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ABSTRACT Cellular immune responses play a key role in the control of viral infection.
The nucleocapsid (N) protein of infectious bronchitis virus (IBV) is a major immunogenic
protein that can induce protective immunity. To screen for potential T-cell epitopes on
IBV N protein, 40 overlapping peptides covering the entirety of the N protein were
designed and synthesized. Four T-cell epitope peptides were identified by gamma inter-
feron (IFN-)) enzyme-linked immunosorbent spot (ELISpot), intracellular cytokine stain-
ing, and carboxyfluorescein succinimidyl ester (CFSE) lymphocyte proliferation assays;
among them, three peptides (N,;1530, Ny71-200, aNd Nigq_4q0) Were cytotoxic T lymphocyte
(CTL) epitopes, and one peptide (N,g;_,5,) Was a dual-specific T-cell epitope, which can
be recognized by both CD8" and CD4* T cells. Multi-epitope gene transcription cas-
settes comprising four neutralizing epitope domains and four T-cell epitope peptides
were synthesized and inserted into the genome of Newcastle disease virus strain La
Sota between the P and M genes. Recombinant IBV multi-epitope vaccine candidate rLa
Sota/SBNT was generated via reverse genetics, and its immune protection efficacy was
evaluated in specific-pathogen-free chickens. Our results show that rLa Sota/SBNT
induced IBV-specific neutralizing antibody and T-cell responses and provided significant
protection against homologous and heterologous IBV challenge. Thus, the T-cell epitope
peptides identified in this study could be good candidates for IBV vaccine development,
and recombinant Newcastle disease virus-expressing IBV multi-epitope genes represent
a safe and effective vaccine candidate for controlling infectious bronchitis.

IMPORTANCE T-cell-mediated immune responses are critical for the elimination of IBV-
infected cells. To screen conserved T-cell epitopes in the IBV N protein, 40 overlapping
peptides covering the entirety of the N protein were designed and synthesized. By
combining IFN-y ELISpot, intracellular cytokine staining, and CFSE lymphocyte prolifer-
ation assays, we identified three CTL epitopes and one dual-specific T-cell epitope.
The value of T-cell epitope peptides identified in the N protein was further verified by
the design of an IBV multi-epitope vaccine. Results show that IBV multi-epitope vac-
cine candidate rLa Sota/SBNT provided cross protection against challenges with a QX-
like or a TW-like IBV strain. So, T-cell-mediated immune responses play an important
role in the control of viral infection, and conserved T-cell epitopes serve as promising
candidates for use in multi-epitope vaccine construction. Our results provide a new
perspective for the development of a safer and more effective IBV vaccine.

KEYWORDS infectious bronchitis virus, T-cell epitope, Newcastle disease virus vector,
multi-epitope vaccine, cellular immune response, protection

vian infectious bronchitis (IB), an important viral disease of chickens, affects chickens
of all ages and causes great economic losses for the global poultry industry. IB is
caused by infectious bronchitis virus (IBV), which belongs to the genus Gammacoronavirus
in the family Coronaviridae. The IBV genome is a single-stranded, positive-sense RNA of
approximately 27.6kb in length that encodes 4 structural proteins, i.e., spike (S), mem-
brane (M), small envelope (E), and nucleocapsid (N), and 15 nonstructural proteins (1). The
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S protein, which is the major glycosylation protein for eliciting neutralizing antibody, is
cleaved posttranslationally by host cell proteases into the N-terminal S1 and C-terminal S2
subunits. The S1 subunit is responsible for viral attachment and contains major neutraliz-
ing epitopes. The S2 subunit is highly conserved among IBV strains and is involved in
mediating viral membrane fusion activity (2). The N protein is a highly conserved structural
protein with a high degree of identity (91.0% to 96.5%) among different IBV strains (3);
moreover, it is the most abundantly expressed virus-derived protein during IBV infection
and is involved in inducing high titers of cross-reactive antibodies and inducing a robust
T-cell response (3, 4). The C-terminal 120-amino acid (aa) polypeptide of IBV N protein has
been shown to contain cytotoxic T lymphocyte (CTL) epitopes and play a role in protective
immunity (5). These advantages make the IBV N protein an ideal target protein for use in
designing novel vaccines to improve cross-protective efficacies against different IBV
strains.

Currently, dozens of IBV serotypes and genotypes have been reported worldwide,
with little or no cross protection between the serotypes (6, 7). Previous epidemiologic
data revealed that the QX-like and TW-like IBV strains have become the predominant
IBV types in China (6, 8), where they pose a serious threat to the poultry industry. Live-
attenuated and inactivated vaccines are extensively used to control IBV on farms.
However, live-attenuated vaccine strains pose the risk of reversion to virulence and can
contribute to the production of variant strains by gene mutation and recombination
(9, 10). However, inactivated vaccines typically induce a weak immune response (11).
Therefore, there is an urgent need to develop a safe and effective IBV vaccine.

Epitope-based vaccines represent an alternative option; the potential advantages of
epitope-based vaccines over live-attenuated vaccines are that they are safer and can
focus the induced immune responses on conserved epitopes (12). T-cell-mediated
immune responses are essential for combating viral infection. Several studies have
shown that CTLs play a critical role in the elimination of virus-infected cells (13-15).
The activation of effector CD8* T-cell responses requires endogenously expressed CTL
epitopes to be presented by major histocompatibility complex class | (MHC 1) mole-
cules (16), and effector CD8™" T cells kill virus-infected cells via the mechanism of per-
forin/granzyme or antiviral cytokine secretion (17, 18). CD4* T cells play a central role
in immune responses by producing effector cytokines to support CD8* T cells and B
cells (19). Virus-specific CD4* T-cell epitopes must be presented by MHC Il molecules
(20). In addition to cellular immune responses, humoral immune responses are also im-
portant for controlling viral infections. It is well established that IBV-neutralizing anti-
bodies are directed mainly against the highly variable S1 subunit (21) and that the
three antigenic sites corresponding to amino acid residues 24 to 61, 132 to 149, and
291 to 398 of the S1 subunit are conformation-dependent neutralizing epitopes (22).
Furthermore, the N-terminal portion of the S2 subunit also contains linear neutraliza-
tion epitopes that elicit broadly reactive neutralizing antibodies (23, 24). Thus, an ideal
epitope-based vaccine should contain CD8* T-cell, CD4* T-cell, and neutralizing B-cell
epitopes.

The present study aimed to comprehensively screen for T-cell epitopes in the IBV N
protein and design an IBV multi-epitope gene expression cassette composed of neu-
tralizing epitope domains from the S protein and T-cell epitope peptides from the N
protein. Recombinant Newcastle disease virus (NDV) strain La Sota expressing IBV
multi-epitope cassettes was generated by reverse genetics, and the protective effica-
cies of these recombinant live vaccine candidates against challenge with virulent IBV
strains were evaluated in specific-pathogen-free (SPF) chickens.

