 additional serotypes have been identified'. Of these
serotypes, APMV-3 strain Netherlands, which belongs to the genus Paraavulavirus, has a multibasic FPCS, allow-
ing it to replicate in a wide range of host tissue®**!. APMV-3 is highly safe in chickens and turkeys and it is not a
Select Agent. Therefore, it can be used as a vaccine vector in chickens and turkeys. Furthermore, APMV-3 is an
antigenically distinct APMV serotype; therefore, it can circumvent pre-existing immunity to NDV better than
rNDV vector. In this study, we generated a recombinant APMV-3 (rAPMV3) strain Netherlands expressing the
HA protein of H5N1 HPAIV using reverse genetics. We evaluated the induction of neutralizing antibodies and
protection by rAPMV3 strain Netherlands and rNDV strain LaSota expressing the HA protein against HPAIV
and highly virulent NDV challenges in chickens. Our results showed that compared to INDV expressing HA
protein, immunization of chickens with rAPMV-3 expressing HA protein induced higher level of neutralizing
antibodies against HPAIV. Moreover, a prime vaccination of broilers with rAPMV-3 expressing HA protein fol-
lowed by a booster immunization with INDV expressing HA protein induced even high level of humoral anti-
body response against HPAIV. Both rAPMV-3 expressing HA protein and -INDV expressing HA protein provided
protection in chickens from death following HPAIV challenge. Although both vectors expressing the HA protein
induced protective immunity against HPAIV challenge in immunized chickens, rAPMV-3 expressing the HA
protein induced higher levels HI and neutralizing antibody titers than the INDV expressing the HA protein.
These results suggest that rAPMV-3 might be a better vector for HPAIV vaccination in the field.

Result

Generation of rAPMV-3 expressing HA protein of HSN1 HPAIV and expression of HA protein by
rAPMV-3 and rNDV. A transcription cassette containing codon optimized HA gene of HSN1 HPAIV was
inserted between P and M gene of rAPMV-3 (Fig. 1). The rAPMV-3 expressing HA protein was recovered from
the full length antigenomic cDNA plasmid and propagated in allantoic fluid of embryonated SPF chicken eggs.
The full length antigenomic cDNA of LaSota containing HA gene plasmid that was constructed previously** also
was recovered previously and was used in parallel with rAPMV-3 expressing HA protein for in vitro and in vivo
comparisons. The rAPMV-3 expressing HA protein and rNDV strain LaSota expressing HA protein were named
rAPMV-3/HA and -NDV/HA, respectively.

The expression of HA protein by rAPMV-3/HA and rNDV/HA was detected in chicken embryo fibroblast
(DF1) cell lysates by Western blot analysis (Fig. 2A). Both rAPMV-3/HA and rNDV/HA expressed HA protein
efficiently. However, the expression of HA protein by INDV/HA in DF1 cells was detected at slightly higher
level than that by rAPMV-3/HA. A ~60kDa band in Fig. 2A lane 3 represents HA1 subunit of cleaved HAO pro-
tein expressed by rAPMV-3/HA. A ~70kDa band and a ~60kDa band in Fig. 2A lane 4 represent HA1 protein
and uncleaved HAO protein expressed by INDV/HA, respectively. Lanes 1 and 2 of Fig. 2A represent DF1 cells
and rNDV as controls. The incorporation of HA protein into rAPMV-3 or INDV particles also was detected by
Western blot analysis (Fig. 2B). The HA protein was incorporated into rAPMV-3/HA (Fig. 2B lane 4) and rINDV/
HA (Fig. 2B lane 2) particles. Three ~70, ~60 and ~25kDa bands represent uncleaved HA protein (HA0), HA1
subunit and HA2 subunit, respectively.

