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ABSTRACT Maternally derived antibodies (MDA)
substantially interfere with active immunity in post-
hatch vaccination, although they provide early protec-
tion against disease through passive immunity in young
chickens. Previously, Newcastle disease virus (NDV)
strain TS09-C was demonstrated to be safe and
immunogenic as in-ovo vaccine in specific-pathogen-free
chickens. Here, we evaluated the safety, protective ef-
ficacy, and duration of clinical protection of the TS09-C
virus as an in-ovo vaccine for commercial chickens in
the presence of Maternally derived antibodies
against NDV. This vaccine was safe in commercial
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chickens and provided at least 80% protection against a
virulent NDV challenge for 3 mo, despite inducing a
low hemagglutinin-inhibition titer. For commercial
chickens, the protective efficacy of the in-ovo vaccina-
tion was markedly higher than that of posthatch
vaccination, and the cellular immune response might
play an important role in the higher protective efficacy
of the in-ovo vaccine. The overall results indicate that
the maternally derived antibodies against NDV do not
significantly interfere with the ability of the in-ovo
vaccine strain TS09-C to induce protective cellular
immunity.
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INTRODUCTION

Newcastle disease (ND) is one of the most important
infectious avian diseases and poses a considerable threat
to the poultry industry worldwide. The disease is caused
by virulent strains of Newcastle disease virus (NDV)
(Alexander and Allan, 1974), which is enzootic in multi-
ple countries in Asia, Europe, Africa, the Middle East,
and the Americas (Dimitrov et al., 2016). Vaccination
with live vaccines is a common worldwide strategy for
ND control. As a consequence of these ND vaccination
programs, maternally derived antibodies (MDA) against
NDV are universally present in the progeny of vacci-
nated chicken breeder flocks. Although MDA can pre-
vent clinical disease through passive immunization in
early life stages, it can also hinder the immune response
in vaccination and lead to inadequate and even invalid
protection against disease (Westbury et al., 1984;
Niewiesk, 2014; Yosipovich et al., 2015). Thus, there is
a need to develop new vaccines or vaccination
strategies to overcome MDA interference.
As an attractive immunization approach for chickens,

in-ovo vaccination can elicit an appreciable degree of pro-
tection by the time of hatching, assist in closing the win-
dow in which chickens are susceptible to infection,
provide uniformand fast delivery of vaccines, and decrease
labor costs through the use of mechanized injectors
(Negash et al., 2004; Williams and Zedek, 2010; Peebles,
2018). However, conventional live ND vaccine strains,
such as LaSota and V4, are highly lethal for chicken
embryos and thus cannot be administered via the in-ovo
route (Mast et al., 2006).TheNDVantibody-antigen com-
plex vaccine, in which the release of virus is delayed until
after hatching, has been developed as an in-ovo vaccine
(Haddad et al., 2003). Through replacement of the L
gene with that of the Clone-30 strain and insertion of the
infectious bursal disease virus VP2 gene, the chimeric
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NDV strain LaSota is attenuated significantly and has
been found to be a safe and effective in-ovo vaccine against
bothNDVand infectious bursal disease virus. Commercial
chickens in-ovo vaccinated with these 2 vaccines acquire
protective immunity without interference by the MDA
(Kapczynski et al., 2012; Ge et al., 2014).
Previously, we confirmed that NDV strain TS09-C

was safe and immunogenic as an in-ovo vaccine for
specific-pathogen-free (SPF) chicken embryos (Wen
et al., 2017). Here, we evaluated the safety, protective ef-
ficacy, and duration of clinical protection of TS09-C vi-
rus as an in-ovo vaccine for commercial chickens in the
presence of MDA against NDV and compared the pro-
tective efficacy between in-ovo and post-hatch
vaccination.
MATERIALS AND METHODS

Animals and Ethics Statement

Embryonated eggs from commercial layer (Jianghan)
breeders were purchased from a local chicken farm in
Hubei, China. Layer breeder chickens were vaccinated
with NDV LaSota vaccine 4 times before laying eggs.
Chicken embryos were hatched in a contained environ-
ment at 37.5�C and a humidity of w60% and raised in
negative pressure isolators. Animal experiments were
approved (Permit number: 39/2017) and supervised by
the Institutional Animal Care and Use Committee of
the Hubei Academy of Agriculture Sciences.
Viruses

Four NDV strains V4, LaSota, F48E9, and HB0901
were obtained from the pathogen repository bank at
the Hubei Academy of Agriculture Sciences (Hubei,
China). NDV strain TS09-C was developed through se-
rial passaging of strain V4 in BHK-21 cells. All viruses
were propagated in SPF chicken embryos and titrated
with 50% egg infectious dose (EID50) assays. The Gen-
Bank accession numbers of NDV strain V4, LaSota,
F48E9, HB0901, and TS09-C are JX524203, JF950510,
MG456905, MH579784, and JX110635, respectively.
Immunization and Challenge Experiments

