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Highlights

* The B-cell and T-cell epitopes of the HA1 protein in HON2 avian influenza virus were identified by peptide scanning.
¢ Peptides H9-21, H9-26, and H9-30 were identified as conserved B-cell epitopes.

* Peptides H9-15, H9-22, and H9-23 were recognized as cross-reactive T-cell epitopes.

Abstract

The HIN2 subtype avian influenza virus (AlV) hemagglutinin (HA) protein is a major immunogen in which HA1 is a
genetic variant and HA2 is relatively conserved. Identifying broad-spectrum antigen epitopes targeting HA1 is crucial for
vaccine design and detection. Based on the phylogenetic and serological analyses, we identified 2 antigenic groups and
3 representative viruses: A/chicken/Jiangsu/JY040218C/2019, A/pigeon/Jiangsu/JY020616/2019, and A/chicken/Jiangsu/
WX090312/2018. An overlapping peptide library was synthesized using HA1 amino acid sequences of the viruses as
templates. Through peptide scanning of the sera against different strains of HON2 subtype AlV, we identified peptides
from 4 regions (H9-2/3, H9-20/21, H9-26, and H9-29/30/31) that demonstrated broad-spectrum reactivity. Immunological
assay results demonstrated that H9-21 (*"’RIFKPLIGPRPLVNGLMGRI??), H9-26 (**SGESHGRILKTDLKMGSCTV?®),
and H9-30 (**YAFGNCPKY| GVKSLKLAVG®®) effectively induced antibody generation and conferred partial protective
efficacy against the parent virus JY040218C. The results of lymphocyte proliferation and ELISpot assays indicated
that peptides H9-15 ("’"MRWLTQKNNAYPTQDAQYTN'®), H9-22 (***PLVNGLMGRINYYWSVLKP G**%), and H9-23
(**NYYWSVLKPGQTLRIKSDGN?®) could effectively stimulate the expression of interferon-gamma in peripheral blood
lymphocytes of chickens immunized against different strains of HON2 AIV. Collectively, 5 novel cell epitopes H9-15, H9-22,
H9-23, H9-26, and H9-30, including the best B cell epitope H9-26 and the best T cells epitope H9-22, were identified that
could be targeted for vaccine design or detection approaches against HON2 AlVs.
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1. Introduction led to significant economic loss. Studies indicate that HON2
The HIN2 subtype of avian influenza virus (AIV) has acts as a reservoir for internal genes, which could help raise
been present in China for more than three decades and novel AlV strains, such as H7N9, H10N8, and H5N6 (Chen
is commonly found in poultry, with occasional reports of et al. 2014; Pu et al. 2015; Bi et al. 2020). This creates a
infections in mammals and humans (Li et al. 2019), and has scenario in which recombinant AlVs can emerge and evolve,
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thus posing an ongoing public health risk (Liu et al. 2014).

The HIN2 subtype of AlV is more commonly observed
in clinical cases than the other AlV subtypes. According to
the phylogenetic analysis of the hemagglutinin (HA) gene,
HIN2 AlV can be categorized into 2 distinct phylogeographic
lineages: Eurasia and North America. The North American
branch of the HIN2 subtype of AlV is predominantly found
in migratory birds, although reports exist of turkeys being
infected with this subtype (Peacock et al. 2019). In contrast,
the Eurasian lineage of the HIN2 subtype of AIV has
established at least 3 stable poultry lineages: A/quail/Hong
Kong/G1/1997 (G1 like), A/chicken/Beijing/1/94 (BJ94 like,
Y280, or G9), and A/chicken/Hong Kong/Y439/1997 (Y439
like) (Guo et al. 2000; Zhang et al. 2022). A numbering
system for global H9-HA fragments was proposed by Liu and
Chen (2009), who divided the H9-AIV lineage into 4 sub-
lineages (H9.1-H9.4) and subsequently divided them into
branches and subbranches. In China, H9.4.2.5 is the most
prevalent branch of HIN2 AlV, which underwent differentiation
from 2012 to 2013, giving rise to 3 evolutionary branches (C1—
C3). Currently, all 3 strains circulate simultaneously, there
is a noticeable clustering phenomenon in the antigenicity
of these strains, indicating that they have distinct antigenic
profiles (Bi et al. 2020; Zhang et al. 2023; Liang et al. 2024).
Although China has approved more than 20 commercial
vaccine strains since the first HON2 subtype avian influenza
inactivated vaccine (strain A/Chicken/Shanghai/F/98) was
approved in 2002, HON2 AlV is susceptible to antigenic
variations owing to vaccine immune pressure (Cao et al.
2022). According to the hemagglutination inhibition (HI) and
micro-neutralization (MN) results, the HIN2 AlV isolates
belong to antigenic groups that differ from those of the
vaccines. Additionally, immunoprotection results indicate that
the currently used vaccine strains are insufficient to protect
poultry against infection by circulating strains (Belser et al.
2020; Zhang et al. 2023; Zhao et al. 2023). Therefore, owing
to the highly variable nature of HON2 AlV, a single inactivated
vaccine is no longer sufficient for prevention and control.
Therefore, novel broad-spectrum HIN2 subtypes need to be
developed for avian influenza vaccines.

