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Peste des Petits Ruminants (PPR) is a highly contagious and often fatal disease of sheep and goats. Conventional
live vaccines have been successfully used in endemic countries however, there are not completely safe and not
allowing differentiation between vaccinated and infected animals (DIVA). In this study, a recombinant Newcastle
Hemagglutinin gene disease virus (NDV) expressing the hemagglutinin of PPRV (NDV-PPRVH) was evaluated on small ruminants by
Recombinant vaceine serology response in sheep and goats, experimental infection in goats and immunity duration in sheep. The NDV-
DIVA PPRVH vaccine injected twice at 28 days’ interval, provided full protection against challenge with a virulent PPR
strain in the most sensitive species and induced significant neutralizing antibodies. Inmunological response in
goats was slightly higher than sheep and the vaccine injected at 10%° 50 % egg infective dose/mL allowed anti-
PPRV antibodies that lasted at least 12 months as shown by antibody response monitoring in sheep. The NDV
vector presented a limited replication in the host and vaccinated animals remained negative when tested by
cELISA based on PPRV nucleoprotein allowing DIVA. This recombinant vaccine appears to be a promising
candidate in a free at risk countries and may be an important component of the global strategy for PPR
eradication.

1. Background

Peste des petits ruminants (PPR) is a highly contagious disease of
small ruminants that causes considerable clinical and economic losses
(Albina et al., 2013; Buczkowski et al., 2014; Parida et al., 2016). The
aetiological agent is the PPR virus (PPRV), which is an enveloped
negative-strand RNA virus belonging to the Morbillivirus genus of the
Paramyxoviridae family, classified as Small ruminant morbillivirus species

(Amarasinghe et al., 2019). Since the first outbreak in Ivory Coast in
1942, PPR distribution expanded to North and Austral Africa, Middle
East, Central Asia and China. More than 70 countries confirmed the
presence of the disease and many countries are at risk of introduction
(OIE, 2015).

Vaccination remains the main tool for PPR prevention and the use of
appropriate vaccines should be carried out according to the epidemio-
logical context of the region. The live attenuated vaccine confer solid
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Virus; DIVA, Differentiating Infected from Vaccinated Animals; D, day; dpi, days post infection; dpv, day post vaccination; EIDsq, 50 % egg infective dose; ELISA,
enzyme-linked immunosorbent assay; NDV-PPRVH, recombinant NDV vectoring H gene of PPRV vaccine; H, hemagglutinin; F, fusion protein; ICPI, intracerebral
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protection, but the vaccine is heat-sensitive, does not allow to differ-
entiate infected from vaccinated animals (DIVA) and present a risk of
transmission of extraneous agents (Diallo et al., 2007; Silva et al., 2011).
Efforts towards developing new generation vaccines based on DIVA
concept are of great interest in the final phase of disease eradication,
making possible epidemiological surveillance in areas where both
vaccination and stamping out are applied (FAO and OIE, 2015). The
experimental use of sheep and goat poxvirus (SGPV) vaccine vectoring
PPR virus (PPRV) genes has been reported (Adama Diallo et al., 2002;
Chen et al., 2010; Fakri et al., 2018). Those recombinant vaccines can be
used only in SGP endemic areas and the mammalian vector virus is
replicating in vaccinated animals. In this study we evaluated protection
with a recombinant vaccine using a worldwide distributed avian vector.

Newcastle disease virus (NDV, aka avian paramyxovirus 1) is an
enveloped, non-segmented, negative-stranded RNA virus, belonging to
the Orthoavulavirus genus of the Paramyxoviridae family, classified as
avian paramyxovirus serotype 1 (APMV-1, species avian orthoavulavi-
rus 1) (Rima et al., 2019). Initially applicable only to DNA viruses,
reverse genetic technology was then applied to a large group of
negative-strand RNA viruses, to which NDV belongs (Kim and Samal,
2018). NDV recombinant viruses, were first developed for influenza then
extended to other viruses like bovine herpes 1, canine distemper,
ephemeral fever, infectious bronchitis, Nipah, rabies, Rift Valley fever,
vesicular stomatitis, West Nile viruses and recently for PPRV (Ge et al.,
2015, 2011, 2010; Huang et al., 2004; Khattar et al., 2010; Kong et al.,
2012; Kortekaas et al., 2010; Murr et al., 2020; Nakaya et al., 2001;
Pepin et al., 2010; Wang et al., 2016; Zhang et al., 2017, 2016; Zhao
et al., 2017). NDV strains are classified as low-virulent (lentogenic),
moderately virulent (mesogenic) and highly virulent (velogenic)
(Alexander, 1997). Currently, lentogenic strains, such as LaSota and B1,
are used for the production of live attenuated vaccines in poultry
farming as well as a vaccine vector.

In this study, LaSota strain has been used as a vector to express the
structural hemagglutinin (H) glycoprotein of the PPR virus, which is
essential for cell attachment and virus penetration. The objective of this
study is to evaluate conferred protection in target animals by serology
monitoring and challenge of the recombinant NDV-PPRVH vaccine.

2. Material and methods
2.1. Cells and viruses

Human epithelial-2 cells (HEp-2, ATCC No. CCL-23) and baby
hamster kidney cells (BHK-21, ATCC No.CCL-10) cells were grown in
dulbecco’s modified Eagle’s medium (DMEM, Gibco) containing 10 %
fetal bovine serum (FBS, Gibco). African green monkey kidney cells
(Vero, ATCC No.CCL-81) were cultured in the same medium containing
5% FBS. Chicken embryo fibroblasts (CEF) were prepared from 10-day-
old specific-pathogen-free (SPF) embryonated chicken eggs (ValoBio-
Media, Germany) and grown in DMEM containing 10 % FBS. All media
were supplemented with r-glutamine, NaHCO3 and sodium pyruvate.

The NDV vaccine strain LaSota (GenBank accession no. AY845400.2)
used as vector was originally received from the China Veterinary Culture
Collection. Live attenuated PPRV vaccine strain Nigeria75/1 (N75/1)
was obtained from the China Institute of Veterinary Drug Control,
propagated and titrated on Vero cells. Recombinant NDV strains were
grown and titrated in 9-day-old SPF embryonated chicken eggs by
inoculation of the allantoic cavity. Recombinant NDV was also grown
and titrated in BHK-21 or HEp-2 cells in Opti-MEM (Invitrogen). CEF
were used for propagation and characterization of recombinant NDV.
The infection of NDV in BHK-21 cells was detected by using an indirect
immunofluorescence assay (IFA) and observing the cells under an
immunofluorescence microscope. The modified vaccinia virus strain
Ankara (MVA) expressing the T7 RNA polymerase was grown in primary
CEF (Wyatt et al., 1995). All viruses were stored at —80 °C before use.
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2.2. Establishment and characterization of the recombinant virus

The recombinant NDV expressing the hemagglutinin (H) of PPRV
N75/1 strain, was generated by reverse genetics in Harbin Veterinary
Research Institute of the Chinese Academy of Agricultural Sciences as
described previously (Ge et al., 2007). Briefly, the hemagglutinin (H) of
PPRV open reading frame ¢cDNA was amplified from RNA genome by
reverse transcription RT-PCR. The H gene was introduced into the NDV
genome contained in pLa through Pmel site in the P-M intergenic region
at nucleotide position 3165 of the NDV genome (Fig. 1). The resultant
plasmid designated pLa-PPRVH, was used for virus rescue as described
by Ge. etal. (Geetal., 2015, 2011, 2007). HEp-2 cells were infected with
MVA-T7 at a multiplicity of infection (MOI) of 1 and then transfected
with 1 mg of pLa-PPRVH together with expression plasmids. After 16 h
of incubation at 37 °C, the medium was replaced with 2 mL of fresh
OptiMEM containing 0.5 mg of the protease inhibitor N-tosyl-phenyla-
lanine chloromethylketone trypsin, and cells were incubated for another
3 days at 37 °C. The supernatant was first propagated in 9-day-old
embryonated SPF eggs and the allantoic fluid, was used to infect CEF
cells. The recovered virus was confirmed by sequencing the entire viral
genome.