RESULTS

Identification of T-cell epitopes by IFN+ ELISpot and ICS assays. Gamma inter-
feron (IFN-) enzyme-linked immunosorbent spot (ELISpot) assays were performed to
evaluate the immunogenicity of the synthetic peptides. As shown in Fig. 1, compared
with the negative control, the peptide pool and four individual peptides, N»;1_530, Nag1_2g0s

September 2021 Volume 95 Issue 17 e00667-21

Journal of Virology

jviasm.org 2


https://jvi.asm.org

Identification of Novel T-Cell Epitopes of IBV

Spots/1x10° cells

930 ,Q)Q Q ’%Q QQ\QQ\ Q\q] '\%Q'\DS'@Q S (\Q\%Q'\Q’Q '],Qbf],@q,q’g "L‘:’Q’Lb‘g (1?36 {&Q (]:\0 ‘139'1,0 QQ")'\Q%PI’Q")%Q,%Q"’;DQ Y (g\Q%%Q%qu‘QQ v&e 0’\%0%

L N S N O N N AN NN N N (G SIS NG EIGNSIINS
F A I e O TR R e I A R A e R R R R A A e A S N A R P AR
& RIS IIIIIIIIIIILL L LL L L LEL
< ConA and peptides stimulation

ConA Peptides pool .\ -  ——
Ny71.200 Nisg1.400 NCl1 NC2

FIG 1 Screening for T-cell epitopes in IBV nucleocapsid protein via IFN-y ELISpot assays. (A) The splenocytes isolated from IBV-
immunized chickens were stimulated with either the peptide pool or one of the 40 individual peptides for 24 h at 41°C and 5% CO.,.
As a positive control, splenocytes were stimulated with ConA; as a negative control, splenocytes were supplemented with medium
alone (NC1). Splenocytes from control chickens that were incubated with the peptide pool were used as another negative control
(NC2). Spot counts are expressed as spots/1 x 10° cells. ***, Significant difference compared with NC1 (P < 0.001). (B) Representative
images of IFN-y ELISpot responses.

N>71_200, aNd Nig;_s00, €ach induced significant levels of chicken gamma interferon (ChIFN-
) production in splenocytes from IBV-immunized chickens (P < 0.001), with the number
of spots formed in wells treated with these four peptides ranging from 70 to 110 spots/
10° cells. In contrast, no significant responses were observed in control-immunized
chicken splenocytes incubated with the peptide pool, indicating that the responses to
these peptides were IBV specific.

Standard intracellular cytokine staining (ICS) assays were performed to investigate
the phenotype of the T cells with peptide-specific IFN-y secretion. As indicated in Fig. 2,
compared with the negative control, all four positive-reacting peptides identified in the
ELISpot assays induced significantly higher levels of ChIFN-y secretion in CD8* T cells,
suggesting that they contain potential CD8* T-cell epitopes and are CTL epitope pep-
tides. Interestingly, peptide N,g;_»g also induced ChIFN-yrelease in CD4" T cells, indicat-
ing that it may be a dual-specific T-cell epitope peptide. The sequences and locations of
the T-cell epitope peptides are shown in Table 1.

Evaluation of T-cell proliferation by CFSE staining assay. Carboxyfluorescein suc-
cinimidyl ester (CFSE) staining assays were performed to evaluate the proliferation of
CD4* and CD8* T cells after their stimulation with the T-cell epitope peptides for
4 days at 41°C and 5% CO,. The results show that, compared with the control treat-
ment, peptides Ny;_530, Nagi_ss0 @aNd Nyoq_590 €ach induced a significantly higher rate of
CD8* T-cell proliferation in splenocytes from IBV-immunized chicks. Consistent with
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FIG 2 ICS assay phenotype identification of T cells that secrete IFN-y in response to peptide stimulation. Splenocytes isolated from IBV-
immunized chicks were stimulated with ConA or one of four individual peptides (N,;; 530 Nagisgor Nayiseor OF Nigiaoo)s intracellular
cytokine staining for IFN-y was then performed as described in Materials and Methods. (A) lllustration of the gating for IFN-y-producing
T cell subsets. Lymphocytes and single cells were first gated from splenocytes, and then dead cells were excluded with Viability Dye
eFluor 780. CD8™ T-cell and CD4™ T-cell subsets were further divided based on CD8 and CD4 expression. (B and C) IFN-y" CD8" T cells
(B) and IFN-y* CD4* T cells (C) were gated based on IFN-y production from CD8" T-cell and CD4* T-cell subsets, respectively. (Left)
FACS plots from a representative sample, with numbers indicating the percentages of IFN-y" CD8" T cells or IFN-y" CD4" T cells.
(Right) Bar graphs displaying the mean * standard deviation. Statistically significant differences are indicated as follows: *, P <0.05;
** P<0.01; ***, P<0.001.

the ICS assay data, peptide N,g, 5, also induced CD4* T-cell proliferation, suggesting
that peptide N,4,_,5, can be recognized by both CD4+ and CD8™" T cells. Unexpectedly,
peptide Nsg,_s00, Which was found by ICS assay to induce ChIFN-y release in CD8* T
cells, did not stimulate any T-cell proliferation in CFSE staining assays; this surprising
result was confirmed repeatedly (Fig. 3).

Generation of recombinant NDV expressing IBV multi-epitope proteins. Two
forms of IBV multi-epitope cassettes (SB and SBNT) were designed, synthesized, and
cloned individually into the cDNA backbone of NDV strain La Sota between the P and M
genes. The two recombinant viruses, rLa Sota/SB and rLa Sota/SBNT, were each recov-
ered by reverse genetics and passaged five times in 9-day-old SPF chicken embryos, and
the genetic stability of these recombinant viruses was confirmed by reverse transcriptase
PCR (RT-PCR) and sequencing analyses (data not shown). The expression of SB and SBNT
multi-epitope proteins was detected by Western blot and immunofluorescence analysis
(IFA). The proteins expressed from the SB and SBNT multi-epitope cassettes were suc-
cessfully detected at molecular weights of approximately 24 kDa and 56 kDa in lysates of
cells infected with rLa Sota/SB and rLa Sota/SBN, respectively, whereas no specific bands
were found for lysates of mock- or rLa Sota-infected cells in Western blots performed
using polyclonal chicken anti-IBV serum (Fig. 4A). In Western blots performed using a

TABLE 1 T-cell epitope peptides identified in this study

Peptide Amino acid sequence Amino acid location?
Ny as0 GTRITKAKADEMAHRRFCKR 211-230
Nsg1-280 EGIKDGRVTAMLNLTPSPHA 261-280
N71-200 MLNLTPSPHACLFGSRVTPK 271-290
Nag1 00 EERNNAQLEFDDEPKVINWG 381-400

aAmino acid location of T-cell epitope peptides on IBV N protein.
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FIG 3 T-cell proliferation as assessed by CFSE staining assays. Splenocytes from IBV-immunized chicks were stained with CFSE and
then stimulated with ConA or one of four individual peptides for 4 days. Cell proliferation analysis was performed by flow cytometry.
(A) llustration of the gating for T-cell proliferation. Lymphocytes, single cells, live lymphocytes, and CD8* T-cell or CD4" T-cell
subsets were gated as described in Fig. 2. (B and C) T cell proliferation was defined as CFSE low, CFSE" CD8" T cells (B), and
CFSE™ CD4" T cells (C) were gated based on the reduction in CFSE fluorescence in CD8" T-cell and CD4" T-cell subsets,
respectively. (Left) FACS plots from a representative sample; the percentages of proliferated cells are shown in each gate. (Right) Bar
graphs displaying the mean = standard deviation. Statistically significant differences are indicated as follows: *, P < 0.05; **, P < 0.01;