Three commercial chicken experiments were carried
out to evaluate the NDV strain TS09-C as in-ovo vaccine
for (1) safety and protective efficacy, (2) duration of clin-
ical protection, and (3) immunogenic comparison with
posthatch vaccination. The method of in-ovo vaccina-
tion has been described previously (Wen et al., 2017).
Briefly, 18-day-old embryonated eggs were cleaned
with 70% ethanol. A 1-mm hole was punctured in the
top of the eggs, and 103.0 EID50 of virus in a 0.1-mL vol-
ume (a safe dose that infected all embryos without
causing obvious histopathological lesions) was injected
into the amniotic cavity with a 38-mm 23 G needle at
a depth of 1 inch. The vaccinated eggs were sealed and
hatched in separate hatchers.
Experiment 1 One hundred and five 18-day-old chicken
embryos were divided randomly into 3 groups of 35 eggs.
Egg yolks collected from5 eggs in each groupwere diluted
one-fold with normal saline and then used to determine
NDV hemagglutinin-inhibition (HI) titers. The remain-
ing 30 chicken embryos in each group were inoculated
with 103.0 EID50 of strain TS09-C, V4, or PBS. For each
group, the proportions of vaccinated eggs that hatched
successfully and survived at 7 D post-hatch (dph) were
calculated. Ten birds were weighed at 1 and 14 dph, and
the body weight gain at 14 dph was calculated by using
the following formula: (mean body weight at 14 dph –
mean body weight at 1 dph)/mean body weight at 1 dph.
At 7 dph, 3 birds from each groupwere sacrificed, and the
lung and trachea tissues were collected, fixed in 4%
paraformaldehyde; paraffin embedded, sectioned, and
stained with hematoxylin-eosin; and analyzed under a
microscope. At 28 dph, 10 chickens randomly selected
from each group were challenged with 104.0 EID50 of
virulent NDV strain F48E9 via the intranasal and
intraocular (IN/IO) routes in a 0.1-mL volume. Clinical
ND signs and the mortality of challenged birds were
monitored daily for 14 D. Before challenge, sera were
collected from each bird at 1, 7, 14, 21, and 28 dph, and
NDV antibody was detected with the HI assay. The an-
tigen used for HI detection was the LaSota strain.
Experiment 2 One hundred and twenty 18-day-old
chicken embryos were divided randomly into 2 groups of
60 eggs and in-ovo vaccinated with NDV strain TS09-C
(103.0 EID50) or PBS. Ten hatched birds were selected
randomly from each group at 10, 30, 60, and 90 dph and
challenged with 104.0 EID50 of virulent NDV strain
HB0901 via IN/IO routes. The protection rates of
chickens at the indicated number of dph were calculated,
and HI titers of chickens immediately before challenge
were tested.
Experiment 3 One hundred and twenty 18-day-old
chicken embryos were divided randomly into 4 groups of
30 eggs. Birds from group 1 and 2 were in-ovo vaccinated
with PBS and NDV TS09-C (103.0 EID50), respectively.
Birds from groups 3 and 4 were post-hatch vaccinated
with 105.0 EID50 of NDV strains TS09-C and LaSota,
respectively, at 7 dph. Ten birds selected randomly from
each group were challenged with 104.0 EID50 of virulent
NDV strain HB0901 via IN/IO routes at 28 dph. Clinical
ND signs and the mortality of challenged birds were
monitored daily for 14 D. Before challenge, sera were
collected from each bird at 1, 7, 14, 21, and 28 dph and
detected for NDV antibody with the HI assay. At 14 and
28 dph, 3 birds from each group were sacrificed, and
spleen tissues were collected. Single splenic lymphocyte
suspensions were prepared by using a chicken splenic
lymphocyte separation kit (Solarbio, Beijing, China)
and detected for CD31 CD41 and CD31 CD81

lymphocyte subsets with flow cytometry assay (Li et al.,
2016).



Table 1. The proportion of successful hatching, cumulative survival, and body weight gain of commercial
chickens in-ovo vaccinated with different NDV strains.