Antigenic epitopes are essential for combating AlV. They
serve as critical targets for creating universal influenza virus
vaccines, developing immune detection techniques, and
understanding the immune response mechanisms against
AIV. Unlike conformational epitopes, linear epitopes consist
of a continuous amino acid sequence and are influenced by
their primary structure, which affects their functionality. Recent
studies on the linear epitope landscape of the Spike protein
of SARS-CoV-2 suggest that a correlation exists between
linear epitope responses and the severity and outcome of
the disease (Li et al. 2021). HA is the primary target protein
that produces neutralizing antibodies against AlVs by B cells.
Subunit vaccines based on HA proteins have demonstrated
robust immune-protective effects in both humans and animals
(Du et al. 2011; Liu et al. 2013; Cummings et al. 2014). In
the HA protein, the HA1 structural domain contains a high
concentration of dominant epitopes, making it a crucial target
for the development of influenza vaccines.

CD4" T cells are a critical type of immune cell that can

adopt Th1 or Th2 phenotypes and coordinate immune
responses (Charostad et al. 2023; Frey et al. 2023). The
Th1 response activates cytotoxic CD8" T lymphocytes,
natural killer cells and macrophages, while the Th2 response
is essential for activating B cells, promoting homologous
transformation, affinity maturation, and producing antibodies
that can neutralize external pathogens (Ekkens et al. 2007).
Influenza-specific memory CD4" T cells play a critical role in
antibody production. They also have additional functions,
such as expediting the recruitment of innate effector cells
to the lungs and assisting in the regulation and repair of
damaged cells and tissues (Strutt et al. 2010). These CD4"
T cells are particularly important in mitigating the damage
caused by severe inflammatory responses associated with
highly pathogenic influenza viruses (Arpaia et al. 2015;
Egarnes and Gosselin 2018). Another defense mechanism
against viruses involves activated cytotoxic T lymphocytes
(CTLs), which release enzymes that induce apoptosis and
eliminate virus-infected cells to prevent further viral production
(Price et al. 2005; Kreijtz et al. 2011). T-cell epitopes specific
to influenza A virus primarily recognize antigenic sites within
conserved internal proteins (Clemens et al. 2018). There has
been limited progress in identifying T-cell epitopes associated
with the HA protein, with most studies focusing on human-
origin H1IN1, H2N2, and H3N2 subtypes of IAV (Graham et al.
1998; Tenbusch et al. 2010; Knowlden et al. 2019; Rattan
et al. 2019). Unfortunately, research on T cell epitopes
associated with HA proteins of other subtypes, such as H5,
H7, and H9 avian-origin IAVs, is relatively scarce.

In this study, we investigated the characteristics of the
HIN2 subtype of AlV using genetic evolution and serological
experiments. Representative viruses were selected, and
peptides were synthesized based on their HA1 amino acid
sequences. T-cell and B-cell epitopes of HA1 with broad
reactivity within the H9 subtype were identified using peptide
screening.

2. Materials and methods
2.1. Viruses, sera, and cells

HON2 subtype AlIVs A/goose/Jiangsu/JY100405C/2018
(JY100405C), A/chicken/Jiangsu/JY040218C/2019
(JY040218C), and Alchicken/Jiangsu/YX4JC5/2019 (YX4JC5)
were isolated from East China between 2018 and 2019 and
purified using a plaque assay. The additional 14 strains of
the HON2 subtype AIV were selected and used in this study
(Appendix A) (Zhang et al. 2023). All viruses were cultured
in 9—-11-d-old embryonated SPF chicken eggs at 37°C, and
allantoic fluid was collected at 72 h post-inoculation. Sera
against HON2 subtype AlVs were generated by immunizing
3-wk-old SPF chickens with an inactivated virus and an oil
adjuvant. Sera for other AlV subtypes were previously prepared
(Wang et al. 2021) and stored at =70°C (Appendix B). Madin—
Darby canine kidney (MDCK) cells were cultured in Minimum
Essential Medium (MEM) (HyClone, UT, USA) containing 10%
fetal bovine serum (FBS) (HyClone) at 37°C and 5% CO..