*** P <0.001.

polyclonal chicken anti-NDV serum, NDV HN proteins of approximately 53 kDa were
detected in all infected cells, confirming that a similar level of NDV protein was loaded
into each lane. The results of IFA performed using a polyclonal chicken anti-IBV serum
and fluorescein isothiocyanate (FITC)-conjugated goat anti-chicken IgG secondary anti-
body further confirm the expression of the SB and SBNT multi-epitope proteins in rLa

rLa Sota/SBNT rLa Sota/SB rLa Sota Mock

FIG 4 Expression of IBV multi-epitope proteins in DF-1 cells. (A) DF-1 cells were infected with rLa Sota/
SBNT, rLa Sota/SB, or rLa Sota at an MOI of 0.01 for 24 h, and the expression of multi-epitope proteins
SBNT and SB (at approximately 56kDa and 24kDa, respectively) was detected by Western blot analysis
using a chicken polyclonal anti-IBV serum. Additionally, the expression of NDV HN protein (at approximately
53 kDa) was detected by Western blot analysis using a chicken polyclonal anti-NDV serum. (B) IFA of multi-
epitope protein expression. DF-1 cells were infected with rLa Sota/SBNT, rLa Sota/SB, or rLa Sota at an MOI
of 0.01 for 48 h, after which the cells were subjected to an IFA in which they were probed with a chicken
polyclonal anti-IBV serum, incubated with an FITC-conjugated goat anti-chicken IgG antibody, and
subsequently visualized under a fluorescence microscope.
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FIG 5 Growth kinetics of recombinant and parental viruses in DF-1 cells and neutralizing antibody responses
against IBV. (A) DF-1 cells were infected with one of the recombinant viruses (rLa Sota/SB or rLa Sota/SBNT) or
the parental virus rLa Sota at an MOI of 0.01. Viral titers in supernatant samples collected from infected cells at
12-h intervals until 72 hpi were determined by performing a TCID,, assay in DF-1 cells. The titers at each time
point are expressed as the mean =+ standard deviation. (B) The level of antibodies against IBV was determined
by virus neutralization assay. Three serum samples per group were assessed, and antibody titers are expressed
as reciprocals of the log, dilution. Bar graph displays the mean * standard deviation. Statistically significant
differences versus the PBS group are indicated (***, P<0.001).

Sota/SB- and rLa Sota/SBN-infected cells, respectively; in contrast, no fluorescent signal
was detected in mock- or rLa Sota-infected cells (Fig. 4B).

In vitro characterization of IBV multi-epitope vaccine candidates. The in vitro
growth characteristics of the recombinant and parental viruses were evaluated in DF-1
cells. As shown in Fig. 5A, the growth rates of recombinant viruses rLa Sota/SBNT and
rLa Sota/SB were slightly lower than that of the parental virus rLa Sota at all time
points; however, the recombinant viruses reached a titer similar to that of rLa Sota at
36 hours postinfection (hpi). The parental virus rLa Sota reached a maximum titer of
10633 50% tissue culture infective dose (TCID5,)/0.1 ml at 60 hpi, whereas the recombi-
nant virus rLa Sota/SB reached a maximum titer of 108 TCID,,/0.1 ml at 72 hpi, and
the recombinant virus rLa Sota/SBNT reached a maximum titer of 105> TCIDs,/0.1 ml
at 48 hpi. The virulence of the recombinant and parental viruses was evaluated by
mean death time (MDT) test. All three tested strains (rLa Sota, rLa Sota/SB, and rLa
Sota/SBNT) showed MDT values of >120 h. These results indicate that the presence of
the SB or SBNT multi-epitope genes did not significantly affect the growth characteris-
tics or virulence of rNDV.

Immune responses induced by IBV multi-epitope vaccine candidates. Seven-
day-old SPF chickens from each group were vaccinated with rLa Sota/SBNT, rLa Sota/SB,
or rLa Sota or were administered an equal volume of phosphate-buffered saline (PBS). At
3 weeks postvaccination, serum samples and splenocytes were collected from the birds in
each group and used for the evaluation of neutralizing antibodies and T-cell responses
against IBV, respectively. The results show that the chickens immunized with the recombi-
nant virus rLa Sota/SBNT or rLa Sota/SB had a mean neutralizing antibody titer of 3.65 or
3.71 log,, respectively; these titers are significantly higher (P < 0.001) than those of chick-
ens inoculated with the parental virus rLa Sota or PBS, in which no neutralizing antibodies
could be detected (Fig. 5B). The ELISpot assay results indicate that, compared with spleno-
cytes from rLa Sota-vaccinated chickens, a significantly higher level of ChIFN-y secretion
was obtained in splenocytes from rLa Sota/SBNT-vaccinated chickens after their stimula-
tion with the four T-cell epitope peptides (P < 0.001), whereas no significant ChIFN-y
release was detected in splenocytes from rLa Sota/SB-vaccinated chickens (Fig. 6). These
results suggest that the recombinant virus rLa Sota/SBNT, which contains T-cell epitope
peptides and neutralizing epitope domains, can induce robust IBV-specific cellular and
humoral immune responses in vaccinated chickens.

Protective efficacy of IBV multi-epitope vaccine candidates against homologous
IBV strain challenge. To evaluate the protective efficacy of IBV multi-epitope vaccine
candidates against a homologous IBV strain challenge, 7-day-old SPF chickens were vac-
cinated with rLa Sota/SBNT, rLa Sota/SB, rLa Sota, or PBS and then challenged with the
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FIG 6 Cellular immune responses against IBV. SPF chickens were vaccinated with the recombinant or
parental viruses via the oculonasal route. At 21d postvaccination, splenocytes were collected, and T-cell
responses were detected by ELISpot assay. (A) Representative ELISpot images of splenocytes from different
groups stimulated with one of the four T-cell epitope peptides; splenocytes supplemented with medium
alone served as a negative control (NC), and those stimulated with ConA served as a positive control. (B)
Bar graph displays the mean = standard deviation of spot-forming cells per 10° splenocytes of different
groups stimulated with one of the four T-cell epitope peptides. ***, Significant difference relative to the rLa
Sota group (P < 0.001).

virulent IBV SD strain at 3 weeks postvaccination (the experimental groups were named
rLa Sota/SBNT-SD, rLa Sota/SB-SD, rLa Sota-SD, and PBS-SD, respectively; the control-vac-
cinated, unchallenged group was named PBS-PBS). The clinical signs of each group were
monitored and scored daily for 14 days (Fig. 7A). Most of the chickens in the rLa Sota-SD
and PBS-SD groups began to display clinical signs at 4 days postchallenge (dpc), includ-
ing heavy nasal discharge, depression, sneezing, coughing, and tracheal rales, and a 20%
mortality rate was observed in each of these two groups during the 14-day observation
period (Fig. 7B). In contrast, the chickens in the rLa Sota/SBNT-SD group exhibited signifi-
cantly milder clinical signs after IBV challenge, especially at 8 to 10 dpc. Although the
clinical signs displayed by the rLa Sota/SB-SD group chickens seemed slightly less severe
than those displayed by the PBS-SD group chickens, there were no significant differences
in their clinical sign scores during the observation period. No chickens in the rLa Sota/
SBNT-SD or rLa Sota/SB-SD groups died during the observation period (100% survival
rate).