Master seed viruses were propagated and passed in SPF embryonated
eggs for 10 passages. The virus titration was carried out for the 1th, 5th
and 10th passage virus. The expression of the PPRV H protein in the 10th
egg-passage virus infected BHK-21 cells were confirmed by immuno-
fluorescence. The master seed virus was also passed in SPF chicken for
five generations. For each generation, oral-laryngotracheal swabs were
collected at 3 days post inoculation. The viruses were recovered by
inoculation in 9-day-old SPF chicken embryo eggs. The virus recovered
from the 5th chicken-passage was used to test in vitro the presence of H
gene (by PCR), the H protein expression (by IFA) and in vivo for path-
ogenicity testing by determination of the mean death time (MDT), the
intracerebral pathogenicity index (ICPI) and the intravenous pathoge-
nicity index (IVPI) in embryonated SPF eggs or in SPF chickens as
described previously by authors (Alexander, 1989; OIE, 2018; Swayne
et al., 2003).

The immunofluorescence assay was performed as described previ-
ously (Ge et al., 2011). The primary antibodies used were specific
polyclonal sera against PPRV from inactivated PPRV 75/1-immunized
mice and against NDV from NDV LaSota immunized chicken. Second-
ary antibodies used were fluorescein isothiocyanate-conjugated rabbit
anti-chicken IgGs (Sigma). Cells were analyzed with a fluorescence
microscope.

2.3. Recombinant vaccine production

NDV-PPRVH was grown and titrated in 9-day-old SPF embryonated
eggs. The use of SPF eggs, not containing antibodies against NDV, is an
important parameter for safety and to increase the harvested virus titre.
The virus was inoculated into the allantoic cavity and the harvest of the
allantoic fluid was performed 96 h later when the infectious titre of the
virus was the highest. Viral titration was performed by inoculation of
serial dilutions on 9-day-old embryonated eggs, viral presence detected
by haemagglutination and results expressed as median egg infective
doses (EIDsp)/mL, using the endpoint method (Reed and Muench,
1938). The virus was stored at -80 C before use. The live vaccine was
prepared with the virus suspension by addition of a stabilizer (peptone
in phosphate buffer) at 50 % followed by lyophilisation, with freezing at
-60°c during 4 h, a sublimation step at —12°C during 24 h and a
desorption phase at 24 °C for 14 h. The final product was tested ac-
cording to the OIE Terrestrial Manual for sterility, identity, purity and
infectious titre (OIE, 2017).

2.4. Vaccination

We used 40 Alpine goats and sheep of local known sensitive breed
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Fig. 1. Generation of recombinant NDV expressing the PPR H gene. Schematic representation showing the rLaSota genome with the restriction endonuclease
Pme I site introduced between the P and M genes and the PPR H gene inserted into the Pme I site.

(Fakri et al., 2017), 6-9 months old, from an experiment farm in
Morocco NW. Animals were first tested negative for PPRV by cELISA.
Three groups of sheep and goats were vaccinated for dose escalation and
challenged as shown in Table 1. Vaccination consists on a 1 mL primary
injection followed by a booster 28 days later by intramuscular route. A
group of two sheep and two goats (G4) was kept unvaccinated as control.

2.5. Vaccination monitoring and DIVA evaluation

Sera were collected weekly or monthly before and after vaccination.
Antibody response was monitored for PPRV by virus neutralization
(VNT) and enzyme-linked immunosorbent assay (ELISA). VNT was
performed in 96-microwell plates. The test is based on a serial % di-
lutions of heat inactivated sera mixed with infectious virus (100
TCID50). Sera were tested in replicates (four wells per dilution) for
neutralization activity against PPRV strain Nigeria 75/1. The neutral-
izing antibody titre was calculated in accordance to Reed and Muench
method (OIE, 2016, 2013). cELISA kit based on nucleoprotein (N)
(PPRC-4 P ID-VET) was used to check DIVA property (Libeau et al.,
1995). bELISA kit based on H protein was used to detect kinetic of PPR
antibody response (Bodjo et al., 2018). Serology response for goats was
monitored during two months after vaccination except challenged ani-
mals, for sheep until 12 months’ post vaccination for G1, vaccinated by
the lowest dose (10%° EIDs). Serology was also checked to detect NDV
replication in animals using Newcastle Disease Virus Antibody Test Kit
(ProFLOK™ NDV Ab, Zoetis) and detection by HRP conjugated, sheep
IgG antibody (A130—100 P, Bethyl) and goat IgG antibody (A50—104 P,
Bethyl).

2.6. Challenge for vaccine potency

The vaccine potency was evaluated by experimental infection of
goats. Goats appeared to be very sensitive to the PPR disease compar-
atively to sheep. Sheep produced mild symptoms making difficult to
assess vaccine protection under experimental conditions (Fakri et al.,
2017). Also, in the field, during PPR outbreaks in Morocco, the overall
rates of morbidity and mortality levels in sheep remained very low
compared to what is typically reported in the literature (Fakri et al.,
2016; Hammouchi et al., 2012). The model of challenge has been con-
ducted on goats as described by two authors (El Harrak et al., 2012;
Hammouchi et al., 2012) and validated in our previous studies to assess
vaccine protection against PPR (Fakri et al., 2018, 2015).

Experiments was performed under biosafety level 3 (BSL3) in

Table 1
Animals group distribution. Description of animal number per group and the
administrated dose.

Animals

Group number _— Dose (logEIDsp/mL)
Sheep Goats

G1 8 4 8.0

G2 8 - 8.7

G3 8 8 9.5

G4 2 2 unvaccinated

accordance with the guidelines described for the care and handling of
experimental animals by the Laboratory Committee for Control and
Supervision of Animal Experimentation. Two weeks after the second
vaccination, goats of G1 and goats of G4 were challenged with virulent
PPRYV strain. The used PPR virulent strain of lineage IV was isolated
during the 2015 outbreak in Morocco from a lamb showing character-
istic clinical signs of PPR (Fakri et al., 2016). This strain is known to
induce characteristic symptoms of the disease.

