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Abstract 

The duck  CD8+ T-cell response effectively defends against H5N1 highly pathogenic avian influenza virus (HPAIV) 
infection, but the recognized peptide is rarely identified. Here, we found that the ratio of  CD8+ T cells and the expres-
sion of IFN-γ and cytotoxicity-associated genes, including granzyme A/K, perforin and IL2, at 7 days post-infection 
in peripheral blood mononuclear cells (PBMCs) from B1 haplotype ducks significantly increased in the context 
of defending against H5N1 AIV infection in vivo. Moreover, similar results were observed in cultured and sorted 
H5N1 AIV-stimulated duck  CD8+ T cells in vitro. Next, we selected 109 epitopes as candidate epitopes on the basis 
of the MHC-I restriction binding peptide prediction website database and further identified twelve  CD8+ T-cell 
epitopes that significantly increased IFN-γ gene expression after stimulating B1 haplotype duck memory PBMCs. 
In particular,  NP338−346,  NP473−481,  M2−10,  PB1540−548 and  PA80−88 were highly conserved in H5N1, H5N6, H5N8, H7N9, 
and H9N2 AIVs. These findings provide directions for the development of universal T-cell epitope vaccines for AIV 
in ducks.
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Introduction, methods and results
The highly pathogenic avian influenza virus (HPAIV) 
H5N1 is still circulating in multiple countries and con-
tinues to pose challenges to global public health [1]. 
Avian influenza outbreaks have killed or destroyed nearly 

450  million poultry since 2005, with H5N1 being the 
main culprit [2]. Ducks are known to be “Trojan horses” 
for spreading H5N1 AIV [3], and H5N1 is highly efficient 
at transmitting H5N1 between ducks and is highly adapt-
able to ducks [4]. Therefore, reducing the risk of virus 
infection in ducks is essential for controlling the spread 
of H5N1 HPAI. Vaccination is an important strategy for 
preventing AIV infection [5]. Current commercial vac-
cines are mainly inactivated vaccines that elicit a neutral-
izing antibody response against AIV. However, the virus 
can easily mutate via reassortment or antigenic drift to 
escape antibody neutralization, rendering these vaccines 
ineffective [6, 7]. Hence, researchers are directing their 
efforts toward the development of more immunogenic 
and cross-protective vaccines against HPAIV infection 
[6].

The specific  CD8+ T-cell response directed to rela-
tively conserved epitopes has broader strain coverage and 
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provides longer-lasting immune protection [8, 9]. Our 
previous study demonstrated the importance of the duck 
 CD8+ T-cell response in eliminating H5N1 infection 
[10]. Consequently, identifying epitopes that can induce 
a robust H5N1-specific duck  CD8+ T-cell response is 
important.  CD8+ T-cell epitopes are presented by major 
histocompatibility complex class I (MHC-I) molecules 
to specific T-cell receptors (TCRs) to mediate the anti-
viral response of  CD8+ T cells [11]. The MHC-I alleles 
are highly polymorphic and can encode different pep-
tide binding motifs, thus presenting various peptide 
epitopes [12], which makes the identification of  CD8+ 
T-cell epitopes highly challenging. Fortunately, some 
MHC haplotype strains have been generated, which 
greatly mitigates interference from MHC-I diversity and 
polymorphisms. For common chicken MHC haplotypes, 
many studies have successfully identified H5N1 AIV-
derived  CD8+ T-cell epitopes [13–15].

Notably, compared with that in chickens, research on 
virus epitope-specific  CD8+ T cells in MHC haplotype 
ducks is still in the initial stage. The MHC class I region 
of the duck contains five genes (UAA , UBA, UCA , UDA, 
and UEA), and the UAA  adjacent to the TAP2 gene is a 
predominantly expressed locus [16]. On the basis of one 
high egg production local breed of Shaoxing Drake, four 
stable strains of MHC-I haplotype ducks (HBW/B1-B4) 
were bred on the basis of four homozygous genotypes 
determined by several single nucleotide polymorphisms 
(SNPs) present in the UAA  locus [17]. A previous study 
determined the peptide binding motif of the MHC-I 
molecule in HBW/B4 ducks and successfully identified 
epitopes of MHC B4-restricted Tembusu virus (TMUV)-
specific  CD8+ T cells [18]. Nonetheless, the role of the 
 CD8+ T response against H5N1 AIV in MHC-I haplo-
type ducks is still unclear, and the AIV-derived epitopes 
recognized by  CD8+ T cells are also unknown.