2.2. Phylogenetic and amino acid conservation analysis
Genetic evolution analysis of 17 HON2 AlVs was performed
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using IQ-TREE (v.1.6.8) (Trifinopoulos et al. 2016).
Visualization was performed using ITOL (v.6.5.2) (https://itol.
embl.de/), wherein the key antigenic sites of the HA protein
underwent multiple sequence alignments and were correlated
with the evolutionary tree (Letunic and Bork 2021). Inter-
branch genetic distances were calculated using MEGAS5.0.

2.3. Serological assays

The HI and MN assays were performed for antigen analysis
(Spackman 2020). For HI assays, the serum was gradually
diluted in 2-fold increments, beginning with 25 pL, followed by
the addition of 25 pL of 4 units of HA antigen. After incubating
at 37°C for 15 min, 50 uL of 1% chicken red blood cells were
introduced, and the mixture was further incubated at 37°C
for 20 min. The highest dilution of serum that completely
inhibited hemagglutination was represented by the HI titer.

MDCK cells were used for the MN assay, as described
previously (Steel et al. 2010). The serum was heat-
inactivated at 56°C for 30 min, and then a 10-fold serial
dilution was conducted in MEM base culture medium. Then,
100 L of the diluted serum was added to each well of a
96-well plate, along with 100 pL of a virus-working solution
containing 2,000 TCIDs, mL™", and the serum-virus mixture
was incubated at 37°C for 1 h. The serum-antibody mixture
was then inoculated into a 96-well plate containing MDCK
cells at a density of 2x10* cells per well and incubated at
37°C in a 5% CO, incubator for adsorption for 1 h. Once the
adsorbed infected cell plate was washed thrice with PBS,
100 uL of MEM base culture medium containing 2 ug mL™
TPCK trypsin was added, and the cells were cultured at
37°C and 5% CO,. After 72 h, hemagglutination assay
was performed to determine the number of positive wells.
OmicStudio tools (https://www.omicstudio.cn) were used to
create Heatmap Plots, while antigenic cartography (http://
www.antigenic-cartography.org) was used to calculate
antigenic distances (Smith et al. 2004).

2.4. Microarray experiment

Based on the HA1 protein amino acid sequences, a set of 55
peptides was designed with each adjacent pair overlapping
10 amino acids. The peptides were synthesized using
GenScript (Nanjing, China). Of the 55 peptides, 43 were
successfully synthesized and 12 were synthetic failures
(Appendix C). Synthetic peptides were sampled on iPDMS,
a modified silica gel film obtained from SJ Biomaterials,
Suzhou, China. The microarray workflow was largely based
on the methodology used in previous studies (Lu et al. 2015).
Serum samples were analyzed using a peptide microarray.
Samples were diluted in serum dilution buffer at a 1:50 ratio
and added to the microarray wells. They were incubated
for 30 min on a shaker at 37°C. The microarray chips were
washed 3 times with TBST and dried on absorbent paper.
Next, a solution of HRP-conjugated goat anti-chicken IgY
was added to each well and incubated for an additional
30 min on a shaker at 37°C. After 3 additional washes,
a chemiluminescent substrate was added to each well.
Chemiluminescent signals were captured using the charge-
coupled device camera of the imaging system and saved in

TIFF-format files. GenePix Pro software (version 6.0) was
used to process the chemiluminescence intensity of each
peptide. The intensity was converted into signal-to-noise
ratio (SNR), and a positive response was considered when
SNR=2.

2.5. Immune serum preparation and immunoprotec-
tion experiment

After peptide chip screening, broad-spectrum peptides were
selected. These peptides were synthesized and coupled
with bovine serum albumin (BSA) using GenScript (Nanjing,
China). Next, we immunized 3-wk-old SPF chickens in
groups of 5 using coupled BSA-peptide complexes. Booster
immunization was administered 14 d after the primary
immunization, and serum samples were collected at 14-d
intervals for ELISA, HI, and MN assays to measure antibody
levels. Fourteen days after the booster immunization,
chickens were intranasally challenged with JY040218C at
a dose of 10° EIDy, per chicken. We collected throat and
cloacal swabs on days 3, 5, and 7 post-challenge, and
inoculated SPF chicken embryos to assess viral shedding.