Alpine goats were challenged by intravenous (IV) injection (1 mL)
and intra-nasal (IN) spray (1 mL) of PPRV virulent strain (El Harrak
et al., 2012). The titre of the inoculated virus was 10°4 TCID50/mL.
Monitoring was based on a daily observation of hyperthermia and
clinical signs from 0 to 14 days’ post infection (dpi) according to
Elharrak et al. (2012) and Hammouchi et al. (2012). Clinical scores were
used to evaluate the disease severity and to allow comparison between
animals and groups. The clinical scoring was followed with a ranking
from O to 4 based on the severity of: general behavior, hyperthermia,
alimentation, diarrhea, nasal discharge, salivation, respiratory symp-
toms including dyspnea, coughing, sneezing and mortality. A total cu-
mulative score of the assessed signs per animal per day were then
calculated. Animals that showed clinical symptoms of the disease were
euthanized when the clinical score reach 15-18 according symptoms
severity (dyspnea, diarrhea). Blood on dry tubes, lacrimal, nasal and
rectal swabs were collected from goats every 3 days post infection. All
surviving animals were euthanized at the end of the experiment. Specific
post mortem (PM) samples were taken from lung, mesenteric nodes,
pulmonary nodes, trachea and liver for virus or RNA detection.

2.7. qPCR screening

PPRV genome detection was performed on PM samples and swabs
using quantitative real-time reverse transcriptase-polymerase chain re-
action (qRT-PCR) (Batten et al., 2011). RNA extraction was accom-
plished using a RNA kit (Bioline BIO-52075, isolate II RNA Mini kit).
Amplification was carried out with the Invitrogen Superscript III Plat-
inum R one step qRT-PCR system (Cat. no. 11,745-100).

2.8. Statistical analysis

Significant differences among groups regarding hyperthermia, pro-
tection index, clinical scoring and serological response were determined
using Student’s t-test. A P-value of <0.05 was considered statistically
significant.

3. Results
3.1. Rescued recombinant virus

The growth titre of the 1th, 5th and the 10th of NDV-PPRVH in SPF
eggs were determined. There was no significant difference in growth
titres among different passages. The virus titres of the 1th, 5th and the
10th egg-passages were 10°°, 10%4 and 10°> EIDs, per ml of egg fluid,
respectively. The presence of PPRV H gene in the genomes of the 1th, 5th
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and the 10th egg-passages of NDV-PPRVH were confirmed by PCR
detection. The expression of PPRV H protein of the 1th, 5th and the 10th
egg-passages of NDV-PPRVH in BHK-21 cells were also confirmed by
immunofluorescence assay (IFA).

For each generation of master seed passed in SPF chicken, oral-
laryngotracheal swabs were collected at 3 days post inoculation. The
viruses were recovered after SPF chicken embryo eggs inoculation. The
virus recovered from the 5th chicken-passage was used to the PCR
detection for presentation of H gene in viral genome and IFA for
expression of H protein in BHK cells were confirmed. The MDT, ICPI and
IVPI were >120 h, 0 and O respectively.

These results indicated that the master seed NDV-PPRVH kept its
protein properties (gene and expression) and low pathogenicity to
poultry after egg and chicken passages.

3.2. Vaccine Safety on target species

During 14 days following first vaccination and booster, all vacci-
nated animals remained healthy, without any effect on their appetite
and behavior. No abnormal reaction in the injection site and no hy-
perthermia exceeding 1 °C were reported.

3.3. Vaccine immunogenicity

Results of sheep dose escalation study showed a significant differ-
ence (p < 0.05) in the neutralizing antibody response between the high
and the low dose although the 3 groups of sheep have a minimal average
antibody titre of 2.0 (equivalent to a serum dilution of 1/100) one week
after the second vaccination and 1.7 (equivalent to a serum dilution of
1/60) three months pv (Fig. 2). After the first vaccination, percentage of
seroconversion reach 37.5 % for G1 and G2, and 50 % for G3. After the
second vaccination, 100 % of animals seroconverted with no dose effect.
There was a significant increase of antibody response (p < 0.05) after
the booster for all groups and the average antibody titer for each group
could be considered positive only after the second immunization with
average values greater than the threshold of 1 in log.

Comparative study of the response to vaccination between goats and
sheep at the same dose (G3) revealed 75 % of seroconversion of goats to
the first injection VS 50 % in sheep and the average antibody titre was
significantly higher (p < 0.05) in goats. 50 % of goats (G3) were anti-
body positive as soon as 14 dpv confirmed by bELISA, with an average
antibody titer of 1.01 (equivalent to a serum dilution of 1/10) at 28 dpv

3.0 -
i
'

Average antibody titre in log
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(Figs. 3 and 4), to reach 100 % of positive animals after the booster with
an average value of 3.08 (equivalent to a serum dilution of 1/1200). The
antibody kinetic evaluation by bELISA confirmed the significant in-
crease of the PPRV H antibodies (p < 0.05) following the booster for
goats and sheep to reach an average inhibition percentage of 80.01 and
50.32 for goats and sheep (Fig. 4).

Regarding the NDV antibody detection evaluated on group 3, at 21
days post vaccination (dpv) 2/8 sheep seroconverted to NDV after one
injection, at 28 dpv 3/8 sheep and 3/8 goats. All vaccinated animals
seroconverted to NDV antigen two weeks after the second injection. The
antibody kinetic evaluation showed a significant increase of the average
NDV s/p ratio (p < 0.05) following the booster, from 0.189 to 0.623 and
0.170 to 0.632 for sheep and goats respectively (Fig. 3). The number of
positive animals decreased to 2/8 sheep and none of goats two months
after the booster. Sheep were tested negative for NDV at least from the
fifth months after the booster.

3.4. DIVA evaluation and immunity duration

Unvaccinated animals remained negative during all the experiment
period (before challenge for goats), no antibodies were detected by VNT
of PPRV and ELISA of N and H by cELISA and bELISA respectively. For
unvaccinated goats, one animal presented antibodies against N and H, at
D9 after infection with inhibition percentage of 58.76 and 26.78
respectively. The second goat died at D7, no antibodies were detected in
sera at D6 for both animals. When tested by cELISA based on the PPRV
nucleoprotein, all vaccinated animals were detected negative compar-
atively to antibodies against H detected by bELISA as shown by Fig. 4. At
the end of the 12 months, when tested by cELISA, all vaccinated sheep
remained negative (Fig. 5).

All sheep of G1 still presented neutralizing antibody until 12 months
pv to reach an average value of 1.5 (Fig. 5). A significant increase of the
antibody response was observed after the booster to reach an average
value of 2.0, to stabilize from the sixth month pv around 1.5.