Vaccine Dosage (log10 EID50) Eggs HI titer1 (log2) % Hatched % Survival2 % Body weight gain 3

TS09-C 3.0 30 6.20 6 0.84 93.3 (28/30)a 93.3 (28/30)a 239.8a

V4 3.0 30 6.00 6 0.70 53.3 (16/30)b 43.3 (13/30)b 190.8b

PBS - 30 6.40 6 1.14 93.3 (28/30)a 90.0 (27/30)a 198.5b

a,bMeans in a same column with different superscript lowercase alphabets significantly differ (P , 0.05).
Abbreviations: HI, hemagglutinin-inhibition; NDV, Newcastle disease virus; SD, standard deviation.
1HI titers of egg yolks collected from 5 commercial chicken embryos in each group at embryonic day 18 are expressed as log2

mean 6 SD.
2Global survival percentage of commercial chickens at 7 dph.
3([Mean body weight at 14 dph – mean body weight at 1 dph]/mean body weight at 1 dph) ! 100 (n 5 10).
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Statistical Analysis

Statistical differences in the percentages of body
weight gain and splenic lymphocytes between different
groups were determined by one-way ANOVA at 5% level
of significance, and those in the hatch and survival rates
were analyzed by Log Rank test, in GraphPad Prism 5.0
(GraphPad Software, San Diego, CA).
RESULTS AND DISCUSSION

Previously, NDV strain TS09-C was confirmed to be
safe as an in-ovo vaccine for SPF chickens, and the
safe dose that infected all chicken embryos without
causing obvious histopathological lesions was 103.0

EID50 per bird (Wen et al., 2017). In this study, the
safety profile of this in-ovo vaccine was further evaluated
in commercial chickens with the same dosage. As shown
in Table 1, the NDV HI titers of egg yolks from commer-
cial chicken embryos (embryonic day 18) were 6.00–6.40
log2, thus indicating a high level of NDV MDA in the
commercial chickens. The hatching and survival rates
of birds in the TS09-C group were 93.3%, similar to those
of the PBS group but markedly higher than those of
the V4 group. The percentage body weight gain in the
Figure 1. Histopathological analyses of tissue samples from commercial c
chea samples were collected from in-ovo vaccinated chickens (PBS, TS09-C an
sectioned and stained with hematoxylin-eosin, and analyzed under a micros
TS09-C group (239.8%) was higher than that in the
PBS group (198.5%). When immunized with a coccidi-
osis in-ovo vaccine, the birds also showed higher body
weight gain than control birds at 14 dph (Sokale et al.,
2018), thus suggesting that infection with NDV strain
TS09-C, similar to coccidiosis, might increase the cecal
weight and intestine length in vaccinated birds. Further-
more, only birds in the V4 group showed severe histo-
pathological lesions in both the lung (congestion and
moderate lymphocyte infiltration) and trachea (mucosal
epithelial cell necrosis and cilia shedding) tissues at 7
dph (Figure 1). The results confirmed that NDV strain
TS09-C could be used safely as in-ovo vaccine for com-
mercial chickens.
Maternal antibodies against NDV have been

confirmed to substantially interfere with the immune
response after post-hatch vaccination. To determine
whether the MDA against NDV might interfere with
the immunogenicity of the in-ovo vaccine, we challenged
the in-ovo vaccinated commercial birds with the virulent
NDV strain F48E9 (genotype IX, a challenge strain for
vaccine efficiency assessment commonly used in China)
at 28 dph. After in-ovo vaccination, the mean HI titers
in the TS09-C group decreased gradually from 7.0
(1 dph) to 2.6 log2 (28 dph), similar to those in the V4
hickens in-ovo vaccinated with different NDV strains. The lung and tra-
d V4 group) at 7 dph, fixed in 4% paraformaldehyde, paraffin embedded,
cope. Scale bar 5 200 mm.