2.6. Lymphocyte isolation

Three-wk-old SPF chickens were immunized with JY040218C
and JY120118 from different HON2 AlV strains. The chickens
were boosted 14 d after the first vaccination. Peripheral
blood was collected from the chickens on day 7 after the
booster immunization. PBMCs were isolated from immunized
chickens using a chicken PBMC Separation Reagent Kit
(Solarbio, Beijing, China). Briefly, 10 mL of the lymphocyte
separation reagent was added to the bottom of the centrifuge
tube. Anticoagulant whole blood was diluted with pre-
warmed PBS in equal volumes, the diluted whole blood was
gently layered on top of the separation reagent, followed by
centrifugation at 700xg for 30 min using a horizontal rotor at
25°C. The lymphocyte layer was aspirated and the cells were
washed with 10 mL of PBS. After centrifugation at 250xg for
10 min, the cells were washed twice and cryopreserved in
liquid nitrogen.

2.7. Lymphocyte proliferation

After lymphocyte resuscitation, the cell concentration was
adjusted to 2x10” mL™" in 1640 medium supplemented
with 10% FBS. The cells were seeded in a 96-well plate
at 2x10° cells per well. Following overnight incubation at
37°C, the peptides were divided into 14 groups based on
their sequence number, with 3 peptides forming each group
(peptides 52, 53, 54, and 55 constituted one group). These
groups were then seeded onto PBMC at a concentration
of 20 ug per well. After a 72 h incubation, 10 pyL of CCK-8
solution was added to each well. Following a 2 h colorimetric
reaction at 37°C, the OD,5, absorbance was measured, and
the proliferation rate was calculated using a formula.
Proliferation Rate=(Experimental group absorbance—-Blank
control absorbance)/(Control group absorbance—Blank
control absorbance)x100%
Peptides with a proliferation rate surpassing 1.25 were
selected from these cohorts for individual lymphocyte
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stimulation to evaluate their proliferation levels.

2.8. ELISpot

Peptides with a proliferation rate of >1.25 were selected to
test the induction of PBMC IFN-y expression levels using the
ELISpot Flex: Chicken IFN-y (ALP) Assay Kit from Mabtech
in Sweden. The MSIP plates from Merck in Darmstadt,
Germany were activated using 15 pL of 35% ethanol and
each well was washed 5 times with 200 yL of ddH,O. The
capture antibody (MT6C2) was diluted to 15 ug mL™", and
100 pL of the diluted capture antibody was added to each
well for overnight coating at 4°C. Each well was then washed
5 times with 200 pL of PBS. Next, RPMI 1640 medium
containing 10% FBS was added to each well and incubated
for 1 h at room temperature for blocking. Next, a mixture of
cells (1x10°%) and peptides (15 pg) was added to each well.
Positive controls (Phorbol 12-myristate 13-acetate (PMA),
20 ng mL™" and ionomycin, 1 pmol L™ with cells), negative
controls (unstimulated cells), and blank controls (medium
only) were set up concurrently. The plates were cultured for
48 h at 37°C in a 5% CO, environment without disturbing
the culture plate. After washing 5 times with PBS, 100 yL
of biotinylated detection antibody (MT7C10-biotin) diluted
to 1 ug mL™" in PBS containing 0.5% BSA was added to
each well for a 2 h incubation at room temperature. After 5
washes, 100 pL of streptavidin-alkaline phosphatase diluted
1:1,000 in PBS containing 0.5% BSA was added to each well
for a 1 h incubation at room temperature. After 5 washes,
100 uL of BCIP/NBT-plus was added for color development
until distinct spots appeared (5-30 min). The plates were
then washed with water to terminate color development,
and the reaction plates were air-dried in a light-avoiding
environment at room temperature. Finally, spot counting and
analysis were performed using an S6 Entry system (CTL,
Cleveland, NY, USA).

2.9. Three-dimensional structure analysis

Peptide epitope site annotation on the structural model of
the HON2 hemagglutinin (HA) monomer (PDB ID: 1JSD) was
generated using SWISS-MODEL and displayed using PyMOL
software.