Growth characteristics of rAPMV-3 and rNDV expressing HA protein of H5N1 HPAIV. The
rAPMV-3/HA and INDV/HA were passaged in 10-day-old SPF embryonated chicken eggs. Both recombinant
viruses replicated efficiently in eggs. However, rAPMV-3/HA replicated slightly more efficiently in eggs with
titer of about 28-2° HAU/50 ul than rNDV/HA with titer of about 27-28 HAU/50 pl. Compared to INDV/HA,
rAPMV-3/HA developed larger plaques in monolayers of DF1 cells in presence of Dulbecco’s minimal essential
medium (DMEM) containing 0.8% methylcellulose and 10% fresh allantoic fluid over layer (Fig. 3C). The multi-
cycle growth kinetics of recombinant viruses showed that INDV/HA and rAPMV-3/HA grew slightly slowly in
DF1 cells than their corresponding recombinant parental viruses (Fig. 3A,B).
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Figure 1. The schematic diagram for the construct of recombinant avian paramyxovirus serotype 3 (rAPMV-3)
containing HA gene of HPAIV. The full-length antigenomic cDNA of APMV-3 strain Netherlands was
constructed into a plasmid pBR322 previously. A transcription cassette containing ORF sequence of HA gene
of H5N1 HPAIV was flanked between P and M genes of APMV-3. The HA gene transcription cassette contains
sequences of following elements arranged in 3" to 5’ order; Sacll restriction enzyme site, GC nucleotides for rule
of six, Kozak, HA gene ORF, GE of APMV-3 P gene that here it serves as GE for HA gene, IGS, GS of APMV-3
M gene and Sacll restriction enzyme site. The polybasic cleavage site motifs (PQRERRRKKR'G) of HPAIV
strain A/Vietnam/1203/2004 (H5N1) was modified to monobasic cleavage site motifs (PQRETR'G) of LPAIV
strain A/Mexico/31381/94 (H5N2).
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Figure 2. The expression of HA protein by rAPMV-3 or INDV and incorporation of HA protein into rAPMV-3
or INDV particles. The monolayer of DF1 cells were infected with INDV, INDV/HA or rAPMV-3/HA at 0.1
MOIL. The cell lysates were collected 30 hours after infection. The expression of HA protein was detected by
Western blot analysis using a polyclonal chicken anti H5N1 serum. (A) Lanes 1-4 represents; DF1 cells, INDV,
rAPMV-3 HA and rNDV/HA, respectively. The recombinant viruses were inoculated in 10-day-embryonated
SPF chicken eggs, the infected allantoic fluids were collected three days post-inoculation and were partially
purified. The incorporation of HA protein into rAPMV-3 or rINDV particles were detected by Western blot
analysis using the mentioned serum. (B) The lanes 1-4 represent; INDV, INDV/HA, empty lane and rAPMV-3/
HA, respectively. The full-length gels are presented in Supplementary Fig. S1.

The protective efficacies of rAPMV-3 and rNDV expressing HA protein against HSN1 HPAIV
challenge in SPF chickens. HPAIV protection experiment 1. In this study four-day-old SPF chicks were
immunized by the oculonasal route with rAPMV-3/HA or INDV/HA and infected with 10° 50% egg infectious
dose (EIDs,)/bird of HSN1 HPAIV by the oculonasal route at three weeks after immunization. The results showed
that all chickens immunized with rAPMV-3/HA or INDV/HA were protected from mortality of HPAIV challenge
until ten days post-challenge, whereas all unimmunized chickens died at day two after challenge (Fig. 4A). At day
four post-challenge, the challenge virus was re-isolated from three out of ten chickens immunize with rAPMV-3/
HA, while it was re-isolated from only one out of ten chickens immunized with INDV/HA (Fig. 4B). Compared
to INDV/HA, immunization of chickens with rAPMV-3/HA induced higher neutralizing antibodies (Fig. 4C)
(P <0.05) and higher HI titers (Fig. 4D) against HPAIV and corresponding backbone vector (Fig. 4E) (P < 0.05).

HPAIV protection experiment 2. In this study day-old SPF chickens were immunized with rAPMV-3/HA or
rNDV/HA and infected with a higher dose of 10° EID;,/bird of H5N1 HPAIV at three weeks after immunization.
The results showed that all chickens immunized with rAPMV-3/HA survived from HPAIV challenge. Nine out of
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Figure 3. Multicycle growth kinetics and plaque morphology of INDV or rAPMV-3 expressing HA protein
in DF1 cells. The monolayers of DF1 cells were infected with rINDV, INDV/HA, rAPMV-3 and rAPMV-3/HA
at 0.1 MOL. The supernatant media containing virus were removed after one hour adsorbtion. The cells were
washed and DMEM containing 10% allantoic fluid was added to cells. The titer of viruses in equal volumes of
supernatants collected from infected cells in 8 hours intervals were detected by TCIDs, using DF1 cells. (A,B)
The plaque morphology of INDV, INDV/HA, rAPMV-3 and rAPMV-3/HA in presence of 10% allantoic fluid
were evaluated in DF1 monolayers (C).

A) B)

- PBS
a0 - rNDV/HA
= rAPMV-3/HA

Oropharyngeal viral load

Percent survival
8 & 8
HA positive agg %
l ; 5 g 8 &

b

o 2 4 & 8 10
Days post challenge with HPAIV HSN1

%
i,

,
.

Groups challenged with HPAIV H5N1

Q) D) E)
Neutralizing antibodies agalnst LPAIV HSNZ Antivody Hi titers against LPAIV HSNZ Armmy :espnﬂse agamﬂ NDV and APMY-3

® [ — " ——l.
g . £ 4 = aa
E * -:- % g 3 % T é ]
2 . " tz s 'i‘
o1 - 4
% (WA i

+* - T S———— T T
& & £ & & «e“ m & 2“"“5"’
& P & &
& & \

Figure 4. The induction of neutralizing antibodies and protective efficacy of rAPMV-3 or INDV expressing
HA protein against HSN1 HPAIV in SPF chickens (experiment 1). Day old SPF chicks were immunized with
10%° TCIDs/bird of INDV/HA or rAPMV-3/HA through oculonasal route. Three weeks after immunization,
chickens were infected with 10° EID,, of H5N1 HPAIV. The infected birds were observed for 10 days
post-challenge and the mortality rate for each group were recorded daily. (A) At day four post-challenge
oropharyngeal swabs were taken from survived birds and each swab sample were inoculated in one 10-day-old
embryonated eggs for re-isolation of challenge virus. The infected eggs were detected by HA assay. (B) Three
weeks post-immunization the sera were collected from all chickens and the level of antibodies induced against a
H5N2 LPAIV were detected by micro-virus neutralization assay (C) and HI assay (D) and the antibody HI titers
against NDV and APMV-3 also were detected by HI assay. (E) Serum titers are expressed as reciprocals Log2
dilution. Statistical significance among groups was: P < 0.05 (*), p < 0.01(**) and p < 0.0001 (**%).