Ciliostasis activity in the trachea was evaluated at 5 and 7 dpc. As shown in Fig. 7C,
the PBS-SD and rLa Sota-SD groups each had a maximum mean ciliostasis score of 4.0
at both 5 and 7 dpc; in fact, no cilia movement was observed for these two groups at
any point. The rLa Sota/SB-SD group similarly had maximum ciliostasis scores of 4.0
and 3.9 at 5 and 7 dpc, respectively, which are not significantly different from those of
the PBS-SD group (P> 0.05). In contrast, the rLa Sota/SBNT-SD group had mean cilio-
stasis scores of 2.0 and 1.6 at 5 and 7 dpc, respectively, which are significantly lower
compared with those of the PBS-SD group (P < 0.001). The minimum mean ciliostasis
scores observed in this experiment were 0.17 and 0.27, which were in the PBS-PBS
group at 5 and 7 dpc.
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FIG 7 The protective efficacy of IBV multi-epitope vaccine candidates against homologous IBV challenge. (A) Clinical sign scores of
each group after challenge with IBV SD strain. The chickens were monitored daily for 14 days and assigned clinical sign scores (0 for
normal; 1 for slight shaking, slight nasal discharge, and slight lacrimation; 2 for depression, watery feces, and sneezing or coughing; 3
for heavy depression, heavy nasal discharge, tracheal rales, or mouth breathing; and 4 for death). Line chart displays the mean *+

standard deviation. (B) Survival curve showing the survival percentage in each group during the 1

4-day observation period. (C)

Tracheal ciliostasis scores. Tracheal ciliary activity was assessed and scored at 5 and 7 dpc using the scoring system described in

Materials and Methods. Bar graph displays the mean = standard deviation. (D) Tracheal swab samp
group at 5 and 7 dpc, and the viral loads in these swab samples were determined by real-time
the mean = standard deviation. Statistically significant differences versus the PBS-SD group are ind
** P<0.01; ***, P<0.001.

Tracheal swab samples were collected from chickens in each group at 5 and 7 dpc
and used in real-time reverse transcriptase quantitative PCR (RT-qPCR) assays to evalu-
ate the level of virion shedding. The chickens in the rLa Sota/SBNT-SD group had sig-
nificantly lower levels of virion shedding than those in the PBS-SD group at both 5 and
7 dpc (P < 0.05). Compared with the PBS-SD group, the rLa Sota/SB-SD group showed
a similarly high level of virion shedding at 5 dpc but a significantly lower level at 7 dpc
(P < 0.05). However, there was no significant difference in the level of virion shedding
between the rLa Sota-SD and PBS-SD groups at either time point (P> 0.05). As
expected, no virion shedding was detected in the PBS-PBS group (Fig. 7D).

Cross-protective efficacy of IBV multi-epitope vaccine candidates against
heterologous IBV strain challenge. To evaluate the cross-protective efficacy of the IBV
multi-epitope vaccine candidate rLa Sota/SBNT, 1-day-old SPF chickens were vaccinated
with rLa Sota/SBNT or the parental virus rLa Sota and then challenged with QX-like 1BV
SD strain, TW-like IBV GD strain, or Mass-type 1BV M41 strain at 3 weeks postvaccination
(groups rLa Sota/SBNT-SD, rLa Sota/SBNT-GD, rLa Sota/SBNT-M41, rLa Sota-SD, rLa Sota-
GD, and rLa Sota-M41, respectively). As shown in Fig. 8A, the chickens in the rLa Sota/
SBNT-SD group showed significantly lower clinical sign scores compared with those of
the chickens in the rLa Sota-SD group at 7 to 14 dpc with IBV SD strain (P <<0.05).
Meanwhile, compared with the rLa Sota-GD group birds, the rLa Sota/SBNT-GD group
birds also had significantly lower clinical sign scores at 9 and 11 to 14 dpc with IBV GD
strain (P < 0.05). However, no significant difference in clinical sign scores was found
between the rLa Sota/SBNT-M41 and rLaSota-M41 groups during the observation period
(P> 0.05). The rLa Sota-SD and rLa Sota-GD groups each showed a 40% mortality rate
during the observation period; in contrast, survival rates of 100% and 90% were obtained
in the rLa Sota/SBNT-SD and rLa Sota/SBNT-GD groups, respectively, and only a single
chicken in the rLa Sota/SBNT-GD group died (at 11 dpc). No mortality occurred in the rLa
Sota/SBNT-M41 or rLaSota-M41 groups (Fig. 8B).
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FIG 8 The cross-protective efficacy of IBV multi-epitope vaccine candidates against heterologous IBV strain challenge. (A) Clinical sign
scores. One-day-old SPF chickens were immunized with rLa Sota/SBNT or rLa Sota and then challenged with QX-like IBV SD strain,
TW-like IBV GD strain, or Mass-type M41 strain at 3 weeks postvaccination. The clinical signs of each group were scored as described
in the legend for Fig. 7. Line chart displays the mean =+ standard deviation. Red circles indicate significant differences between the
rLa Sota/SBNT-SD and rLa Sota-SD groups, and green triangles indicate significant differences between the rLa Sota/SBNT-GD and rLa
Sota-GD groups at each time point. (B) Survival curve showing the survival percentage in each group within the 14-day observation
period. (C) Tracheal ciliostasis scores of each group. Scores were assigned according to the scoring system described in Materials and
Methods. Bar graph displays the mean * standard deviation. (D) Detection of tracheal virion shedding by real-time RT-qPCR. Bar
graph displays the mean * standard deviation. Statistically significant differences versus the PBS-SD group are indicated as follows:

*, P<0.05; **, P<0.01; ***, P<0.001.

The average ciliostasis scores for the various experimental groups were calculated
(Fig. 8C). Regarding challenge with IBV SD strain, the chickens in the rLa Sota/SBNT-SD
group showed mean ciliostasis scores of 1.9 and 1.3 at 5 and 7 dpc, respectively, which
are significantly lower than those for the chickens in the rLa Sota-SD group (P < 0.001).
Regarding challenge with IBV GD strain, the chickens in the rLa Sota/SBNT-GD group
had mean ciliostasis scores of 2.5 and 2.0 at 5 and 7 dpc, respectively, which are signifi-
cantly lower compared with those of the chickens in the rLa Sota-GD group (P < 0.001);
approximately 50% of cilia in the tracheal sections from the rLa Sota/SBNT-GD group
showed movement at 5 and 7 dpc. In contrast, a maximum mean ciliostasis score of 4.0
was obtained in the rLa Sota/SBNT-M41 and rLaSota-M41 groups at both 5 and 7 dpc,
and no cilia in samples from either of these two groups exhibited movement.