3.5. Protection against virulent PPRV challenge on goats

After challenge the two unvaccinated Alpine goats (G4) showed
specific clinical signs of PPR infection: dyspnea (2/2), nasal (1/2) and
ocular discharges (1/2) followed by a respiratory syndrome with painful
dyspnea (2/2) and profuse diarrhea (2/2) in the terminal stage. The two
control goats died at D7 and D9 after infection with a clinical score of 17

A————_

! -

50 60 100

Days post vaccination

=—@=—Sheep of G1 = «@= Sheep of G2

== @= Sheep of G3  «++@++ Threshold line

Fig. 2. Vaccine dose escalation evaluated on sheep (mean antibody titer). Neutralizing peste des petits ruminants virus antibody kinetic evaluation after vaccination
of goats with the recombinant NDV-PPRH vaccine at 108, 1087and 10°-°EIDso/dose for G1, G2 and G3 respectively. VNT titer >1.00 in log (equivalent to a serum

dilution of 1/10) was considered positive (threshold line).
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0500 Fig. 3. Antibody kinetic evaluation against
peste des petits ruminants and Newcastle vi-
ruses after vaccination of goats (a) and sheep
(b) of group 3 (mean antibody titer). Vaccina-
tion was conducted with the recombinant NDV-
PPRH vaccine at 10%° EIDso/dose. The virus
antibody kinetic was performed by peste des
petits ruminants viral neutralization test and by
ELISA for antibodies against Newcastle virus.
VNT titer >1.00 in log (equivalent to a serum
dilution of 1/10) was considered positive.
ELISA NDV antibody s/p ratio >0.150 was
considered positive.
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Fig. 4. Antibody kinetic evaluation against hemagglutinin (H) and nucleoprotein (N) of peste des petits ruminants virus after vaccination of goats (a) and sheep (b) of
group 3. Vaccination was conducted with the recombinant NDV-PPRH vaccine at 10°° EIDso/dose. The antibody kinetic was performed b-ELISA for antibodies

against H and by c-ELISA for antibodies against N.
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Fig. 5. Serology evaluation during 12 months after vaccination of sheep of group 1 with the recombinant NDV-PPRH vaccine at 1
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kinetic of sheep was performed by peste des petits ruminants viral neutralization (mean antibody titer) and by c-ELISA for antibodies against nucleoprotein (N).

and 18 respectively. For vaccinated goats (G1), no clinical symptom was
reported during the 14 days of the observation period, body temperature
remained normal and clinical scoring was nil. QPCR analysis showed a
viral excretion detected in ocular (Ct 28.7 and 20.5) and rectal swabs (Ct
16.3 and 18.2) of unvaccinated goats. At PM examination, specific le-
sions of pneumonia and inflammatory nodules were observed in lung
and digestive tract with enlarged and hypertrophied nodes. High viral
concentration was detected by qPCR in mesenteric node (Ct 14.7 and
15.2) and in lung (Ct 17.2 and 19.4). No viral genome detection by gPCR
in vaccinated animals swabs or tissues.

4. Discussion

Peste des Petits Ruminants is worldwide distributed with huge
economical losses that justify the implementation of a Global Eradica-
tion Program (FAO and OIE, 2015). Live vaccines are currently used in
endemic countries with satisfactory results despite presence of negatives
aspects like the weak thermotolerance or risk of extraneous agents’

transmission. New vaccine generation may avoid inconvenient and
allow differentiation between infected and vaccinated animals.

Newcastle disease virus (NDV) has several advantages : the vector of
avian origin has an abortive replication in mammalians, locally
restricted to the site of inoculation (Bukreyev et al., 2005; Murr et al.,
2020), our results showed that the vector virus can replicate but at a low
level, no antibody against NDV was detected from the second months,
for goats, after the booster comparatively to PPRV antibody.

LaSota is an attenuated strain, safe in avian and non-avian species as
described by several authors (Choi, 2017) and demonstrated in our
study. The use of non-mammalian virus vector represents also an
important benefit in vaccine safety considering potential extraneous
contaminant agent transmission through vaccination (Bumbarov et al.,
2016; Pastoret, 2010; Rajko-Nenow et al., 2020) and mammals lack
preexisting NDV immunity, which minimizes the risk of vaccination
failure. Unlike herpesvirus and poxvirus vectors whose genome codes
for a large number of proteins, NDV codes for only six structural proteins
and is therefore less competitive for immune responses between the
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vector and expressed recombinant proteins. NDV replicates in the
cytoplasm, does not integrate the host cell DNA, potential recombina-
tion is then extremely rare (Conzelmann, 1998; Huang et al., 2003;
Nakaya et al., 2001; Roberts and Rose, 1998).

PPRV strains are known to be heat sensitive which affects vaccine
efficacy in the tropics. As it was demonstrated by Murr et al. (2020),
NDV seems to be more thermotolerant than PPRV and the use of NDV as
a vector could represent an advantage. Moreover, an author has been
demonstrated that the used LaSota strain was more stable than Clone 30,
B1 and VG-GA strains that could be an additional advantage (Boumart
et al., 2016). A future investigation of the NDV-PPRH thermostability
with incubation at different temperatures should be performed.

In this study, we evaluated the ability of the recombinant NDV-
PPRVH vaccine expressing the H protein to induce an immune
response to protect sheep and goats against PPR. The H gene was
inserted in the P-M intergenic region of the NDV vector. Results found by
an author showed that foreign genes can be inserted at different posi-
tions in the NDV genome without severely affecting replication effi-
ciency or virus yield (Zhao and Peeters, 2003). Murr et al. (2020)
obtained recently a protection of goats with the H gene inserted in the
F-HN region of the NDV vector.

Results reported by Ge et al. (2015) suggested that the NDV vector of
the H protein of the CDV has a more pronounced ability to induce
antibody response against CDV in minks than the one with the fusion (F)
protein and the NDV-CDV F fail to protected mink from virulent CDV
challenge (Ge et al., 2015). The same authors demonstrated that the
recombinant NDV vaccine can induce in dogs a long-term protective
immunity against rabies (Ge et al., 2011). Our results also confirmed the
role of H protein in the immunity process to induce PPRV neutralizing
antibody production in sheep. Vaccinated sheep at a dose of 108
EIDso/mL still present antibody against PPRV until 12 months after
vaccination. The developed recombinant NDV-PPRV vaccine, at the
recommended dose with double immunization, is likely to protect small
ruminant for at least 12 months. In this study we focused also in post
vaccination monitoring in sheep for immunity duration, comparatively
to recent study in addition to evaluation of protection in goats, due to
the important role of sheep as reservoir during a PPR control program
(Fakri et al., 2017; Murr et al., 2020).

Our results demonstrated that the developed recombinant vaccine
was protective for small ruminants at a dose of 1080 EIDso/mL. The
vaccination with the recommended dose induced significant antibody
response against PPRV in sheep and sensitive animal protection against
challenge with a virulent PPRV strain. Goats are more sensitive than
sheep to express the disease and the experimental infection is more
reliable (El Harrak et al., 2012; Fakri et al., 2017; Hammouchi et al.,
2012). Furthermore, in our experiment serological antibody titres are
higher in goats at the same vaccine dose.