ten chickens immunized with INDV/HA were protected from death of HPAIV until ten days post-challenge and
one chicken died at day four after challenge. Whereas all non-vaccinated chickens died at day two after challenge.
(Fig. 5A). At day four post-challenge, the challenge virus was re-isolated from five out of ten chickens immunize
with rAPMV-3/HA and four out of ten chickens immunized with INDV/HA (Fig. 5B). Compared to INDV/HA,
immunization of chickens with rAPMV-3/HA induced higher neutralizing antibodies (Fig. 5C) and higher HI
titers against HPAIV (Fig. 5D) (P < 0.05) and corresponding backbone vector (Fig. 5E).

SCIENTIFIC REPORTS | (2020) 10:2221 | https://doi.org/10.1038/s41598-020-59124-x


https://doi.org/10.1038/s41598-020-59124-x

www.nature.com/scientificreports/

A)

Percent survival

B)

Oropharyngeal viral load

100 4
! s —* PBS 10
20 -= rNDV/HA £ g
-+ TAPMV-3/HA 2
601 s 60
o a0
404 2
£ 2
204 o
0 T T T 1 6‘@? “:‘}l?
0 2 4 ] 8 10 &

C)

Neutralizing antibodies against LPAIV H5N2
6

=

Log2 AIV VN titers
9

Days post challenge with HPAIV H5N1

s
b
Groups challenged with HPAIV H5N1

E)

Antibody response against NDV and APWMV-3

Antibody HI titers against LPAIV H5N2
i .
Em NDV
Il APMV-3

Log2 AIV HI titers.
-
Log2 Hi titers

u

FEF SES
T E S N
O S’

¥ s

Figure 5. The induction of neutralizing antibodies and protective efficacy of rAPMV-3 or INDV expressing HA
protein against H5N1 HPAIV in SPF chickens (experiment 2). Day old SPF chicks were immunized with

10° PFU/bird of INDV/HA or rAPMV-3/HA through oculonasal route. Three weeks after immunization,
chickens were infected with 10° EID,, of HSN1 HPAIV. The infected birds were observed for 10 days
post-challenge and the mortality rate for each group were recorded daily. (A) At day four post-challenge
oropharyngeal swabs were taken from survived birds and each swab sample were inoculated in five 10-day-

old embryonated eggs for re-isolation of challenge virus. The infected eggs were detected by HA assay. (B)
Three weeks post-immunization the sera were collected from all chickens and the level of antibodies induced
against the HSN2 LPAIV were detected by micro-virus neutralization assay (C) and HI assay. (D) The humoral
antibody responses against NDV and APMV-3 also were detected by HI assay. (E) Serum titers are expressed as
reciprocals Log2 dilution. Statistical significance among groups was: p < 0.01(**) and p < 0.0001 (**%*).

Groups Prime immunization Boost immunization
A PBS PBS

B rNDV/HA rAPMV-3/HA

C rNDV/HA —

D rAPMV-3/HA rNDV/HA

E rAPMV-3/HA —

F — rAPMV-3/HA

Table 1. The groups of broilers immunized in single or prime-boost regimens.

The protective efficacies of rAPMV-3 and rNDV expressing HA protein against HSN1 HPAIV
challenge in broilers.  Groups of broilers were immunized with either single or prime-boost regimens
(prime immunization at day one of age and booster immunization at week three of age) of rAPMV-3/HA and/
or INDV/HA listed in Table 1 and infected with 10° EIDs,/bird of H5N1 HPAIV at week five of age. The results
showed that all immunized chickens with rAPMV-3/HA and/or INDV/HA, no matter which immunization
regimen, survived from HPAIV challenge. Whereas all non-vaccinated broilers died at day one after challenge
(Fig. 6A). The challenge virus was re-isolated from no immunized chicken at day four after challenge.