Tracheal virion shedding was evaluated at 5 and 7 dpc (Fig. 8D). The rLa Sota/SBNT-
SD group showed significantly less virion shedding at 5 and 7 dpc with the QX-like IBV
SD strain (P <0.05) than the rLa Sota-SD group. The rLa Sota/SBNT-GD group also
showed significantly lower levels of virion shedding at 5 and 7 dpc with the TW-like
IBV GD strain (P < 0.05) compared with those of the rLa Sota-GD group. The rLa Sota/
SBNT-M41 and rLaSota-M41 groups showed the highest level of virion shedding at 5
dpc after challenge with the IBV M41 strain, but the levels of virion shedding in these
groups were much lower at 7 dpc, and the virion shedding levels in these groups were
not significantly different at either 5 or 7 dpc. These results reveal that the 1BV multi-
epitope vaccine candidate rLa Sota/SBNT provided significant protection against QX-
like and TW-like IBV challenge in terms of clinical symptom alleviation, resistance to
tracheal cilia damage, and virion shedding reduction.

DISCUSSION
IB endangers the poultry industry worldwide (25). Currently, live-attenuated and
inactivated IBV vaccines are widely used in the field to control IBV infection, but these
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options are suboptimal. Live-attenuated IBV vaccines pose the potential risk of rever-
sion to virulence or recombination with virulent field strains, which could lead to the
emergence of novel IBV variants (26, 27). Inactivated IBV vaccines are generally consid-
ered safer than live-attenuated vaccines, but their poor ability to activate T-cell medi-
ated-responses renders them less protective (11, 28). Several studies have shown that
CTLs are critical for the elimination of IBV-infected cells; specifically, naive chickens that
received an adoptive transfer of effector T cells or memory T cells were protected from
acute IBV challenge (5, 13, 29). Therefore, an ideal IBV vaccine should evoke a vigorous
T-cell response.

Among the IBV structural proteins, the S protein is the major glycosylation protein
that induces neutralizing antibodies, and several B-cell epitopes have been identified
in the S protein (22, 30-32). Among them, three conformational B-cell epitopes (24 to
61 aa, 132 to 149 aa, and 291 to 398 aa) located on the S1 subunit and one linear B-cell
epitope (546 to 567 aa) located on the S2 subunit were found to induce neutralizing
antibody and play a role in protective immunity. Additionally, several CTL epitopes
were identified in the S1 subunit (33). The N protein is the major structural protein
involved in activating the CTL response (13). A CD4" T-cell epitope within the IBV N
protein was identified in mice (34), but, to date, no N protein T-cell epitopes have been
reported in chickens. Our study is the first to comprehensively screen T-cell epitopes in
IBV N protein.

IFN-y ELISpot and ICS assays have been extensively used to investigate antigen-spe-
cific T cell responses in human and animal medical research. T cells and natural killer
(NK) cells are known to be the major sources of IFN-y (35-37); however, compared to
mammals, NK cells are present in very low numbers in the peripheral blood or spleen
of birds (38). Here, a total of 40 overlapping peptides covering the entire N protein of
IBV were synthesized and used for epitope mapping. Chickens were primed with the
IBV SZ strain, which naturally has a low level of virulence and then were boosted with
the highly virulent IBV SD strain (39). Four of the 40 peptides (Ny;1_30, Nag1-280: N271-200s
and Nsg;_400) displayed the ability to induce significant levels of ChIFN-y production in
splenocytes from immunized chickens; among them, three peptides (Ny11_530, N271-200/
and Nig,_400) can be recognized by CD8* T-cell subsets, i.e., they are CTL epitope pep-
tides. Additionally, one peptide (N,g;_»g,) could be recognized by both CD4* T- and
CD8* T-cell subsets, indicating that it is a dual-specific T-cell epitope peptide. To our
knowledge, this is the first report of a dual-specific T-cell epitope peptide in IBV.
Vaccination with dual-specific T-cell epitope peptides might be more advantageous
than vaccination with a mixture of CTL and Th-cell epitopes because such peptides can
be processed and presented by the same APC, subsequently activating both CD4* T-
and CD8* T-cell subsets, and their close proximity may promote interactions between
these cells, consequently enhancing the CTL effector function (40). Previous studies
have shown that vaccination of mice with a 35-mer dual-specific T-cell epitope peptide
of human papillomavirus completely protected the animals from papillomavirus infec-
tion (41). The T-cell epitope peptides identified in this study may serve as potential
candidates for use in multi-epitope vaccine construction.

Multi-epitope vaccines represent an appealing alternative to the traditional live-
attenuated and inactivated IBV vaccines owing to their high level of safety and ability
to induce an immune response to selected epitopes. In the present study, four neutral-
izing epitope domains (S,4 61, Si32-140r S291-308 @Nd Ssus_s67) Were incorporated into a
multi-epitope gene expression box. Among them, three domains (S,4_¢;, Sq132-149. and
S,01-308) cOrrespond to the conformational neutralizing epitope in the IBV SD strain S1
subunit, and one domain (Ss.¢_s6,) cOrresponds to the linear neutralizing epitope of the
IBV SD strain S2 subunit; these domains were previously shown to induce neutralizing
antibody and provide immune protection against IBV (22, 23, 42, 43). Generally, the
minimal CTL epitopes are composed of 8 to 11 amino acids; however, in the present
study, T-cell epitope peptides of 20 amino acids in length were used directly for the
construction of multi-epitope vaccine candidates, mainly because, compared with a
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minimal CTL epitope peptide of 8 to 11 amino acids in length, the longer peptides
may contain several epitopes that are not restricted to a certain MHC haplotype.
Furthermore, in addition to containing CTL epitopes, these longer peptides may also
contain CD4* T-cell epitopes. Therefore, longer peptides may induce a broader
response at the population level (44, 45). The SBNT expression box contains three
repeated T-cell epitope peptides to enhance the epitope-specific T-cell responses.

NDV is an ideal vaccine vector, and it has been widely used in human and animal
recombinant viral vector vaccine research. Sun et al. reported that an NDV vector
expressing the spike protein of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) could elicit high levels of neutralizing antibodies and protect mice from a
mouse-adapted SARS-CoV-2 challenge (46). Abozeid et al. found that a recombinant
NDV vector expressing IBV S protein provided significant protection against IBV chal-
lenge in SPF chickens (47). In the present study, each multi-epitope transcription cas-
sette was placed between the P and M genes in the avirulent NDV strain La Sota. Two
recombinant viruses, rLa Sota/SBNT and rLa Sota/SB, were recovered, and their growth
kinetics were similar to the parental virus rLa Sota, indicating no adverse effects on vi-
ral replication after insertion of exogenous epitopes at this site. Additionally, they repli-
cated to a high titer in embryonated chicken eggs, which is critical for mass vaccine
production. The SB and SBNT multi-epitope proteins expressed by the recombinant
viruses were successfully detected in Western blot and IFA assays conducted using pol-
yclonal chicken anti-IBV serum, indicating that the multi-epitope proteins have good
antigenicity.