2.10. Statistical analysis

The statistical software GraphPad Prism 7 was used to compute
the mean and standard deviation for each data group. The
Student t-test and one-way ANOVA were used to evaluate
the statistical significance of the mean differences between
the various data groups. Significance levels are denoted by
asterisks, with " indicating P<0.05, " indicating P<0.01.

3. Results
3.1. HON2 AIV exhibited variations in both genetic and
antigenic characteristics

Analysis of the genetic evolution of HON2 subtype HA
proteins isolated in East China between 2017 and 2019
revealed that these isolates belonged to the h9.4.2.5 lineage.
This lineage was further divided into 2 sub-branches that
differed by an average genetic distance of 0.062 (Table 1).

Additionally, critical antigenic sites on H9 HA (Kaverin et al.
2004; Peacock et al. 2016; Carnaccini and Perez 2020) were
compared using multiple sequence alignments that correlated
with the evolutionary tree. Notably, certain critical antigenic
sites such as residues 90, 145, 149, 153, 164, 166, 167, 168,
197, 198, 200, and 201 (Fig. 1-A) displayed clustering.

After antibodies were prepared through HIN2 AlV
immunization of SPF chickens, cross-HI and MN tests were
conducted. The results of the cross-serological tests and
antigenic mapping showed a clear clustering pattern in the
reactivity of the sera and viruses. This pattern was consistent
with the grouping observed in the genetic evolution analysis,
indicating a noticeable differentiation in the amino acid
sequences and antigenicity of the currently prevalent HON2
subtype in East China (Fig. 1-C and E).

By calculating the difference in HI titers between serum-
parent and serum-other strains, it was observed that the
Group 1 origin sera exhibited average HI titer differences
of 2195 and 2%%*'% 3gainst Group 1 and Group 2
strains, respectively. For Group 2 sera, the average HlI titer
differences were 2***'% and 2'*"*'* against Group 1 and
Group 2 strains, respectively. Reference strains TX and F98
sera exhibited average HI titer differences of 2*7°*%% and
2%%%#127 against Group 1 and Group 2 strains, respectively
(Fig. 1-B). Further, individual analyses of each strain’s serum-
parent and serum-other HI titer differences revealed that sera
prepared from Group 2 strains WX090312, WX050801, and
JY020616 and Group 1 strain JY040218C exhibited good
broad-spectrum reactivity, with overall differences of <20 (a
smaller difference indicating better broad-spectrum reactivity)
(Table 2).

Based on the cross MN results, Group 1 sera was found
to have an average neutralizing titer of 2'*%'* gnd 20+
against Group 1 and Group 2 strains, respectively. The
average neutralizing titers for Group 2 sera were 2°"*?%* and
21233270 3gainst Group 1 and Group 2 strains, respectively.
The reference strain sera showed average neutralizing
titers of 2°%*2% and 2%7°**% against Group 1 and Group 2
strains, respectively. It is important to note that there was a
discrepancy between the MN and HI results. Sera prepared
from Group 2 strains did not show robust broad-spectrum
reactivity against either group, whereas sera prepared from
Group 1 strains JY040128C and W6323 displayed good
reactivity against most strains in both groups (Fig. 1-D).

3.2. Discovery of peptides exhibiting extensive serum
binding capabilities

After conducting the cross-HIl and MN assays, we used
the amino acid sequences of the HA1 protein from 3
representative viruses (JY040218C, WX090312, and
JY020616) as templates to create peptide fragments for 4

Table 1 Average genetic distance between selected and
reference viruses after grouping

Intra-group average Inter-group average genetic distance

Subgroup genetic distance Fo8 X Group 1
Group 1 0.024 0.086 0.049
Group 2 0.033 0.111 0.069 0.062
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Table 2 Difference values for cross-Hl titers calculation results
Viruses Overall Intra-group  Inter-group

number difference” difference? difference® Subgroup
JYP090603 —44 -21 -23 Group 2
WX040804 -62 -28 -34 Group 2
WX120920 -36 -17 -19 Group 2
WX090312 -17 -7 -10 Group 2
JY120118 —47 -23 -24 Group 2
WX110614 -30 -10 -20 Group 2
WX050801 -16 -7 -9 Group 2
JY110903 =27 -10 =17 Group 2
JY110712 -29 -12 -17 Group 2
YX4C5 -33 -17 -16 Group 2
JY020616 -19 -7 -12 Group 2
JYP100318 -20 0 -20 Group 1
JY040218C -16 -1 -15 Group 1
W6323 -46 -10 -36 Group 1
JY100405C -67 -12 -55 Group 1
TX -73 -17 -56 Group 1
F98 -80 -17 -63

" Overall difference=Sum of all strain HI titers—HI titer of the current
serum against the mother strain.