Single immunization of day old broilers with either rAPMV-3/HA or rNDV/HA induced humoral antibod-
ies against HPAIV (Fig. 6B) and the corresponding backbone vector (Fig. 7A,B) and over time, antibody titers
increased at five weeks after immunization (HI titers at five weeks post-immunization were higher than those at
three weeks post-immunization) (Figs. 6B, 7A,B). Prime immunization of broilers with rAPMV-3/HA followed
by a booster immunization with INDV/HA induced higher HI titers against HPAIV compared to the prime
immunization of broilers with INDV/HA followed by a booster immunization with rAPMV-3/HA (Fig. 6B)
(P <0.05). The maternal derived antibodies (MDAs) HI titers against NDV strain LaSota was detected in
non-infected control broilers at day two, weeks 1, 2, 3, 4 and 5 of age, and the titers decreased by the age (Fig. 7D).
The MDAs HI titers also was detected against rAPMV-3 at day two and week one of age (Fig. 7C).
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Figure 6. The protective efficacy of rAPMV-3 or INDV expressing HA against H5N1 HPAIV in broilers. The
groups of five broiler chickens were immunized with 10° PFU/bird of INDV/HA and/or rAPMV-3/HA based
on regimens of vaccination for each group mentioned in Table 1 through oculonasal route. Chickens were
infected with 10° EIDs, of H5N1 HPAIV by the oculonasal route at week five of age. The infected birds were
observed for 10 days post-challenge and the mortality rate for each group were recorded daily. (A) Three weeks
after prime-immunization and two weeks after boost-immunization the sera were collected from all chickens
and the antibodies induced against a HSN2 LPAIV were detected by HI assay. (B) Serum titers are expressed as
reciprocals Log2 dilution. Statistical significance among groups was: P < 0.05 (*).
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Figure 7. The antibody responses against APMV-3 and NDV by rAPMV-3 or NDV expressing HA in broilers.
The groups of broilers were immunized with 10 TCIDs,/bird of INDV/HA or rAPMV-3/HA based on regimen of
vaccination for each group mentioned in Table 1 through oculonasal route. Three weeks after prime-immunization
and two weeks after boost-immunization the sera were collected from all chickens and the antibodies induced
against rAPMV-3 strain Netherlands (A) and rNDV strain LaSota (B) were detected by HI assay. The level of
maternally derived antibodies (MDAs) against rAPMV-3 strain Netherlands (C) and rNDV strain LaSota (D) in
non-infected broilers also were detected by HI assay. Serum titers are expressed as reciprocals Log2 dilution.

The protective efficacies of rAPMV-3 and rNDV expressing HA protein against highly virulent
NDV challenge. Four-day-old SPF chicks were immunized with rAPMV-3/HA or INDV/HA and infected
with 100 50% chicken lethal dose (CLDs5,)/bird of virulent NDV at three weeks after immunization. The results
showed that all chickens immunized with either rAPMV-3/HA or INDV/HA were protected from mortality and
clinical signs of virulent NDV challenge until ten days post-challenge, whereas all non-immunized chickens died
at days five and six after challenge (Fig. 8A). The rAPMV-3/HA induced higher levels of HI titers against APMV-3
than the HI titers that INDV/HA induced against NDV (Fig. 8B) (P < 0.05). Cross-reactions were observed
between antibodies induced by INDV/HA and rAPMV-3/HA against rAPMV-3 and rNDV, respectively (Fig. 8B).

Discussion

rNDV strain LaSota has been found as a highly successful vaccine vector against HPAIV in chickens
Although rNDV vector induces good local and systemic immune responses, its replication is restricted only
to the respiratory tract. We therefore thought that the immune response to the HA antigen can be enhanced
by using another avirulent avian paramyxovirus vector that not only replicates in the respiratory tract, but also
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Figure 8. The antibody responses and the protective efficacy rAPMV-3 or INDV expressing HA against NDV
strain GB Texas in immunized SPF chickens. Four-day-old SPF chickens were immunized with 105> TCID,,/
ml of rAPMV-3/HA or rINDV/HA through oculonasal route. Three weeks after immunization, chickens were
infected with 100 CLD5, of NDV strain GB Texas. The infected birds were observed for 10 days post-challenge
and the mortality rate clinical signs of NDV were recorded daily. (A) Three weeks post-immunization the sera
were collected from all chickens and the level of antibodies induced against APMV-3 and NDV were detected
by HI assay. (B) Serum titers are expressed as reciprocals Log2 dilution. Statistical significance among groups
was: P <0.05 (*) and p < 0.0001 (***).

systemically. We chose to evaluate APMV-3 as a vaccine vector, because it does not cause apparent disease in
chickens, replicates well in chickens and is not a Select Agent. APMV-3 possesses a multibasic amino acid motif
at the FPCS, which allows it to replicate not only in the respiratory tract, but also systemically resulting in induc-
tion of robust immune responses®*-!. A recent study showed that rAPMV-3 vector expressing the Ebola virus
glycoprotein induced high levels of mucosal and humoral neutralizing antibodies against Ebola virus in guinea
pigs*. Both APMV-3 FPCS (A-R-P-R-G-R|L) and virulent NDV strains FPCS (R-R-Q-K-R|F) contain multi-
basic amino acids which is recognized by furin like proteases?. But the FPCS of virulent NDV strains contain
a F residue at the first position of F1 subunit and the FPCS of avirulent NDV strains contain a L residue at this
position. It has been suggested that the presence of F residue versus L residue as the first residue of F1 subunit is
associated with virulence®*. APMV-3 FPCS contains a L residue at this position. We think that although APMV-3
FPCS contains the furin recognition site (R-X-(R/K)-R|), its lack of F residue at the first position of F1 subunit
and other viral factors maybe the reason why it is avirulent in chickens. Therefore, APMV-3 can replicate sys-
temically, but does not cause apparent disease in chickens. Hence, rAPMV-3 is an attractive vector to generate a
recombinant HA-based vaccine against HPAIV. In this study, by employing reverse genetics techniques, we gen-
erated rAPMV3 strain Netherlands expressing the HA protein of H5N1 HPAIV. We then compared the efficacy
of rAPMV3 expressing HA protein with that of the INDV expressing HA protein in induction of neutralizing
antibodies and protection against HPAIV in SPF and commercial chickens.