In this study, we investigated the immune response of 
B1 haplotype ducks to H5N1 in  vivo and further stud-
ied the  CD8+ T-cell response by culturing and sorting 
H5N1-specific  CD8+ T cells in vitro. Moreover, we used 
the MHC-I restriction binding peptide prediction web-
site database (NetMHCpan-4.0) to screen the potential 
MHC class I-restricted T-cell epitopes of H5N1 AIV and 
further identified the T-cell epitopes by detecting IFN-γ 
expression in memory PBMCs stimulated with peptides. 
These findings provide novel directions for the develop-
ment of vaccines that induce durable immunity.

H5N1 AIV infection induces duck immune response in vivo
To study the immune response of B1 haplotype ducks to 
H5N1 AIV infection in  vivo, two-week-old healthy B1 
haplotype ducks were purchased from the National Poul-
try Laboratory Animal Resource Center (affiliated with 

Harbin Veterinary Research Institute, Chinese Academy 
of Agricultural Sciences). After being fed for two weeks 
in negative-pressure isolators, four-week-old B1 haplo-
type ducks were intranasally inoculated with the H5N1 
subtype strain DK383 (A/Duck/Guangdong/383/2008) 
 (103.5 50% egg infectious dose  [EID50]/200 µL) [19] and 
appeared dead within 4 to 6 days post-inoculation (dpi), 
with an approximately 43% survival rate (data not shown). 
The oropharyngeal and cloacal swabs of infected ducks 
were collected from 3 to 14 dpi, and the viral loads in the 
swabs were measured by  EID50 as previously reported 
[20]. The results revealed that virus shedding peaked at 
5 dpi and subsequently decreased (Figures  1A and B). 
Moreover, the antibody levels of the sera collected from 3 
to 28 dpi were tested by hemagglutination inhibition (HI) 
assays, and the antibody level increased significantly at 5 
dpi (P < 0.01) and peaked at 14 dpi (Figure 1C). Addition-
ally, B1 haplotype duck PBMCs were isolated from 3 to 9 
dpi as previously described [21], and T-cell proportions 
were analysed by flow cytometry. The gating strategy for 
duck T cells is shown in Additional file 1. Compared with 
those in the control group, the percentages of  CD8+ T 
cells and  CD4+ T cells among the PBMCs of the infec-
tion group significantly increased at 7 dpi (P < 0.01) (Fig-
ures 1D and E). Hence, HI antibodies,  CD8+ T cells and 
 CD4+ T cells clearly play important roles in the elimina-
tion of H5N1 AIV in vivo.

Additionally, the expression of immune-related genes 
in B1 haplotype duck PBMCs was detected via qRT-PCR 
[22]. Innate immune gene expression, including that of 
pattern recognition receptors (TLR3, RIG-I and MDA5), 
the interferon-associated genes IFN-α and IFN-β, and the 
antiviral-related genes MX1 and OASL at 3 dpi (P < 0.05 
or 0.01), was significantly increased after H5N1 AIV 
infection (Figure  2A). Moreover, the mRNA expression 
levels of IFN-γ and cytotoxicity-associated genes, includ-
ing granzyme A/K, IL-2 and perforin, at 7 dpi (P < 0.05 or 
0.01) were significantly elevated in infected ducks (Fig-
ure 2B). In addition, the transcript levels of Th2 cytokines 
(IL-4, IL-10 and MHC-II) at 3 dpi (P < 0.05 or 0.01) (Fig-
ure 2C) and apoptosis and proliferation genes, including 
BCL6, caspase 6 and P53 at 3 dpi (P < 0.05 or 0.01) and 
BCL2 and caspase 9 at 7 dpi (P < 0.05) (Figure 2D), were 
significantly increased after H5N1 AIV infection.