? Intra-group difference=HlI titers of other strains within the same
group—HlI titer of the current serum against the mother strain.

¥ Inter-group difference=HlI titers of all strains from different groups—
HI titer of the current serum against the mother strain.

peptide microarray. We tested these peptides using sera from
various sources including different AIV subtypes (Appendices
B and C). Our research revealed that the 4 principal
regions demonstrated broad-spectrum reactivity, specifically,
segments 2/3, 20/21, 26, and 29/30/31 (Fig. 2-A). Among
the 46 sera samples from H9 subtype AlVs (Appendix D),
the response rates for these peptide fragments were as
follows: H9-31 91.30% (42/46), H9-30 89.13% (41/46), H9-3
76.08% (35/46), H9-29 69.56% (32/46), H9-26 58.69%
(27/46), H9-20 56.52% (26/46), H9-21 54.34% (25/46),
and H9-2 47.82% (22/46). In addition, H9-26 had a cross-
reactivity against the H3 serum, H9-29 had a cross-reactivity
against the H7 serum, while H9-31 had a cross-reactivity
against the H4 and H5 sera. The other selected peptides had
no cross-reactivity against the sera against different subtype
AlVs (Fig. 2-B; Appendix E).

Additionally, we analyzed the conservation of amino acid
residues in H9-3, H9-21, H9-26, and H9-30 from 2016-2021.
Our results showed that all the peptides exhibited high
levels of conservation, with conservation rates exceeding
96% at each position in both H9-3 and H9-21. For H9-
26, conservation at other positions was >90%, except at
position 260 (K: 82.56%; R: 13.27%). Similarly, for H9-30,
conservation at other positions exceeded 96%, except at
position 302 (I: 80.25%, V: 18.88%) (Fig. 2-C and D). Our
simulation analysis of the tertiary structure of the HA protein
indicated that the H9-21 peptide was located proximate to
the receptor-binding site, whereas the other 3 regions were
located within the stem region of the HA protein (Fig. 2-G).

3.3. Peptides H9-21, H9-26, and H9-30 effectively elicit
the production of antibodies

Peptides H9-3, H9-21, H9-26, and H9-30 were coupled with BSA

and used to immunize SPF chickens to generate antibodies.
ELISA results showed that H9-26 was the most effective at
stimulating antibody production against the corresponding
epitope, with the highest levels reached after boost vaccination.
H9-21 and H9-30 also induced antibody production to a lesser
extent but still showed a significant difference compared with the
PBS group (P<0.01). However, immunization with H9-3 induced
antibody levels, which were not significantly different from those
in the PBS group (Fig. 3-B). Indirect immunofluorescence
assay results revealed that sera against H9-21, H9-26, and H9-
30 reacted with Group 1 strain JY040218C and Group 2 strain
JY120118, whereas sera against H9-3 failed to react with Group
2 strain JY120118 (Fig. 3-C).

Although immunization with peptides coupled with BSA did
not provide complete protection against the HON2 subtype
AlV challenge, vaccination with H9-26 and H9-30 peptides
reduced viral shedding in the trachea of challenged chickens
compared to the PBS group (Table 3).