The activation of humoral immunity has been shown to be important in IBV vac-
cine-induced protection (48). In the present study, the level of neutralizing antibodies
developed in groups vaccinated with rLa Sota/SBNT or rLa Sota/SB was higher than
those developed in groups vaccinated with rLa Sota or PBS. However, in addition to
humoral immune responses, cellular immune responses can also affect vaccination effi-
cacy. Here, the T-cell responses induced by our multi-epitope vaccine candidates were
evaluated by ELISpot assays. As expected, the multi-epitope vaccine candidate rlLa
Sota/SBNT, which contained T-cell epitope peptides, elicited robust peptide-specific T-
cell responses in chickens, whereas no virus-specific T-cell responses were elicited by
rLa Sota/SB or rLa Sota, indicating that the multi-epitope vaccine candidate rLa Sota/
SBNT can induce not only a humoral immune but also a cellular immune response.

In the first immune-protection experiment, we found the multi-epitope vaccine can-
didate rLa Sota/SBNT conferred better protection to 7-day-old SPF chickens in terms of
clinical symptom alleviation, resistance to tracheal cilia damage, and virion shedding
reduction after virulent IBV SD strain challenge. Compared with those in the PBS-SD
group, the chickens in the rLa Sota/SB-SD group displayed a delayed protective effect,
with slightly alleviated clinical symptoms and a significant reduction in virion shedding
only at 7 dpc. However, the rLa Sota/SB-SD group had maximal ciliostasis scores at
both 5 and 7 dpc, similar to the PBS-SD group. The rLa Sota/SBNT conferred better re-
spiratory tract protection against IBV challenge compared with rLa Sota/SB; this could
be because the IBV T-cell epitope peptides expressed by rLa Sota/SBNT elicited more
effective cellular immune responses, which are critical for the elimination of IBV from
infected chickens (5, 13, 29). Raj and Jones emphasized that immunity to IBV in the tra-
chea is mediated mainly by T cells (49). Kotani et al. reported that CTL infiltrate at the
tracheal mucosa is correlated with the elimination of IBV in the early stage of infection,
whereas humoral immunity control of IBV infection occurs mainly at the later stage
(50). No protective effect was observed in the rLa Sota-SD group during the observa-
tion period. Our results indicate that the protection of chickens against IBV involves
both humoral and cellular immune responses; thus, an effective IBV multi-epitope vac-
cine should contain both neutralizing epitopes and T-cell epitopes.

In the second immune-protection experiment, we investigated whether the IBV
multi-epitope vaccine candidate rLa Sota/SBNT could confer effective cross-protection
against a heterologous IBV strain challenge. One-day-old SPF chickens were used for
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this experiment because the day of hatch is often the IBV vaccination time point in the
field. Our results show that immunization with rLa Sota/SBNT could significantly allevi-
ate clinical symptoms and protect tracheal cilia activity after QX-like or TW-like IBV
strain challenge. Only a small proportion of chickens in the rLa Sota/SBNT-SD or rLa
Sota/SBNT-GD groups exhibited mild clinical symptoms during the observation period,
whereas all chickens in the rLa Sota-SD and rLa Sota-GD groups showed severe clinical
symptoms, such as depression, heavy nasal discharge, and tracheal rales. To our sur-
prise, the multi-epitope vaccine candidate rLa Sota/SBNT conferred no observable pro-
tection efficacy against a Mass-type M41 strain challenge, and there were no significant
differences in the clinical sign scores, ciliostasis scores, or virion shedding levels
between the rLa Sota/SBNT-M41 and rLaSota-M41 groups. This might be because the
QX-like IBV strains are closely related phylogenetically to the TW-like strains but only
distantly related to the Mass-type vaccine strains (51). Notably, commercial Mass-type
live-attenuated vaccine vaccination often fails to protect chickens against QX-like and
TW-like IBV infections (51-53). Whether the multi-epitope vaccine candidate rLa Sota/
SBNT potentially protects against infection with other heterologous IBV strains requires
further investigation.

Currently, QX-like and TW-like IBV strains are the predominant IBV types in China (6,
8), and the multi-epitope vaccine candidate rLa Sota/SBNT conferred cross-protection
against challenges with either a QX-like or a TW-like IBV strain. Compared with tradi-
tional live-attenuated IBV vaccines, the IBV multi-epitope vaccine candidate rLa Sota/
SBNT is safer and can be grown to high titer in embryonated eggs, making it more suit-
able for use in mass vaccine production. These advantages suggest that rLa Sota/SBNT
is a promising candidate for the development of a novel IBV vaccine.

In summary, our study reported four new T-cell epitope peptides in IBV N protein
and constructed multi-epitope vaccine candidates based on IBV-neutralizing epitopes
and T-cell epitopes using NDV as a vaccine vector. The multi-epitope vaccine candidate
rLa Sota/SBNT induced robust humoral and cellular immune responses and provided
protection against QX-like and TW-like IBV challenges. Our results suggest that this
multi-epitope vaccine may be an attractive alternative for the development of a safer
and more effective IBV vaccine.

MATERIALS AND METHODS

Viruses, cells, animals, and ethics statement. The QX-like IBV SZ and SD strains, TW-like IBV GD
strain, and Mass-type IBV M41 strain were stored in our laboratory. Although the SZ and SD strains share
high sequence similarities, the SD strain has a higher pathogenicity in chickens compared with the SZ
strain (39). The recombinant avirulent NDV strain La Sota was generated previously in our laboratory by
using reverse genetics technology (54). All strains were propagated in 10-day-old SPF embryonated
chicken eggs via the allantoic route. The 50% embryo infectious dose (EID,,) of these strains in the har-
vested allantoic fluid was calculated by applying the Reed and Muench method (55). Cells from a
chicken embryo fibroblast cell line (DF-1 cells) or baby hamster kidney cell line that stably expresses T7
RNA polymerase (BSR T7/5 cells) were cultured in Dulbecco modified Eagle medium (DMEM) with 10%
fetal bovine serum (FBS). SPF white leghorn chickens and SPF embryonated eggs were purchased from
Beijing Boehringer Ingelheim Vital Biotechnology Co. Ltd. (Beijing, China). Our study was approved by
the Animal Welfare and Ethical Censor Committee of China Agricultural University (CAU approval num-
ber: 2020-08).

Synthetic peptides. A total of 40 overlapping peptides, covering the entire N protein encoded by
the IBV SD strain (GenBank accession number KY421673), were synthesized by Shanghai Apeptide Co.,
Ltd. (Shanghai, China). The peptides were each 20 amino acids in length and overlapped one another by
10 amino acids. All peptides were synthesized at high purity (>90%) and were dissolved in 70% di-
methyl sulfoxide (DMSO) to a concentration of 10 mM before being stored at —80°C.

Chicken immunization and splenocyte isolation. Two-week-old SPF white leghorn chickens were
divided into two groups. The experimental group birds were immunized (primed) with 10%° EID,, of 1BV
SZ strain via the oculonasal route and boosted with the same dose of IBV SD strain 3 weeks later. Birds in
the control group were administered sterile PBS under the same schedule as the experimental group.
Two weeks after receiving the boost immunization, the chickens were sacrificed, and their splenocytes
were isolated as described previously (56).