In dose escalation experiment, we injected three different doses and
demonstrated a significant correlation with immunological response. As
reported by other authors the protective dose for cattle, pig, horse and
pets was 107 to 10°° EIDso/dose in BHV-1, BEFV, RVFV, VSV, NiV,
WNV, CDV and RV vaccines. Regarding PPRV, Murr et al. (2020) rec-
ommended a double injection at 2 x 105 TCIDso/mL, that seems to be
efficient to protect goats against the disease, in our study the recom-
mended dose was 105 EIDsq. Furthermore, serology testing showed
that the second vaccination increased significantly the immune
response, it’s has been also confirmed by several authors testing other
NDV recombinant vaccines (Chen et al., 2010; Gao et al., 2006; Murr
et al., 2020; Weingartl et al., 2006). For instance, in calves, a single
intramuscular recombinant NDV RVF vaccination induced neutralizing
antibodies and this response was significantly enhanced by a booster
(Kortekaas et al., 2010). A second vaccination was also necessary for the
NDV Herpesvirus-1 bovine recombinant vaccine (Khattar et al., 2010).
Vaccination with the NDV recombinant rabies virus vaccine has resulted
in strong and lasting production of neutralizing antibodies against rabies
virus in dogs and cats (Ge et al, 2011). In our study, at the
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recommended dose, the second immunization was necessary to reach
100 % of seroconverted sheep with an average antibody titre around 2.0
(equivalent to a serum dilution of 1/100) 14 dpv, also confirmed by
Murr et al. (2020) with titers ranging between 1.3 (equivalent to a serum
dilution of 20) and 1.9 (equivalent to a serum dilution of 1/80) in goats
three weeks after the second inoculation. In our study the VNT were
based on homologous neutralization while Murr et al. (2020) reported
heterologous neutralization, however an author demonstrated that the
presence of strong epitopes common to all lineages provides a mecha-
nism for the broad cross-protection seen between PPRV strains (Hodg-
son et al., 2018).

For poultry, NDV based vaccines are generally administered by the
respiratory route to induce local immunity (Alexander, 1997). DiNapoli
et al. (2009) and Subbiah et al. (2008) demonstrated that intranasal
route for delivery in mammals is not recommended because of poor
replication of NDV in the upper respiratory tract of mammals due to the
lower temperature when compared to birds. Those authors recommend
intra-tracheal route (DiNapoli et al., 2009; Subbiah et al., 2008). The
finding is in accordance with Kortekaas et al. (2010) who compared in
calves the induced immunogenicity when the recombinant NDV RVF
vaccine was administered by intranasal route versus intramuscular
route. Results demonstrated that vaccination via IM route with live NDV
vector vaccine was more effective. Hence we selected in this study the
IM route, more practical for vaccination and can guarantee the dose
administration. Subcutaneous route is more routinely used for ruminant
vaccination, but IM route facilitate systemic reaction knowing that the
NDV vector has a limited replication cycle in mammalians (Harmsen
et al., 2011).

Development of a recombinant NDV-PPRVH represents in addition
the possibility to differentiate between vaccinated and infected animals,
only antibodies against hemagglutinin (H) protein should be detected in
vaccinated animals with no antibodies against nucleoprotein (N)
comparatively to infected animals. The developed recombinant NDV-
PPRVH vaccine, can easily be differentiated with wild-type and atten-
uated PPRYV strains circulating in the field. Vaccinated animals remained
negative in serology when tested by cELISA based on the N protein and
were positive to bELISA that detected antibodies against H protein,
which confirm the DIVA potential of the recombinant vaccine,
comparatively to unvaccinated animal with no antibody detection and
infected animals with detection of both antibodies against N and H
proteins.

5. Conclusion

In conclusion, the NDV-PPRVH recombinant vaccine induced on
sheep and goats high level of neutralizing antibodies and conferred
protection against PPR challenge in the most sensitive species. The
vaccine conferred an immunity for at least 12 months as demonstrated
in sheep and allowed DIVA. This recombinant vaccine appears to be a
promising candidate in a free at risk countries and may be an important
component of the global strategy for PPR eradication. In addition, the
vaccine is safe for small ruminants with no risk of reversion, shedding or
transmission of extraneous agents. Assessment of the vaccine candidate
in field conditions should be carried out in the future.

Ethics approval

Animal experiments were carried out in accordance with the inter-
national guidelines for care and handling of experimental animals. The
study protocol was approved by the Internal Ethic Committee.

Consent for publication

Not applicable



F.Z. Fakri et al.
Availability of data and material

All data generated or analyzed during this study are included in this
published article.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Authors’ contributions

WC and ZBu performed the construction of recombinant viruses. FF
and ZBa performed the animal experiments. FF and SE performed the
serology testing. ZE performed the molecular biology testing. ME, WC
and Zbu designed and supervised the study. FF and ME analyzed the
data. KT participated in the BSL3 containment research with respect of
animal welfare standards. FF and ME drafted the manuscript. All authors
have read and approved the final manuscript.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors gratefully acknowledge the support for this study by MCI
Santé Animale.

References

Albina, E., Kwiatek, O., Minet, C., Lancelot, R., Servan de Almeida, R., Libeau, G., 2013.
Peste des petits ruminants, the next eradicated animal disease? Vet. Microbiol. 165,
38-44. https://doi.org/10.1016/j.vetmic.2012.12.013.

Alexander, D.J., 1989. Newcastle disease. In: Purchase, H.G., Arp, L.H., Domermuth, C.
H., Pearson, J.E. (Eds.), A Laboratory Manual for the Isolation and Identification of
Avian Pathogens. Kennett Square, PA, pp. 114-120.

Alexander, D.J., 1997. Newcastle Disease and Other Avian Paramyxoviridae infections.,
Iowa State. Ed.

Amarasinghe, G.K., Ayllon, M.A., Bao, Y., Basler, C.F., Bavari, S., 2019. Taxonomy of the
order Mononegavirales : update 2019 Taxonomy of the order Mononegavirales :
update 2019. Arch. Virol. 164, 1967-1980. https://doi.org/10.1007/s00705-019-
04247-4.

Batten, Ca., Banyard, A.C., King, D.P., Henstock, M.R., Edwards, L., Sanders, A.,
Buczkowski, H., Oura, C.C.L., Barrett, T., 2011. A real time RT-PCR assay for the
specific detection of Peste des petits ruminants virus. J. Virol. Methods 171,
401-404. https://doi.org/10.1016/j.jviromet.2010.11.022.

Bodjo, S.C., Baziki, J.-D., Nwankpa, N., Chitsungo, E., Koffi, Y.M., Couacy-Hymann, E.,
Diop, M., Gizaw, D., Tajelser, [.B.A., Lelenta, M., Diallo, A., Tounkara, K., 2018.
Development and validation of an epitope-blocking ELISA using an anti-
haemagglutinin monoclonal antibody for specific detection of antibodies in sheep
and goat sera directed against peste des petits ruminants virus. Arch. Virol. https://
doi.org/10.1007/s00705-018-3782-1.

Boumart, Z., Hamdi, A.J., Daouam, S., Elarkam, A., Tadlaoui, K.O., Harrak, M..El, 2016.
Thermal stability study of five newcastle disease attenuated vaccine strains. Avian
Dis. 60, 8-13.

Buczkowski, H., Muniraju, M., Parida, S., Banyard, A.C., 2014. Morbillivirus vaccines:
recent successes and future hopes. Vaccine 32, 3155-3161. https://doi.org/
10.1016/j.vaccine.2014.03.053.

Bukreyev, A., Huang, Z., Yang, L., Elankumaran, S., St. Claire, M., Murphy, B.R.,
Samal, S.K., Collins, P.L., 2005. Recombinant newcastle disease virus expressing a
foreign viral antigen is attenuated and highly immunogenic in Primates. J. Virol. 79,
13275-13284. https://doi.org/10.1128/jvi.79.21.13275-13284.2005.

Bumbarov, V., Golender, N., Erster, O., Khinich, Y., 2016. Detection and isolation of
Bluetongue virus from commercial vaccine batches. Vaccine 34, 3317-3323. https://
doi.org/10.1016/j.vaccine.2016.03.097.