Both rAPMV-3 and rNDV expressed HA protein at high levels in DF1 cells and the HA protein was found
to be incorporated into both rAPMV-3 and rNDV particles. However, the expression level of HA protein by
rNDV was slightly higher than that by rAPMV-3 in DF1 cells. The higher level of HA expression by the INDV
vector maybe due to the higher level of replication of the INDV vector in vitro in presence of exogenous protease.
rAPMV-3 or INDV expressing HA grew slightly slowly compared to their corresponding parental viruses in
DF1 cells, which may be due to insertion of a foreign gene into the viral genome®. Compared to NDV vector,
rAPMV-3 vector developed large size plaques in DF1 cells and grew in embryonated chicken eggs about 11log
higher titer, as a result of the difference between FPCS of the two viruses®®%.

Our results showed that compared to INDV expressing HA protein, rAPMV-3 expressing HA protein induced
higher levels of neutralizing antibodies against HPAIV and against the corresponding backbone vector in SPF
chickens. These results are in consistent with the result of a previous study indicating that rAPMV-3 replicates sys-
temically than rNDV in chickens leading to induction of stronger humoral antibody response®®. We also found that
prime immunization of broilers with rAPMV-3 expressing HA protein followed by a booster immunization with
rNDV expressing HA compared to immunization of broiler chickens with INDV expressing HA protein followed
by a booster immunization with rAPMV-3 expressing HA protein resulted in higher levels of humoral antibody
induced against HPAIV. These results indicate that day-old chicks contain maternally derived NDV antibodies
which can inhibit the replication of INDV expressing HA but is unable to affect the replication of rAPMV-3/
HA. At 3-week of age the maternally derived NDV antibodies are waned, which no more affect the replication
of INDV expressing HA. Hence, a stronger immune response to HA is achieved when rAPMV-3/HA is used for
prime immunization followed by boosting immunization at 3-week of age with INDV expressing HA. Overcome
of pre-existing antibodies has also been reported for other paramyxovirus vectors®’-*. Furthermore, these results
indicate that the rAPMV-3/HA has high efficiency replication in a greater range of chick organs. Therefore, at 5
weeks age, the higher levels of antibodies were detected in chickens that were prime-immunized with rAPMV-/HA
then boosted with INDV/HA than chickens that prime immunized with INDV/HA then boosted with rAPMV-3/
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HA. Because rAPMV-3/HA induced antibodies for a longer period (5 weeks) in chickens that prime immunized
with rAPMV-3 than the period (2 weeks) in chickens that boost immunized with rAPMV-3/HA.

Immunization of chickens with rAPMV-3 expressing HA protein or INDV expressing HA protein provided
complete protection from death following HPAIV challenge. These results suggest that the immunity provided by
rAPMV-3 or INDV expressing HA protein was enough to provide protection against HPAIV challenge in chick-
ens, in consistent with previous reports>!’-23. Immunization of SPF chickens with either rAPMV-3 expressing
HA or rNDV expressing HA decreased the post-HPAIV challenge oropharyngeal viral load, significantly. Despite
the higher levels of neutralizing antibodies induced against HPAIV by rAPMV-3 expressing HA protein and by
rNDV expressing HA protein, neither rAPMV-3 nor rNDV vector provided sterilizing protection against HPAIV
in SPF chickens in two experimental challenges. In the case of broilers, single immunization or prime-boost
immunization of chickens with rAPMV-3 or INDV expressing HA protein resulted in eliciting sterilizing immu-
nity. The absent of viral shedding following HPAIV challenge in broilers could be due to a low dose of challenge,
the higher age of chickens at time of challenge, and/or the low number of eggs per swab sample for re-isolation of
challenge virus. These results support the generally accepted view that it is difficult to achieve sterilizing protec-
tion against HPAIV by vaccination’. However, in a very well optimized challenge experiment a very low level of
challenge virus may be isolated from chickens immunized with a highly efficacious vaccine that may be consid-
ered as sterilizing protection.

Both rAPMV-3 and rNDV vectors expressing the HA protein did not completely stopped challenge virus
shedding. We do not consider this to be a major deficiency of these vector vaccines, because H5SN1 HPAIV
is a fast replicating and a highly infectious virus; therefore, complete cessation of replication of 10° EIDg, of
H5N1 HPAIV delivered directly into the nasal tract of a chicken will require very high levels of local and sys-
temic immunity. In field conditions, vaccinated chickens will not encounter such high dose of infectious HPAIV.
Therefore, we think that the levels of neutralizing antibody titers elicited by both vectors will be sufficient to
provide complete protection against HPAIV in the field. Surprisingly, a slightly higher challenge virus shedding
was found in chickens vaccinated with rAPMV-3 expressing HA than with INDV expressing HA. This could have
occurred due to some unknown reason.