Figure 2. Protective efficacy of the in-ovo NDV vaccine strain TS09-C in commercial chickens against challenge with different virulent NDVs. The
in-ovo vaccinated commercial chickens were challenged with virulent NDV strain F48E9 at 28 dph (A, B) and virulent strain HB0901 at the indicated
dph (C). (A) The NDV-specific hemagglutinin-inhibition (HI) antibody titers of immunized birds before challenge. (B) The survival percentages of
challenged birds on different days after challenge. (C) The protection rates of chickens challenged at the indicated dph. The HI titers of chickens imme-
diately before challenge are indicated at the top of each column. Statistical significances in survival between different groups were analyzed by Log
Rank test (ns, P . 0.05; *, P , 0.05; **, P , 0.01).
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and PBS groups (Figure 2A). After the challenge with
F48E9 virus, commercial birds in the TS09-C and V4
groups showed 90 and 80% survival, respectively,
whereas the survival rate of chickens in the PBS group
was only 20% (Figure 2B). These data indicated that
the in-ovo vaccine strain TS09-C provided better protec-
tion against virulent NDV challenge in commercial
chickens in the presence of MDA, although a low HI titer
was induced. This finding is in agreement with the pub-
lished data obtained with the antibody-antigen complex
and chimeric rLaC30L-VP2 vaccine (Kapczynski et al.,
2012; Ge et al., 2014). Commercial birds in-ovo vacci-
nated with rLaC30L-VP2 also showed 100% survival
after virulent NDV challenge at 22 dph, although the
HI titer was lower than 3 log2 at that time point.
Figure 3. Immunogenic comparison of in-ovo and post-hatch vaccinationw
vaccinated with the indicated NDV vaccine strains and challenged with virul
inhibition antibody titers of immunized birds before challenge. (B) Survival p
icances in survival between different groups were analyzed by LogRank test. (
lymphocytes collected from vaccinated birds at the indicated dph. Statistical
2-tailed t-test (ns, P . 0.05; *, P , 0.05; **, P , 0.01).
The precise mechanism through which the in-ovo
vaccine prevents MDA interference against NDV is un-
clear. The MDA is present predominantly in the egg
yolk (Leslie and Clem, 1969) and is transported into
the embryonic circulation at a low rate as early as em-
bryonic day 7 (Kramer and Cho, 1970). The rate of
MDA transfer begins to markedly increase by embry-
onic days 19 to 21 (Kowalczyk et al., 1985). Thus,
we speculated that although the MDA against NDV
in the egg yolk was high, the MDA in the embryo
body was relatively low at embryonic day 18 and could
not efficiently hinder the replication of NDV inocu-
lated via the amniotic route, thus resulting in induc-
tion of a protective immune response in commercial
chickens.
ithNDVvaccine strains. Commercial chickenswere in-ovo or post-hatch
ent NDV strain HB0901 at 28 dph. (A) The NDV-specific hemagglutinin-
ercentages of birds after challenge with virulent NDV. Statistical signif-
C, D) Percentages of CD31CD81 andCD31CD41 subsets of the splenic
significance in the percentages of splenic lymphocyte was determined by
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We then evaluated the duration of clinical protection
of the in-ovo vaccine strain TS09-C for commercial
chickens. The in-ovo–vaccinated birds were challenged
with virulent NDV genotype VII strain HB0901 at 10,
30, 60, and 90 dph. The mean HI titers of birds in-ovo
vaccinated with TS09-C virus decreased to 2.8 log2 at
30 dph. The protection rates in the PBS group at 10,
30, 60, and 90 dph were 100, 30, 0, and 0%, respectively,
whereas those in the TS09-C group were �80%
(Figure 2C). Therefore, the in-ovo vaccine strain TS09-
C provided better protection against genotype VII
NDV challenge in commercial birds, and the duration
of clinical protection of this vaccine was at least 3 mo.

The protective efficacies of the in-ovo and post-hatch
vaccination strategies in commercial chickens were
compared. As shown in Figure 3A, the TS in-ovo, TS
post-hatch, and PBS groups showed similar humoral im-
mune responses, and the HI titers in these groups
decreased to �2.3 log2 at 28 dph, whereas those in the
LS post-hatch group decreased to only 3.7 log2 at 28
dph. The survival rates of challenged birds in the TS
in-ovo, TS post-hatch, LS post-hatch, and PBS groups
were 80, 20, 30, and 20%, respectively (Figure 3B).
These results indicated that the protective efficacy of
in-ovo vaccination was markedly higher than that of
post-hatch vaccination for commercial chickens.

From 3 animal experiments, we concluded that the
TS09-C virus as in-ovo vaccine could provide at least
80% protection for commercial chickens, although the
humoral immune response was far lower than the level
considered to confer protection (4 log2). The results indi-
cated that other types of immune response might play an
important role in the in-ovo vaccine.We then determined
the cellular immune response in these 4 groups. The per-
centages of CD31 CD41 splenic lymphocytes were com-
parable among these 4 groups (Figure 3C). The
percentages of CD31 CD81 splenic lymphocytes in the
PBS, TS post-hatch, and LS post-hatch groups were
similar, whereas those in the TS in-ovo group was signif-
icantly higher (Figure 3D). Cellular immunitymight play
amore important role than humoral immunity in the pro-
tective efficacy of in-ovo vaccination. To the best of our
knowledge, this is the first report on the cellular immu-
nity response to an in-ovo ND vaccine. For the post-
hatch ND vaccine rmNA-1, the percentages of both
CD41 andCD81 splenic lymphocytes in vaccinated birds
were significantly higher than those in control birds (Xu
et al., 2019). In agreement with our finding, administra-
tion of Marek’s disease virus strain CVI988 via an in-
ovo route has also been found to result in expansion of
CD81 cells (Gimeno et al., 2015). The CD81 cells
mediate the cytotoxic T-lymphocytes response, which is
responsible for the clearance of virus during infection.

In summary, the in-ovo NDV vaccine strain TS09-C is
safe and immunogenic, and it provides substantial pro-
tection in commercial chickens. Our results indicate
that the presence of MDA specific for NDV does not
significantly interfere with the ability of the in-ovo vac-
cine to elicit protective cellular immunity against ND.
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