Chen, W., Hu, S., Qu, L., Hu, Q., Zhang, Q., Zhi, H., Huang, K., Bu, Z., 2010. A goat
poxvirus-vectored peste-des-petits-ruminants vaccine induces long-lasting
neutralization antibody to high levels in goats and sheep. Vaccine 28, 4742-4750.
https://doi.org/10.1016/j.vaccine.2010.04.102.

Choi, K.-S., 2017. Newcastle disease virus vectored vaccines as bivalent or antigen
delivery vaccines. Clin. Exp. Vaccine Res. 6, 72. https://doi.org/10.7774/
cevr.2017.6.2.72.

Veterinary Microbiology 261 (2021) 109201

Conzelmann, K.-K., 1998. NONSEGMENTED NEGATIVE-STRAND RNA VIRUSES:
genetics and manipulation of viral genomes. Annu. Rev. Genet. 32, 123-162.
https://doi.org/10.1146/annurev.genet.32.1.123.

Diallo, A., Minet, C., Berhe, G., Le Goff, C., Black, D.N., Fleming, M., Barrett, T.,
Grillet, C., Libeau, G., 2002. Goat immune response to capripox vaccine expressing
the hemagglutinin protein of peste des petits ruminants. Ann. N.Y. Acad. Sci. 969,
88-91.

Diallo, A., Minet, C., Le Goff, C., Berhe, G., Albina, E., Libeau, G., Barrett, T., 2007. The
threat of peste des petits ruminants: progress in vaccine development for disease
control. Vaccine 25, 5591-5597. https://doi.org/10.1016/j.vaccine.2007.02.013.

DiNapoli, J.M., Ward, J.M., Cheng, L., Yang, L., Elankumaran, S., Murphy, B.R., Samal, S.
K., Collins, P.L., Bukreyev, A., 2009. Delivery to the lower respiratory tract is
required for effective immunization with Newcastle disease virus-vectored vaccines
intended for humans. Vaccine 27, 1530-1539. https://doi.org/10.1016/j.
vaccine.2009.01.009.Delivery.

El Harrak, M., Touil, N., Loutfi, C., Hammouchi, M., Parida, S., Sebbar, G., Chaffai, N.,
Harif, B., Messoudi, N., Batten, C., Oura, Ca L., 2012. A reliable and reproducible
experimental challenge model for peste des petits ruminants virus. J. Clin. Microbiol.
50, 3738-3740. https://doi.org/10.1128/JCM.01785-12.

Fakri, F., Ghzal, F., Daouam, S., Elarkam, A., Douieb, L., Zouheir, Y., Tadlaoui, K., Fassi-
Fihri, O., 2015. Development and field application of a new combined vaccine
against Peste des Petits Ruminants and Sheep Pox. Trials Vaccinol. 4, 33-37. https://
doi.org/10.1016/j.trivac.2015.03.004.

Fakri, F., Embarki, T., Parida, S., Bamouh, Z., Jazouli, M., Mahapatra, M., Tadlaoui, K.,
Fassi-Fihri, O., Richardson, C.D., Elharrak, M., 2016. Re-emergence of Peste des
Petits Ruminants virus in 2015 in Morocco: molecular characterization and
experimental infection in Alpine goats. Vet. Microbiol. 197, 137-141. https://doi.
0rg/10.1016/j.vetmic.2016.11.006.

Fakri, F.Z., Elhajjam, A., Bamouh, Z., Jazouli, M., Boumart, Z., Tadlaoui, K., Fassi-
Fihri, O., Elharrak, M., 2017. Susceptibility of Moroccan sheep and goat breeds to
peste des petits ruminants virus. Acta Vet. Scand. 59 https://doi.org/10.1186/
513028-017-0323-y.

Fakri, F., Bamouh, Z., Ghzal, F., Baha, W., Tadlaoui, K., Fihri, O.F., Chen, W., Bu, Z.,
Elharrak, M., 2018. Comparative evaluation of three capripoxvirus-vectored peste
des petits ruminants vaccines. Virology 514, 211-215. https://doi.org/10.1016/j.
virol.2017.11.015.

FAO, OIE, 2015. Global strategy for the control and eradication of PPR. In: International
Conference for the Control and Eradication of Peste Des Petits Ruminants (PPR).
Abidjan, Ivory Coast.

Gao, W., Soloff, A.C., Lu, X., Montecalvo, A., Nguyen, D.C., Matsuoka, Y., Paul, D.,
Swayne, D.E., Donis, R.O., Katz, J.M., Barratt-boyes, S.M., Gambotto, A., 2006.
Protection of mice and poultry from lethal HS5N1 avian influenza virus through
adenovirus-based immunization. J. Virol. 80, 1959-1964. https://doi.org/10.1128/
JVI.80.4.1959.

Ge, J., Deng, G., Wen, Z., Tian, G., Wang, Y., Shi, J., Wang, X., Li, Y., Hu, S., Jiang, Y.,
Yang, C., Yu, K., Bu, Z., Chen, H., 2007. Newcastle disease virus-based live
attenuated vaccine completely protects chickens and mice from lethal challenge of
homologous and heterologous H5N1 avian influenza viruses. J. Virol. 81, 150-158.
https://doi.org/10.1128/JVI.01514-06.

Ge, J., Tian, G., Zeng, X., Jiang, Y., Chen, H., Bu, Z., 2010. Generation and evaluation of a
newcastle disease virus—Based H9 avian influenza live vaccine. Avian Dis. 54,
294-296. https://doi.org/10.1637,/9130-873109-digest.1.

Ge, J., Wang, X., Tao, L., Wen, Z., Feng, N., Yang, S., Xia, X., Yang, C., Chen, H., Bu, Z.,
2011. Newcastle disease virus-vectored rabies vaccine is safe, highly immunogenic,
and provides long-lasting protection in dogs and cats. J. Virol. 85, 8241-8252.
https://doi.org/10.1128/JVI.00519-11.

Ge, J., Wang, X., Tian, M., Gao, Y., Wen, Z., Yu, G., Zhou, W., Zu, S., By, Z., 2015.
Recombinant Newcastle disease viral vector expressing hemagglutinin or fusion of
canine distemper virus is safe and immunogenic in minks. Vaccine 33, 2457-2462.
https://doi.org/10.1016/j.vaccine.2015.03.091.

Hammouchi, M., Loutfi, C., Sebbar, G., Touil, N., Chaffai, N., Batten, C., Harif, B.,
Oura, C., El Harrak, M., 2012. Experimental infection of alpine goats with a
Moroccan strain of peste des petits ruminants virus (PPRV). Vet. Microbiol. 160,
240-244. https://doi.org/10.1016/j.vetmic.2012.04.043.

Harmsen, M.M., Antonis, A.F.G., Moormann, R.J.M., Kortekaas, J., 2011. Parenteral
vaccination of mammalian livestock with Newcastle disease virus-based vector
vaccines offers optimal efficacy and safety. Landes Biosci. 2, 58-62. https://doi.org/
10.4161/bbug.2.1.13349.

Hodgson, S., Moffat, K., Hill, H., Flannery, J.T., Graham, S.P., Baron, M.D., Darpel, K.E.,
2018. Comparison of the immunogenicity and cross-lineage efficacy of live
attenuated peste des petits ruminants virus vaccines PPRV/Nigeria/75/1 and PPRV/
Sungri/96. J. Virol. https://doi.org/10.1128/JV1.01471-18.