In vitro expansion and detection of H5N1 AIV‑specific B1 
haplotype duck  CD8+ T cells
To investigate the B1 haplotype duck  CD8+ T-cell 
response to H5N1 AIV infection, H5N1 AIV-specific 
B1 haplotype duck T cells were cultured in vitro as pre-
viously described [10]. As shown in Figure 3A, we used 
H5N1 (MOI of 5)-infected or PBS-treated autologous 
PBMCs as antigen-presenting cells (APCs) to stimulate 
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PBMCs (responders) isolated from infected ducks at 
28 dpi. Compared with unstimulated cells (treated with 
PBS), H5N1 AIV-infected APC-stimulated cells prolifer-
ated vigorously and produced distinct cell clusters (Addi-
tional file 2). We also used CFSE dilution as an indicator 
of cell division [23] and further verified H5N1-stimulated 
cell proliferation at 6 days and 9 days in culture (Fig-
ure 3B). Moreover, flow cytometry revealed that the pro-
portion and number of  CD8+ T cells in H5N1-stimulated 
cells were significantly greater than those in unstimu-
lated cells after 7 days in culture (Figures 3C and D). Col-
lectively, these results indicate successful expansion of 
H5N1-specific duck  CD8+ T cells in vitro.

To further verify the anti-H5N1 AIV effect on PBMC-
derived  CD8+ T cells, we quantitatively analysed the 
mRNA levels of immune-related genes in  CD8+ T cells 
sorted from the above cultured H5N1-stimulated cells 
or unstimulated cells after 7 days (Figure 3A). The tran-
script levels of cytotoxicity-associated genes (granzyme 
A, granzyme K, perforin) (P < 0.05), IFN-γ, and CD3E 
(P < 0.001), as well as IL-18RAP, IL-18R1, BCL2, and 
MHC-I (P < 0.05), were significantly increased after H5N1 
AIV-stimulated duck  CD8+ T-cell activation in  vitro 

(Figure  3E). As a consequence, H5N1-specific  CD8+ T 
cells produce a significant cytotoxic T-cell response after 
H5N1 AIV stimulation in vitro.

Screening of B1 haplotype‑restricted H5N1‑specific  CD8+ 
T‑cell epitopes
Eight genome sequences of H5N1 AIV were amplified 
using the Hoffmann universal primers, and their protein 
sequences were confirmed by sequencing. The MHC-I 
restriction binding peptide prediction website data-
base (NetMHCpan-4.0-Services-DTUHealthTech) was 
subsequently used to predict H5N1-derived MHC-Ι-
restricted T-cell epitopes [24]. The predictions revealed 
109 candidate peptides. Individual peptides of 9 amino 
acids were synthesized (GenScript, Nanjing, China) and 
dissolved in DMSO. The information of the predicted 
peptides is shown in Additional file 3. We subsequently 
pooled 3–5 peptides from the same protein as a pep-
tide pool to stimulate memory PBMCs in B1 haplotype 
ducks in  vitro and detected IFN-γ expression by qRT-
PCR. As shown in Figure 4A, pooL_1 ~ pooL_9, pooL_12, 
pooL_13 and pooL_18 (Additional file 4) can significantly 
stimulate the memory PBMCs of B1 haplotype ducks to 