IFN<ELISpot assay. The IFN-y ELISpot assay was performed as described previously (56). Briefly, the
ELISpot 96-well plates (Millipore, Eschborn, Germany) were coated with 5ug/ml mouse-anti-ChIFN-y
(Invitrogen; Carlsbad, CA, USA) in PBS (pH 7.4) by overnight incubation at 4°C. The plates were then
washed with PBS and blocked with R10 medium (RPMI 1640 medium with 10% FBS). After the blocking
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buffer was discarded, 3.5 x 10° splenocytes from the experimental group were added to each well. The
cells were stimulated for 24 h in the presence of either R10 medium (negative control), mitogen ConA
(5 mg/ml, positive control), individual peptides (10 xg/ml), or a pool of all 40 peptides (peptide pool,
10 ng/ml of each peptide) at 41°C and 5% CO,; control group splenocytes incubated with the peptide
pool were used as another negative control. Subsequently, the plates were washed with PBST (PBS sup-
plemented with 0.05% Tween 20) and incubated with 1 ug/ml biotin-conjugated mouse anti-ChIFN-y
(Invitrogen) for 1 h at room temperature. Plates were again washed with PBST and then incubated with
horseradish peroxidase (HRP)-conjugated streptavidin (BD Bioscience, Franklin Lake, NJ, USA) for 1 h at
room temperature. Spots were developed via incubation with an 3-amino-9-ethylcarbazole (AEC) sub-
strate set (BD Bioscience) and counted by using an ELISpot plate reader (Immunospot Analyzer; Cellular
Technology Ltd., Shaker Heights, OH, USA). Peptide-specific T-cell frequencies are expressed in this
manuscript as the number of spot-forming cells per 10° splenocytes.

Intracellular cytokine staining assays. Splenocytes were resuspended in R10 medium at a concen-
tration of 1 x 107 cells/ml and seeded in duplicate (100 wl/well) into 96-well plates. The cells were then
stimulated with ConA (5 wg/ml, positive control) or individual peptides (10 wg/ml) for 6 h at 41°C and 5%
CO,; cells in medium alone served as negative controls. When 4 h remained of the 6-h incubation period,
GolgiStop protein transport inhibitor (BD Bioscience) was added to each well to a final concentration of
10 ug/ml. At the end of the 6-h incubation, the stimulated cells were harvested and surface stained with
allophycocyanin (APC)-conjugated mouse anti-chicken CD4 (Southern Biotech, Birmingham, AL, USA), PE-
conjugated mouse anti-chicken CD8« (Southern Biotech), and Fixable Viability Dye eFluor 780 (Invitrogen)
for 30 min at 4°C. The cells were then fixed and permeabilized by using the BD Cytofix/Cytoperm kit (BD
Bioscience) in accordance with the manufacturer’s instructions and then stained with biotin-conjugated
mouse anti-ChIFN-y (Invitrogen) in combination with FITC-conjugated streptavidin (Invitrogen). Finally, the
cells were resuspended in fluorescence-activated cell sorter (FACS) buffer and used for flow cytometry
analyses. FlowJo software was used to analyze the flow cytometry data.

CFSE lymphocyte proliferation assay. Splenocytes were stained with 0.5 uM CFSE (Invitrogen) in
PBS for 5 min at room temperature. After being stained, the cells were washed three times with R10 me-
dium and resuspended at a concentration of 2 x 107 cells/ml. The CFSE-stained cells were transferred to
24-well plates (500 ul per well) and stimulated with ConA (10 ug/ml, positive control) or individual pep-
tides (10 wg/ml) for 4 days in 41°C and 5% CO,; a similar volume of R10 medium was added to the nega-
tive-control cells. After this incubation, the cells were harvested and stained with APC-conjugated mouse
anti-chicken CD4 antibody, PE-conjugated mouse anti-chicken CD8« antibody, and Fixable Viability Dye
eFluor 780 at 4°C for 30 min and subsequently used for flow cytometry analyses. The percentage of pro-
liferating CD4" T or CD8" T cells was determined based on the reduction in CFSE fluorescence over
time.

Design and generation of rNDV expressing IBV multi-epitope gene. In the present study, four
IBV-neutralizing epitope domains (S,, ¢, S132-149 S01-308s @Nd Ss46 s6,) identified previously in the S pro-
tein (22, 23) and four IBV T-cell epitope peptides (N,;_»30: Nogi_a80r Na71-200, @Nd Nig;_s00) identified in the
N protein by our current study were selected for use in the design of two IBV multi-epitope gene expres-
sion boxes (Fig. 9A). One contained only the neutralizing epitope domains and was designated as “SB
expression box,” and the other comprised both neutralizing epitope domains and T-cell epitope pep-
tides and was named “SBNT expression box”; the adjacent epitope fragments in each expression box
were joined together by proper linkers, namely, AAA, AAY, KK, and (G4S)3 (Fig. 9B). The corresponding
nucleotide sequences of the SB and SBNT expression box amino acid residues were used for chicken
codon optimization. The open reading frames of SB and SBNT were each preceded by the NDV gene-
end (GE), intergenic sequence (IGS), and gene-start (GS); Kozak sequences were added upstream of the
start codon (ATG) for efficient translation, and extra nucleotides were placed downstream of the stop
codon (TGA) to maintain the rule of six. The transcription cassettes of the codon-optimized SB and SBNT
genes were flanked by Pmel sites and synthesized by GenScript. Both the SB and SBNT transcription cas-
settes were inserted individually between the P and M genes of the La Sota genome by using a seamless
assembly cloning kit (Taihe Biotechnology Co., Ltd, Beijing, China) targeting the Pmel site as an inde-
pendent transcriptional unit; the constructed plasmids, named pLa Sota/SBNT and pLa Sota/SB, respec-
tively, and the sequences of both inserts were confirmed by applying nucleotide sequence analysis. The
recombinant La Sota strains containing IBV multi-epitope genes were rescued by reverse genetics as
described previously (54) and were designated as rLa Sota/SBNT and rLa Sota/SB, respectively. Rescued
recombinant viruses were passaged five times in 9-day-old SPF chicken embryos, and the presence of
multi-epitope genes in the recombinant viruses was confirmed by performing RT-PCR and sequencing
analysis.

In vitro characterization of recombinant viruses. To compare the multicycle growth kinetics of the
recombinant viruses rLa Sota/SBNT and rLa Sota/SB with that of the parental virus rLa Sota, DF-1 cells in
6-well plates were infected with rLa Sota/SBNT, rLa Sota/SB, or rLa Sota at a multiplicity of infection
(MOI) of 0.01. After 1 h of adsorption, the cells were washed twice with PBS and then incubated with
DMEM containing 2% FBS and 5 nwg/ml tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated
trypsin at 37°C under 5% CO,. Supernatant samples (200 wl/well) were collected from the infected cells
at 12-h intervals until 72 h postinfection (hpi) and replaced each time with an equal volume of fresh
DMEM with 2% FBS and 5 ug/ml TPCK-treated trypsin. Virus titers in the collected samples were quanti-
fied by performing a 50% tissue culture infective dose (TCID,,) titration assay in DF-1 cells and calculated
by applying the Reed and Muench method (55). The virulence of each recombinant virus and parental
virus was assessed by applying the mean death time (MDT) test in 10-day-old SPF embryonated chicken
eggs as described previously (54).
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FIG 9 Design of two recombinant NDV constructs containing an IBV multi-epitope gene. (A) Schematic
representation of the approach for generating IBV multi-epitope vaccine candidates via the individual insertion
of two different forms of IBV multi-epitope gene (SB and SBNT transcription cassettes) into the NDV strain La
Sota antigenome cDNA between the P and M genes using the Pmel site. The open reading frames of the SB
and SBNT multi-epitope genes were preceded with NDV gene-end (GE), intergenic sequence (IGS), gene-start
(GS), and Kozak sequences and were flanked by Pmel sites. (B) The open reading frame of the SBNT expression
box contains four neutralizing epitope domains (S,, 1, Si32-140: Sz01-30 @Nd Ssue s6,) and four T-cell epitope
peptides (N,11 5300 Nogioager Nayioaoo @Nd Nagi_u00); @djacent epitope fragments are joined together by proper
linkers (underlined); and the T-cell epitope peptides are each repeated three times.