3.4. Peptides H9-15, H9-22, and H9-23 activate lym-
phocytes

Lymphocytes were isolated from the chickens immunized
with JY040218C or JY120118. The lymphocytes were then
stimulated with 14 different peptides. The results showed
that lymphocytes from chickens immunized with JY040218C
exhibited significant proliferation when stimulated with
peptides from Groups 4, 7, 8, 11, 12, 13, and 14. Similarly,
lymphocytes from chickens immunized with JY120118
showed effective proliferation when stimulated with peptides
from Groups 4, 6, 7, 8, 11, and 14 (Fig. 4-A and B). Further
analysis was conducted by stimulating lymphocytes with
individual peptides from the positive stimulus groups. The
results showed that peptides H9-12, H9-15, H9-22, H9-23,
H9-29, H9-49, and H9-52 effectively stimulated lymphocyte
proliferation in individuals immunized with JY040218C. In
contrast, lymphocytes from JY120118-immunized chickens
exhibited effective proliferation in response to the peptides
H9-12, H9-13, H9-21, H9-22, H9-24, H9-29, H9-41, HO-
46, H9-48, H9-52, H9-53, and H9-54. Collectively, peptides
H9-12, H9-22, H9-29, and H9-52 effectively stimulated the
proliferation of lymphocytes from chickens immunized with
different strains from the respective groups (Fig. 4-C and D).
ELISpot was conducted to determine the expression
levels of IFN-y in lymphocytes after being stimulated by
various peptides. Seven groups of peptides with individual
amino acid differences were chosen as isomeric peptides.
The results indicated that peptides H9-15, H9-22, and H9-
23, along with their corresponding isomeric peptides, could
effectively stimulate the expression of IFN-y in lymphocytes
immunized with viruses from different groups (Fig. 4-E and F;
Appendix F). These findings suggested that peptides H9-15,
H9-22, and H9-23 have the potential to act as T-cell epitopes.

4. Discussion

This study conducted a genetic evolutionary analysis of the
HA amino acid sequences of the HIN2 subtype isolates from
East China between 2017 and 2019. The results showed that
similar to other regions in the country, the h9.4.2.5 lineage
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was the dominant virus in East China (Zhang et al. 2021; Liu
et al. 2022). Further investigation revealed that this lineage
can be divided into 2 distinct groups, consistent with previous
research (Zhang et al. 2023). Our study identified these
groups as Groups 1 and 2, which is consistent with Wang’s

clades 15 and 16 (Wang et al. 2023) and Yan’s subgroups
Il'and Il (Yan et al. 2022). A comparative analysis of the 12
reported key antigenic site amino acid patterns also showed
consistent differentiation, indicating that the genetic evolution
of HA formed 2 distinct groups (Wang et al. 2023). Overall,
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Table 3 Protective effects of peptide immunizations
Days post challenge (d.p.c.)

Immunization Challenge

. 3 5 7
group virus
T C T C T C

H9-3 JY040218C 5/5 0/5 4/5 0/5 3/5 0/5
H9-21 JY040218C 5/5 0/5 5/5 0/5 3/5 0/5
H9-26 JY040218C 5/5 0/5 3/5 0/5 2/5 0/5
H9-30 JY040218C 5/5 0/5 3/5 0/5 3/5 0/5
PBS JY040218C 5/5 0/5 5/5 0/5 4/5 0/5

T, throat swab. C, cloacal swab.
Total number.

Shedding rate=Shedding number/

the genetic evolutionary findings suggested that the prevalent
HION2 subtype AIV strains in East China belong mainly to
the h9.4.2.5 lineage, with significant differences in amino
acid patterns at key antigenic sites. The cross-HI and MN
assays yielded significant results, indicating notable antigenic
differences among the HIN2 subtype AlV isolates from East
China. These differences align with the observed genetic
evolution, as reflected by the two-group clustering pattern,
as seen in Fig. 1-A, C, and E. Interestingly, sera derived
from the vaccine-referencing strains F98 and TX consistently
demonstrated superior serological reactivity to the Group 1
strain in HI and MN assays (Fig. 1-B and D). This mirrors
the genetic evolution analysis, in which Group 1 exhibited
a closer genetic distance to the reference strains than
Group 2 did. Conversely, Group 2 strains exhibited poorer
HI and MN cross-reactivity than Group 1 strains, indicating
ongoing differentiation within Group 2 strains. This finding

is consistent with Wang’s study, in which clades 15 and 16
strains also exhibited 2 distinct antigenic clusters in cross-HI
results (Wang ef al. 2023). Based on these results, we found
good serological broad-spectrum reactivity in the strains
JY040218C, W6323, WX090312, WX050801, and JY020616.