There are several reasons why we think rAPMV-3/HA is a better vaccine than rINDV/HA in field condi-
tions in poultry. Although, immunization of chickens with rAPMV-3/HA and rNDV/HA provided comparable
protection against HPAIV, rAPMV-3/HA replicated more efficiently than rNDV/HA in chickens leading to the
induction of significant higher levels of neutralizing antibodies. In the field mass-vaccination conditions, birds
are vaccinated via spray method instead of direct intranasal and intraocular routes, chickens uptake lower titers
of vaccine. Therefore, low dose of rAPMV-3/HA due to more efficient replication in chickens can induce higher
levels of neutralizing antibodies and might provide better protection. However, the exact evaluation of compara-
tive protective efficacies of rAPMV-3/HA and rNDV/HA under field conditions, will require large scale studies.
Another advantage of rAPMV-3/HA over rNDV/HA is that it replicates to higher titer in embryonated chicken
eggs, which is a merit for mass-production of vaccine. Furthermore, rAPMV-3/HA is not inhibited by NDV
maternally derived antibodies; therefore, can be an efficient vaccine for day-old broiler chicks.

Our NDV challenge results showed that immunization of SPF chickens with rAPMV-3 or rINDV expressing
HA protein provided complete protection from death against highly virulent NDV strain GB Texas challenge.
Interestingly, there are only 31% and 34% amino acid identities between F and HN proteins of APMV-3 and NDV,
respectively, but they provide cross-protection?. This protection was likely provided by some cross-reactive neu-
tralizing epitopes in surface glycoproteins of APMV-3, which has been reported previously*.

In summary, the results of this study showed that immunization of chickens with rAPMV-3 expressing HA
protein or INDV expressing HA protein provided complete protection from disease following HPAIV challenge.
But the results showed that immunization of chickens with rAPMV-3 expressing HA protein induced higher
levels of neutralizing antibodies than the levels induced by INDV expressing HA protein. Taken together these
results suggest that a rAPMV-3 expressing HA protein might be a better vaccine for mass-vaccination of com-
mercial chickens in field conditions.

Materials and Methods

Cells and viruses. Human epidermoid carcinoma (HEp-2) cells and DF1 cells were obtained from the American
Type Culture Collection (ATCC, Manassas, VA) to recover recombinant viruses by reverse genetics and for in vitro
characterization of recovered viruses, respectively. The Madin-Darby canine kidney (MDCK) cells was also obtained
from ATCC to perform virus-neutralization test against LPAIV strain A/Mallard/Pennsylvania/10218/1984
(H5N2). HEp-2 and DF1 cells were grown in Dulbecco’s minimal essential medium (DMEM) containing 10% fetal
bovine serum (FBS); and MDCK cells were grown in DMEM containing 5% FBS. Recombinant viruses were prop-
agated in allantoic fluids of 10-day-old embryonated SPF chicken eggs (Charles Rivers, MA). HPAIV strain A/
Vietnam/1203/2004 (H5N1) was propagated in 10-day-old embryonated SPF chicken eggs, aliquoted and stored
at —70°C in Biosafety Level-3 plus facilities. The stored virus stock was used as challenge virus and its end point
titer was determined by EIDj,. The H5N2 LPAIV was propagated in 10-day-old embryonated SPF chicken eggs,
aliquoted and stored at —70°C in Biosafety level-2 facility. The stored virus stock was used in micro-neutralization
assay and its end point titer was determined by 50% tissue culture infectious dese (TCID5,) in MDCK.

Construction of rAPMV-3 expressing HA protein of HSN1 HPAIV. A plasmid containing full-length
antigenomic cDNA of APMV-3 strain Netherlands was constructed previously*"*? and later the viral protein 2
(VP2) gene of infectious bursal disease virus (IBDV) was flanked between P and M genes of APMV-3 using this
plasmid. Here we replaced the VP2 gene with HA gene of HPAIV strain A/Vietnam/1203/2004 (H5N1) using
Sacll restriction enzyme site. The HA gene was codon optimized for higher level of expression in human (mam-

malian) cells. A transcription cassette containing ORF sequence of HA gene of H5N1 HPAIV was amplified
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from a plasmid of full length antigenomic cDNA of NDV containing codon optimized HA gene of HPAIV
strain A/Vietnam/1203/2004 (H5N1). The polybasic cleavage site motifs (PQRERRRKKR'G) of HPAIV strain
A/Vietnam/1203/2004 (H5N1) was modified to monobasic cleavage site motifs (PQRETR'G) of LPAIV strain
A/Mexico/31381/94 (H5N2). The HA gene transcription cassette contained nucleotide sequences of following
genetic elements arranged in 3" to 5" order; Sacll restriction enzyme site, GC nucleotides for rule of six, Kozak,
HA gene open reading frame (ORF), gene end (GE) of P gene of APMV-3 (here it serves as GE for HA gene),
31 nucleotides of APMV-3 intergenic sequences (IGS), gene start (GS) of APMV-3 M gene and SaclI restriction
enzyme site. Following the cloning of the amplified fragment of HA gene transcription cassette into pGEM®-T
Easy vector (Promega Corporation), it was digested by SaclI restriction enzyme, and re-cloned between P and M
genes of APMV-3 instead of VP2 gene which was inserted between P and M genes previously. The recombinant
APMV-3 expressing HA protein was recovered by co-transfection of the plasmid of full-length anitigenomic
cDNA of APMV-3 containing HA gene and supporting plasmids containing nuclocapsid protein (N), phosphop-
rotein (P) or large polymerase protein (L) of APMV-3 strain Netherlands into HEp-2 cells using reverse genetic
techniques as described previously**. The rAPMV-3 expressing HA protein and rNDV strain LaSota expressing
HA protein were named rAPMV-3/HA and rLaSota/HA, respectively.