Huang, Z., Elankumaran, S., Panda, A., Samal, S.K., 2003. Recombinant newcastle
disease virus as a vaccine vector. Poult. Sci. 82, 899-906. https://doi.org/10.1128/
JVI.75.23.11868.

Huang, Z., Elankumaran, S., Yunus, A.S., Samal, S.K., 2004. A recombinant newcastle
disease virus (NDV) expressing VP2 protein of infectious bursal disease virus (IBDV)
protects against NDV and IBDV. J. Virol. 78, 10054-10063. https://doi.org/
10.1128/jvi.78.18.10054-10063.2004.

Khattar, S.K., Collins, P.L., Samal, S.K., 2010. Immunization of cattle with recombinant
Newcastle disease virus expressing bovine herpesvirus-1 (BHV-1) glycoprotein D
induces mucosal and serum antibody responses and provides partial protection
against BHV-1. Vaccine 28, 3159-3170. https://doi.org/10.1016/j.
vaccine.2010.02.051.


https://doi.org/10.1016/j.vetmic.2012.12.013
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0010
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0010
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0010
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0015
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0015
https://doi.org/10.1007/s00705-019-04247-4
https://doi.org/10.1007/s00705-019-04247-4
https://doi.org/10.1016/j.jviromet.2010.11.022
https://doi.org/10.1007/s00705-018-3782-1
https://doi.org/10.1007/s00705-018-3782-1
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0035
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0035
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0035
https://doi.org/10.1016/j.vaccine.2014.03.053
https://doi.org/10.1016/j.vaccine.2014.03.053
https://doi.org/10.1128/jvi.79.21.13275-13284.2005
https://doi.org/10.1016/j.vaccine.2016.03.097
https://doi.org/10.1016/j.vaccine.2016.03.097
https://doi.org/10.1016/j.vaccine.2010.04.102
https://doi.org/10.7774/cevr.2017.6.2.72
https://doi.org/10.7774/cevr.2017.6.2.72
https://doi.org/10.1146/annurev.genet.32.1.123
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0070
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0070
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0070
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0070
https://doi.org/10.1016/j.vaccine.2007.02.013
https://doi.org/10.1016/j.vaccine.2009.01.009.Delivery
https://doi.org/10.1016/j.vaccine.2009.01.009.Delivery
https://doi.org/10.1128/JCM.01785-12
https://doi.org/10.1016/j.trivac.2015.03.004
https://doi.org/10.1016/j.trivac.2015.03.004
https://doi.org/10.1016/j.vetmic.2016.11.006
https://doi.org/10.1016/j.vetmic.2016.11.006
https://doi.org/10.1186/s13028-017-0323-y
https://doi.org/10.1186/s13028-017-0323-y
https://doi.org/10.1016/j.virol.2017.11.015
https://doi.org/10.1016/j.virol.2017.11.015
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0110
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0110
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0110
https://doi.org/10.1128/JVI.80.4.1959
https://doi.org/10.1128/JVI.80.4.1959
https://doi.org/10.1128/JVI.01514-06
https://doi.org/10.1637/9130-873109-digest.1
https://doi.org/10.1128/JVI.00519-11
https://doi.org/10.1016/j.vaccine.2015.03.091
https://doi.org/10.1016/j.vetmic.2012.04.043
https://doi.org/10.4161/bbug.2.1.13349
https://doi.org/10.4161/bbug.2.1.13349
https://doi.org/10.1128/JVI.01471-18
https://doi.org/10.1128/JVI.75.23.11868
https://doi.org/10.1128/JVI.75.23.11868
https://doi.org/10.1128/jvi.78.18.10054-10063.2004
https://doi.org/10.1128/jvi.78.18.10054-10063.2004
https://doi.org/10.1016/j.vaccine.2010.02.051
https://doi.org/10.1016/j.vaccine.2010.02.051

F.Z. Fakri et al.

Kim, S.H., Samal, S.K., 2018. Reverse genetics for Newcastle disease virus as a vaccine
vector. Current Protocols in Microbiology, pp. 18.5.1-18.5.12. https://doi.org/
10.1002/cpmc.44.

Kong, D., Wen, Z., Su, H., Ge, J., Chen, W., Wang, X., Wu, C., Yang, C., Chen, H., By, Z.,
2012. Newcastle disease virus-vectored Nipah encephalitis vaccines induce B and T
cell responses in mice and long-lasting neutralizing antibodies in pigs. Virology 432,
327-335. https://doi.org/10.1016/j.virol.2012.06.001.

Kortekaas, J., Dekker, A., Boer, S.M., Weerdmeester, K., Vloet, R.P., Wit, A.A.C.,
Peeters, B.P.H., Moormann, R.J.M., 2010. Intramuscular inoculation of calves with
an experimental Newcastle disease virus-based vector vaccine elicits neutralizing
antibodies against Rift Valley fever virus. Vaccine 28, 2271-2276. https://doi.org/
10.1016/j.vaccine.2010.01.001.

Libeau, G., Préhaud, C., Lancelot, R., Colas, F., Guerre, L., Bishop, D.H., Diallo, A., 1995.
Development of a competitive ELISA for detecting antibodies to the Peste des Petits
Ruminants virus using a recombinant nucleoprotein. Res. Vet. Sci. 58, 50-55.
https://doi.org/10.1016,/0034-5288(95)90088-8.

Murr, M., Hoffmann, B., Grund, C., Romer-oberdorfer, A., Mettenleiter, T.C., 2020.

A novel recombinant newcastle disease virus vectored DIVA vaccine against peste
des petits ruminants in goats. Vaccines 8, 1-25.

Nakaya, T., Cros, J., Park, M., Zheng, H., Sagrera, A., Villar, E., Garci, A., Palese, P.,
Nakaya, Y., 2001. Recombinant newcastle disease virus as a vaccine vector. J. Virol.
75, 11868-11873. https://doi.org/10.1128/JVI1.75.23.11868.

OIE, 2013. Peste des petits ruminants. OIE Terrestrial Manual, pp. 1-14.

OIE, 2015. Peste des petits ruminants. Bulletin, pp. 1-124.

OIE, 2016. Sheep pox and goat pox. OIE Terrestrial Manual, pp. 1-13.

OIE, 2017. Tests for sterility and freedom from contamination of biological materials
intented for veterinary use. OIE Terrestrial Manual, pp. 1-15.

OIE, 2018. Newcastle disease. OIE Terrestrial Manual 2018, pp. 964-983.

Parida, S., Muniraju, M., Altan, E., Baazizi, R., Raj, G.D., Mahapatra, M., 2016.
Emergence of PPR and its threat to Europe. Small Rumin. Res. 142, 16-21. https://
doi.org/10.1016/j.smallrumres.2016.02.018.

Pastoret, P.P., 2010. Human and animal vaccine contaminations. Biologicals 38,
332-334. https://doi.org/10.1016/j.biologicals.2010.02.015.