Currently, the research on the systematic identification of
antigenic sites in the H9 HA1 protein is limited. However,
previous studies have successfully utilized microarray
experiments to identify specific antigenic sites on H5 and
H7 subtype HA2 proteins, resulting in the development of
corresponding tagged vaccine strains (Sun et al. 2021; Wang
et al. 2021). Therefore, we employed a microarray method
to identify antigenic sites in the H9 HA1 protein. Following
serum scanning identification, peptides from the 4 regions
demonstrated broad reactivity to immune sera derived
from H9 subtype AIV (Fig. 2-A and B). Previous research
has identified HA233 as a B-cell epitope within the HA
protein, and immunized mice with a complex of HA233 and
cholesterol half-succinyl succinate generated neutralizing
antibodies, providing complete protection against a lethal
dose challenge from the recombinant H5N1 virus (Rhee
et al. 2012). Additionally, Peacock identified a distinct set of
escape mutants within the 220 loop of the receptor-binding
site of the HON2 subtype HA (Peacock et al. 2016), which
was encompassed within the H9-21 peptide screened in this
study. We conducted a challenge protection experiment
using peptide-immunized SPF chickens to determine the
efficacy of the identified peptides. The experimental group
showed an inhibitory effect on tracheal shedding compared to
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Fig. 4 Cellularimmune responses induced by peptide. A and B, group peptide stimulation PBMC after immunization with JY040218C
and JY120118. C and D, single peptide stimulation PBMC after immunization with JY040218C and JY120118. E and F, JY040218C
and JY120118 immunized peripheral blood lymphocytes were isolated and subjected to ELISpot assay to quantify the number of cells
secreting IFN-y. Data are mean+SD. Statistical significance between the peptide groups and MOCK group were determined by one-way

ANOVA. ’, P<0.05; ", P<0.01.

the control group. However, all 4 peptide-immunized groups,
including peptide H9-21, which has been reported to have
superior immune protective effects, failed to achieve complete
protection, likely due to the limited immunogenicity of single
linear peptides. Therefore, although our study highlights
the potential value of these peptides, further exploration of
suitable immunization strategies and delivery vehicles is
required to optimize their efficacy.

After analyzing the tertiary domain and conservation of amino
acids of B cell epitopes, it was noted that, except for 3 epitopes
in the stem region (H9-3, H9-26, and H9-30), H9-21 near the HA
receptor-binding site exhibited highly conserved characteristics.
The B cell epitope H9-21 located in the HA receptor binding
domain may interrupt the virus replication by inducing antibodies

that prevent virus-receptor binding, while H9-26 and H9-30
located in the HA stem may block the virus replication by inducing
antibodies that prevent membrane fusion (Lim et al. 2024). Rhee
discovered that direct immunization with an inactivated whole
virus did not effectively stimulate the production of antibodies
corresponding to HA233, indicating that although H9-21 is in the
HA1 head, it can be considered a subdominant antigenic epitope
that is less vulnerable to antibody generation pressure during
traditional vaccine immunization methods. Consequently, they
maintain a level of conservation similar to that of stem epitopes
(Rhee et al. 2012). This discovery highlights the immunological
importance of H9-21, particularly in the development of vaccines
against H9 subtype AlVs. However, further research is necessary
to determine the best way to use this finding to enhance vaccine
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efficacy, combination of multiple B-cell epitopes or both B-cell
and T-cell epitopes in vaccine design might improve its protective
efficacy.

Research on AlV HA-associated T-cell antigenic epitopes
in avian hosts is limited. To address this, we screened
vaccinated chickens to identify the AIV H9 HA T-cell epitopes.
Our results showed that peptides H9-15, H9-22, and H9-
23, along with their isomeric peptides, effectively stimulated
the expression of IFN-y in PBMC from chickens after
immunization with strains from different sources (Fig. 4-E
and F; Appendix E). Knowlden and Richards also conducted
studies to identify T-cell epitopes for HIN1-derived HA
proteins in mice expressing MHC Il molecules and in HLA-
DR transgenic mice, respectively. Interestingly, the HA
p28162—178 and HA232-249 (Richards et al. 2007; Knowlden
et al. 2019) peptides identified in their studies showed
high sequence identity with the H9-15 and H9-22 peptides
identified in our study. These conserved T-cell epitopes may
activate CD4" T cell and CD8" cytotoxic T cells response,
which can induce cross-reactivity with a variety of influenza A
viruses of different subtypes (Kreijtz et al. 2011).

5. Conclusion

Overall, between 2017 and 2019, a clustering phenomenon
of HON2 subtype AIV was observed in East China in terms
of serology and genetic evolution. We screened 5 strains of
viruses with good serological broad-spectrum reactivity based
on HI and MN results and identified 5 novel cell epitopes of
the H9 HA1 protein using microarray and peptide scanning
techniques. These findings can be utilized in vaccine design
and detection of HON2 AlVs.
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