Expression of HA protein by rAPMV-3 and rNDV expressing HA protein of HSN1 HPAIV. The
monolayer of DF1 cells were infected with INDV, INDV/HA and rAPMV-3/HA in presence of 10% allantoic
fluid. The DF1 cell lysates were collected 30 hours after infection. A polyclonal chicken anti H5N1 serum was
used to detect expression of HA protein. In order to detect incorporation of HA protein into rAPMV-3 or INDV
particles, the recombinant viruses were inoculated in 10-day-old embryonated SPF chicken eggs. Three days after
inoculation the allantoic fluids were harvested and centrifuged at 1500 rpm for 10 minutes to remove the cell
debris. The allantoic fluids containing recombinant particles were ultra-centrifuged at 28000 rpm (rotor SW28)
for 2:30 hours at 4 °C through 30% sucrose cushion. The sedimented pellets containing partially purified virus
particles were dissolved in 50 ul phosphate buffer saline (PBS). The Western blot analysis using above serum was
utilized to detect the incorporation of HA protein into rAPMV-3 or INDV particles.

Growth characteristics of rAPMV-3 and rNDV expressing HA protein of H5N1 HPAIV. The
recombinant viruses were passaged in 10-day-old embryonated SPF chicken eggs. The viruses with high HA titers
were harvested and stored at —70°C in aliquots. The titer of each stored virus was determined by plaque assay
in presence of 10% allantoic fluid. Then the monolayers of DF1 cells in a 6-well tissue culture plate were infected
with INDV, INDV/HA, rAPMV-3 and rAPMV-3/HA at 0.1 MOI. The over layered medium was removed after
one-hour adsorption and replaced with fresh DMEM containing 10% allantoic fluid following washing the mon-
olayers with DMEM. Volumes of 200 pl were collected from each well and replaced with fresh medium containing
10% allantoic fluid in 8 hours intervals. The collected supernatants were stored at —70°C and the titer of viruses
in each sample was detected by TCIDs, using DF1 cells. The titer of each sample was calculated using a formula
derived from Reed and Muench and Spearman-Karber methods**.

The protective efficacies of rAPMV-3 and rNDV expressing HA protein against HSN1 HPAIV
challenge in SPF chickens. H5N1 HPAIV protection experiment 1. Total number of 30 four-day-old white
leghorn SPF chicks, purchased from Charles Rivers, were divided in three groups, each group ten chicks. The
chicks of first and second groups were immunized with 10%° TCIDs/bird, 160 ul in volume, of INDV expressing
HA protein and rAPMV-3 expressing HA protein, respectively. The birds of the third group were inoculated with
160 pul PBS through oculonasal route. Three weeks after immunization, birds were transferred to the Biosafety
level-3 plus facility and were infected with 10° EID,, of HPAIV strain A/Vietnam/1203/2004 (H5N1) by the ocu-
lonasal route. The infected chickens were observed daily for death and clinical signs of H5N1 HPAIV. At day four
post-challenge, oropharyngeal swabs were taken from chickens and were kept in three ml cold DMEM containing
10 X antibiotics and amphotericin B. Each swab sample was centrifuged at 1500 rpm for 10 minutes and 200 pl of
supernatant of each swab sample was inoculated into one 10-day-old embryonated SPF chicken egg. Three days
post-inoculation the allantoic fluids were tested by HA assay for the presence of challenge virus.

H5N1 HPAIV protection experiment 2. Total number of 30 two-day-old white leghorn SPF chicks, purchased
from Charles Rivers, were divided in three groups, each group ten chicks. The chicks of the first and the second
groups were immunized with 10 PFU/bird, 200 ul in volume, of INDV expressing HA protein and rAPMV-3
expressing HA protein, respectively. The birds of the third group were inoculated with 200 ul PBS through oculo-
nasal route. Three weeks after immunization, 29 birds (one bird from PBS group died during the immunization
time) were transferred to the Biosafety level-3 facilities and were infected with 10° EID5, of HPAIV strain A/
Vietnam/1203/2004 (H5N1) by the oculonasal route. The infected chickens were observed daily for death and
clinical signs of H5N1 HPAIV. At day four post-challenge, oropharyngeal swabs were taken from chickens and
were kept into three ml cold DMEM containing 10X antibiotics and amphotericin B. Each swab sample was
centrifuged at 1500 rpm for 10 minutes and five 10-day-old embryonated SPF chicken eggs were inoculated with
supernatant of each swab sample, 200 pl per egg. Three days post-inoculation the allantoic fluids were tested by
HA assay for the presence of challenge virus.