Expression of IBV multi-epitope proteins by recombinant viruses. The expression of SB and SBNT
multi-epitope proteins was determined by performing Western blot and indirect immunofluorescence
analysis (IFA) assays. For Western blotting, DF-1 cells were infected with rLa Sota/SB, rLa Sota/SBNT, or
rLa Sota at an MOI of 0.01. At 24 hpi, the cells were harvested and lysed, and the resulting proteins were
separated by 10% SDS-PAGE and then transferred to a polyvinylidene fluoride (PVDF) membrane
(Amersham Biosciences, Freiburg, Germany). A polyclonal chicken anti-IBV or anti-NDV serum was used
to detect the IBV multi-epitope proteins or the NDV HN protein, respectively. After being washed three
times with Tris-buffered saline with Tween 20 (TBST) buffer, the membrane was incubated with HRP-con-
jugated rabbit anti-chicken secondary antibody (Bioss Biotechnology, Beijing, China). The proteins were
visualized using a BeyoECL Plus kit (Beyotime Biotechnology).

For the indirect IFA, DF-1 cells were infected with rLa Sota/SB, rLa Sota/SBNT, or rLa Sota at an MOI of
0.01. At 48 hpi, the cells were fixed with methanol and then incubated with polyclonal chicken anti-IBV se-
rum at 37°C for 1 h. After being washed five times with PBS, the cells were incubated with FITC-conjugated
goat anti-chicken IgG secondary antibody (Bioss Biotechnology) for 1 h at 37°C. Following another five
washes with PBS, the cells were observed under a fluorescence microscope (Nikon, Tokyo, Japan).

Evaluation of immunity and protective efficacy of IBV multi-epitope vaccine candidates. A total
of 82 7-day-old SPF chickens were divided into four groups (groups 1 to 4) of 18 chickens each and one
group of 10 chickens (group 5). The chickens in groups 1 to 3 were each vaccinated with 10° EID,,/bird of
rLa Sota/SBNT, rLa Sota/SB, or rLa Sota, respectively, via the oculonasal route, and the chickens in groups 4
and 5 were each inoculated with PBS via the same route. At 3 weeks postvaccination, serum samples were
collected from three chickens per group and used in a virus neutralization assay. Additionally, splenocytes
were also isolated from chickens in each group and used in the ELISpot assay as described above.

At 3 weeks postvaccination, all birds in groups 1 to 4 were challenged with 10° EID,/bird of IBV SD
strain via the oculonasal route, while the birds in group 5 were inoculated with PBS as an uninfected con-
trol. The clinical signs of 10 birds in each group were monitored and scored daily for 14 days. The clinical
signs were scored as follows: 0 for normal; 1 for slight shaking, slight nasal discharge, and slight lacrimation;
2 for depression, watery feces, and sneezing or coughing; 3 for heavy depression, heavy nasal discharge,
and tracheal rales or mouth breathing; and 4 for death. At 5 and 7 days postchallenge (dpc), tracheal and
oropharyngeal swab samples were collected from birds in each group and used for virus shedding detec-
tion by RT-qPCR as described previously (8). Also, at 5 and 7 dpc, three chickens from each group were sac-
rificed, and their tracheas were collected for use in a ciliostasis activity evaluation.

Evaluation of cross-protective efficacy induced by the IBV multi-epitope vaccine candidates. To
evaluate the cross-protective efficacy of the IBV multi-epitope vaccine candidates against virulent IBV
challenge, 96 one-day-old SPF chickens were divided into six groups of 16 chickens each. Chickens in
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groups 1, 3, and 5 were vaccinated with 10° EID;,/bird of rLa Sota/SBNT via the oculonasal route, and
chickens in groups 2, 4, and 6 were similarly vaccinated with 10° EID;/bird of rLa Sota. At 3 weeks post-
vaccination, the chickens in groups 1 and 2 were challenged with 10° EID,y/bird of the IBV SD strain,
those in groups 3 and 4 were challenged with 10° EID,y/bird of IBV GD strain, and those in groups 5 and
6 were challenged with 10° EID/bird of the IBV M41 strain, all via the oculonasal route. The clinical
signs of birds in each group were scored daily for 14 days as described above. At 5 and 7 dpc, tracheal
and oropharyngeal swab samples were collected from birds in each group and used for virus shedding
detection by RT-qPCR (8). Also, at 5 and 7 dpc, the tracheas from three chickens per group were used for
ciliostasis activity evaluation.

Inhibition of ciliary activity. To evaluate ciliostasis activity, nine tracheal rings per chicken were pre-
pared (three rings each from the upper, middle, and lower parts of the trachea) and placed in 96-well
plates containing DMEM with 10% FBS. The ciliary activity was examined under a low-power microscope,
and each ring was scored as follows: 0 for 100% of the tracheal cilia showing movement; 1 for 75% to
100% of the tracheal cilia showing movement; 2 for 50% to 75% of the cilia showing movement; 3 for
25% to 50% of the tracheal cilia showing movement; and 4 for 0% to 25% of the tracheal cilia showing
movement. The average ciliostasis score was calculated for each group.

Virus neutralization assay. Neutralizing antibody from immunized chickens was measured by per-
forming a standard virus neutralization assay. Briefly, serum samples were inactivated in a 56°C water
bath for 30 min and then serially diluted 2-fold with sterile PBS. A sample (0.1 ml) of the diluted serum
was incubated with an equal volume of IBV SD strain (200 EID,,) at 37°C for 1 h. Ten-day-old SPF
embryonated chicken eggs were inoculated with the 0.2-ml virus-serum mixtures via the allantoic cavity
route. Six days later, the embryonated eggs were examined for IBV lesions, such as embryo dwarfing or
stunting. Neutralizing antibody titers were calculated as described previously (55) and are expressed
here as the mean * standard deviation.

Statistical analysis. GraphPad Prism version 6.0 was used for statistical analysis. Statistically signifi-
cant differences between various groups were evaluated by performing an unpaired t test, one-way
analysis of variance (ANOVA), or two-way ANOVA. Data are expressed as the mean = standard deviation.

Journal of Virology

Statistical significance is indicated in the figures as follows: *, P < 0.05; **, P<0.01; and ***, P < 0.001.
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