Pepin, M., Bouloy, M., Bird, B.H., Kemp, A., Paweska, J., 2010. Rift Valley fever virus
(Bunyaviridae: phlebovirus): an update on pathogenesis, molecular epidemiology,
vectors, diagnostics and prevention. Vet. Res. 41 https://doi.org/10.1051/vetres/
2010033.

Rajko-Nenow, P., Golender, N., Bumbarov, V., Brown, H., Frost, L., Darpel, K.,
Tennakoon, C., Flannery, J., Batten, C., 2020. Complete coding sequence of a novel
bluetongue virus isolated from a commercial sheeppox vaccine. Microbiol. Resour.
Announc. 9, 9-11. https://doi.org/10.1128/mra.01539-19.

Veterinary Microbiology 261 (2021) 109201

Reed, L.J., Muench, H., 1938. A simple method of estimating fifty per cent endpoints.
Am. J. Epidemiol. 27, 493-497. https://doi.org/10.7723/antiochreview.72.3.0546.

Rima, B., Balkema-buschmann, A., Dundon, W.G., Duprex, P., Easton, A., Fouchier, R.,
Kurath, G., Lamb, R., Lee, B., Rota, P., Wang, L., 2019. ICTV virus taxonomy profile:
paramyxoviridae. J. Gen. Virol. 100, 1593-1594.

Roberts, A., Rose, J.K., 1998. Recovery of negative-strand RNA viruses from plasmid
DNAs : a positive approach revitalizes a negative field. Virology 247, 1-6.

Silva, A.C., Carrondo, M.J.T., Alves, P.M., 2011. Strategies for improved stability of peste
des petits ruminants vaccine. Vaccine 29, 4983-4991. https://doi.org/10.1016/j.
vaccine.2011.04.102.

Subbiah, M., Yan, Y., Rockemann, D., Samal, S.K., 2008. Experimental infection of calves
with Newcastle disease virus induces systemic and mucosal antibody responses.
Arch. Virol. 153, 1197-1200. https://doi.org/10.1007/s00705-008-0099-5.

Swayne, D.E., Suarez, D.L., Tumpey, T.M., King, D.J., Nakaya, T., Palese, P., Garcia-
Sastre, A., 2003. Recombinant paramyxovirus type 1-Avian Influenza-H7 virus as a
vaccine for protection of chickens against influenza and newcastle disease. Avian
Dis. 47, 1047-1050.

Wang, J., Yang, J., Ge, J., Hua, R, Liu, R., Li, X., Wang, X., Shao, Y., Sun, E., Wy, D.,
Qin, C., Wen, Z., Bu, Z., 2016. Newcastle disease virus-vectored West Nile fever
vaccine is immunogenic in mammals and poultry. Virol. J. 13, 1-11. https://doi.org/
10.1186/512985-016-0568-5.

Weingartl, H.M., Berhane, Y., Caswell, J.L., Loosmore, S., Audonnet, J.-C., Roth, J.A,,
Czub, M., 2006. Recombinant nipah virus vaccines protect pigs against challenge.
J. Virol. 80, 7929-7938. https://doi.org/10.1128/jvi.00263-06.

Wyatt, L.S., Moss, B., Rozenblatt, S., 1995. Replication-deficient vaccinia virus encoding
bacteriophage T7 RNA polymerase for transient gene expression in mammalian cells.
Virology 210, 202-205.

Zhang, M., Ge, J., Li, X., Chen, W., Wang, X., Wen, Z., Bu, Z., 2016. Protective efficacy of
a recombinant Newcastle disease virus expressing glycoprotein of vesicular
stomatitis virus in mice. Virol. J. 13, 1-10. https://doi.org/10.1186/512985-016-
0481-y.

Zhang, M., Ge, J., Wen, Z., Chen, W., Wang, X., Liu, R., Bu, Z., 2017. Characterization of
a recombinant Newcastle disease virus expressing the glycoprotein of bovine
ephemeral fever virus. Arch. Virol. 162, 359-367. https://doi.org/10.1007/s00705-
016-3078-2.

Zhao, H., Peeters, B.P.H., 2003. Recombinant Newcastle disease virus as a viral vector:
effect of genomic location of foreign gene on gene expression and virus replication.
J. Gen. Virol. 84, 781-788. https://doi.org/10.1099/vir.0.18884-0.

Zhao, R., Sun, J., Qi, T., Zhao, W., Han, Z., Yang, X., Liu, S., 2017. Recombinant
Newcastle disease virus expressing the infectious bronchitis virus S1 gene protects
chickens against Newcastle disease virus and infectious bronchitis virus challenge.
Vaccine 35, 2435-2442. https://doi.org/10.1016/j.vaccine.2017.03.045.


https://doi.org/10.1002/cpmc.44
https://doi.org/10.1002/cpmc.44
https://doi.org/10.1016/j.virol.2012.06.001
https://doi.org/10.1016/j.vaccine.2010.01.001
https://doi.org/10.1016/j.vaccine.2010.01.001
https://doi.org/10.1016/0034-5288(95)90088-8
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0190
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0190
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0190
https://doi.org/10.1128/JVI.75.23.11868
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0200
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0205
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0210
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0215
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0215
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0220
https://doi.org/10.1016/j.smallrumres.2016.02.018
https://doi.org/10.1016/j.smallrumres.2016.02.018
https://doi.org/10.1016/j.biologicals.2010.02.015
https://doi.org/10.1051/vetres/2010033
https://doi.org/10.1051/vetres/2010033
https://doi.org/10.1128/mra.01539-19
https://doi.org/10.7723/antiochreview.72.3.0546
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0250
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0250
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0250
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0255
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0255
https://doi.org/10.1016/j.vaccine.2011.04.102
https://doi.org/10.1016/j.vaccine.2011.04.102
https://doi.org/10.1007/s00705-008-0099-5
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0270
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0270
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0270
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0270
https://doi.org/10.1186/s12985-016-0568-5
https://doi.org/10.1186/s12985-016-0568-5
https://doi.org/10.1128/jvi.00263-06
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0285
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0285
http://refhub.elsevier.com/S0378-1135(21)00224-8/sbref0285
https://doi.org/10.1186/s12985-016-0481-y
https://doi.org/10.1186/s12985-016-0481-y
https://doi.org/10.1007/s00705-016-3078-2
https://doi.org/10.1007/s00705-016-3078-2
https://doi.org/10.1099/vir.0.18884-0
https://doi.org/10.1016/j.vaccine.2017.03.045

	Long term immunity against Peste Des Petits Ruminants mediated by a recombinant Newcastle disease virus vaccine
	1 Background
	2 Material and methods
	2.1 Cells and viruses
	2.2 Establishment and characterization of the recombinant virus
	2.3 Recombinant vaccine production
	2.4 Vaccination
	2.5 Vaccination monitoring and DIVA evaluation
	2.6 Challenge for vaccine potency
	2.7 qPCR screening
	2.8 Statistical analysis

	3 Results
	3.1 Rescued recombinant virus
	3.2 Vaccine Safety on target species
	3.3 Vaccine immunogenicity
	3.4 DIVA evaluation and immunity duration
	3.5 Protection against virulent PPRV challenge on goats

	4 Discussion
	5 Conclusion
	Ethics approval
	Consent for publication
	Availability of data and material
	Funding
	Authors’ contributions
	Declaration of Competing Interest
	Acknowledgements
	References