The protective efficacies of rAPMV-3 and rNDV expressing HA protein against HSN1 HPAIV challenge
in broilers. Total number of 30 two-day-old broilers were divided into six groups, five each. In a single or
prime-boost immunization regimen (prime at day one and boost at week three of age), chicks were immunized
with 10° TCIDs/bird, 200 pl in volume, of INDV expressing HA protein or rAPMV-3 expressing HA protein by
the oculonasal route based on the immunization regimen for each group listed in Table 1. At week five of age (five
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weeks-post prime immunization and two weeks post-boosting), birds were transferred to the Biosafety level-3 plus
facilities and were infected with 10° EIDs, of HPAIV strain A/Vietnam/1203/2004 (H5N1) by the oculonasal route.
The infected chickens were observed daily for death and clinical signs of HSN1 HPAIV. At day four post-challenge,
oropharyngeal swabs were taken from chickens and were kept into three ml cold DMEM containing 10X antibiotics
and amphotericin B. Each swab sample was centrifuged at 1500 rpm for 10 minutes and 200 pl of supernatant of
each swab sample were inoculated in one 10-day-old embryonated SPF chicken egg. Three days post-inoculation
the allantoic fluids were tested by HA assay for the presence of challenge virus.

The protective efficacies of rAPMV-3 and rNDV expressing HA protein against virulent NDV
challenge in SPF chickens. Total number of 15 four-day-old white leghorn SPF chicks, purchased from
Charles Rivers, were divided into three groups, five each. The chicks of the first and the second groups were
immunized with 10%° TCID,/bird, 160 ul in volume, of INDV expressing HA protein and rAPMV-3 expressing
HA protein, respectively. The birds of the third group were inoculated with 200 pl PBS through oculonasal route.
Three weeks after immunization, birds were transferred to the Biosafety level-3 facility and were infected with
100 CLDg, of virulent NDV strain GB Texas by the oculonasal route. The infected chickens were observed daily
for death and clinical signs of NDV.

Serological analysis. The antibodies induced against the HA protein of H5N1 virus in sera collected from
immunized chickens were assessed by hemagglutination inhibition (HI) assay using an antigenically related HSN2
LPAIV?. The LPAIV strain A/Mallard/Pennsylvania/10218/1984 (H5N2) was used instead of H5N1 HPAIYV,
because the experiment can be conducted at biosafety level-2 facility. The A/Mallard/Pennsylvania/10218/1984
(H5N2) virus is antigenically similar to A/Vietnam/1203/2004 (H5N1) virus (90% identity between HA protein
amino acids). The neutralizing antibodies induced against the LPAIV H5N2 in sera were assessed by micro-virus
neutralization assay using a standard protocol. Briefly, sera were incubated at 56 °C for 30 minutes. Serial two-fold
dilution of each sera were prepared. 25l of each dilution and 25pl of H5N2 LPAIV stock containing 102
TCIDs, of virus were mixed and incubated at 37 °C for 90 minutes. The titer of HSN2 LPAIV was determined by
TCID;, on MDCK cells in presence of DMEM containing 1 pig/ml N-tosyl-1-phenylalanine chloromethyl ketone
(TPCK)-treated trypsin. The supernatant of monolayer of MDCK cell in 96-well plates were removed and cells were
washed with DMEM. First 50 ul of DMEM were added to each well. Then 50 pl mixture of serum and virus was
added to each well, three wells per each dilution of serum, and incubated at 37 °C. After one-hour adsorption, the
supernatant of wells was removed, and cells were washed with DMEM. One hundred ul DMEM containing 1 pg/ml
TPCK-treated trypsin was added to each well and incubated at 37°C. Three days after incubation, 50 pl of superna-
tant of each well were assessed for presence of LPAIV strain H5N2 virus by HA assay using 1% chicken RBC. The
titer of neutralizing antibodies in each serum were calculated using a formula derived from Reed and Muench and
Spearman-Karber methods*. The antibodies induced against NDV strain LaSota and rAPMV-3 strain Netherlands
in sera of immunized chickens also were assessed by HI assay using the protocol of OIE (8 HAU antigen was used
in HPAIV protective experiment-1 HI assay and 4 HAU antigen was used in other HI assays)*.

All animal experiments involving rAPMV-3 and avirulent NDV strain LaSota were performed in our USDA
approved Biosafety level-2 and Biosafety level-2 plus facilities and all animal experiments involving HPAIV and
virulent NDV were conducted in our USDA approved Biosafety level-3 plus facilities following the guidelines and
approval of the Institutional of Animal Care and Use Committee (IACUC), University of Maryland. All experi-
ments were approved by JACUC and conducted following the guidelines.

Statistical analysis. Data were analyzed among groups by One-Way-ANOVA test. The t-test was used to
compare two groups. To avoid bias, HPAIV and NDV challenge experiments were designed as blinded studies.
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