Figure 1 Monitoring of H5N1 AIV shedding, HI Ab levels, and T lymphocyte percentages post‑infection. Virus (H5N1 AIV) shedding 
was monitored via detection of the viral load in oropharyngeal (A) and cloacal (B) swabs. Statistical analyses of the virus titre in swabs at various 
time points were performed using one-way ANOVA. C HI Ab levels were monitored in 1% chicken RBCs. A value > 4 (dotted line) was considered 
HI Ab positive. One-way ANOVA was used for statistical comparisons. The percentages of  CD8+ T cells (D) and  CD4+ T cells (E) in the control 
group and infection group at various time points were detected. The cells (2 ×  105) from each sample were collected for flow cytometric analysis. 
The results are presented as the means ± SEMs, and the unpaired t test was used for statistical comparison. H5N1 virus shedding and H5N1 HI 
Ab expression in the control group were negative at various time points (data not shown). Three ducks in the infected and control groups were 
randomly selected for sampling and detection. *P < 0.05, **P < 0.01, ***P < 0.001. ns, not significant.
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Figure 2 qRT‑PCR analysis of immune‑related gene expression in B1 haplotype duck PBMCs after 3 and 7 days of infection. Total RNA 
was extracted from the PBMCs of three ducks in the infected and control groups. The data were collected from three biological samples in each 
group; each sample was analysed in triplicate. A Innate immune genes in PBMCs. B IFN-γ and cytotoxicity-associated genes in PBMCs. C Th2 
cytokines in PBMCs. D Cell apoptosis- and proliferation-related genes in PBMCs. The results are presented as the means ± SEMs, and paired t tests 
were used for statistical comparisons. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3 In vitro culture and response of H5N1 AIV‑stimulated CD8+T cells from B1‑line ducks. A Diagram of in vitro culture and response 
detection of H5N1 avian influenza virus-specific duck  CD8+ T cells. B Flow cytometry detection of the proliferation of CFSE-labelled PBMCs 
stimulated with H5N1 AIV. The red sample indicates CFSE-labelled memory PBMCs without stimulation. The orange and blue samples represent 
CFSE-labelled PBMCs cultured for 6 and 9 days after H5N1 AIV stimulation, respectively. The percentage of  CD8+ T cells (C) and the number 
of  CD8+ T cells (D) in H5N1-stimulated and unstimulated cells after 7 days of culture.  CD8+ T-cell percentage or number data were collected 
from three replicates in two independent experiments. The results are presented as the means ± SEM, and the unpaired t test was used 
for statistical comparison. E Changes in the transcription of H5N1 AIV-specific  CD8+ T cells were detected via qRT-PCR.  CD8+ T cells were sorted 
from H5N1-stimulated and unstimulated PBMCs after 7 days of culture. The data were collected from three biological samples in triplicate from each 
H5N1-stimulated and unstimulated group. The results are presented as the means ± SEM, and paired t tests were used for statistical comparisons. 
*P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4 Screening of immunodominant epitopes of H5N1 AIV‑specific CD8+ T cells. A RT-PCR analysis of IFN-γ gene expression 
in B1 haplotype memory PBMCs stimulated with peptide pools. The data were collected from three replicates of three biological samples. B 
RT-PCR analysis of IFN-γ gene expression in B1 haplotype memory PBMCs with individual 9-mer peptide stimulation from positive peptide 
pools. The results are presented as the means ± SEM, and paired t tests were used for statistical comparisons. *P < 0.05, **P < 0.01, ***P < 0.001. 
C Conservation of the sequences between circulating strains for the positive peptides. The Global Initiative of Sharing All Influenza Data 
(GISAID) (gisaid.org) was used with the search criteria set as Asia, 2019 to 2024, NA/NP/M/PB1/PA/NS1, and H5N1/H5N6/H5N8/H7N9/H9N2. 
Protein sequences were aligned with the MUSCLE algorithm. The frequency of mutation was determined. The protein sequences of influenza 
A (H5N1-H5N6-H5N8-H7N9-H9N2) viruses are represented by various colored bars, and the number above the bars indicates the number of virus 
strains.
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express IFN-γ, indicating that there are immunogenic 
epitopes in the peptide segment comprising the above 
peptide pools. Therefore, we used the same method to 
fine-screen individual peptides from pooL_1 ~ pooL_9, 
pooL_12 ~ pooL_13 and pooL_18. As shown in Fig-
ure  4B, compared with the control group,  M91−99, 
 NS176−84 (P < 0.01) and  NP338−346,  NP473−481,  NA325−333, 
 NA429−437,  M2−10,  M208−216,  PA224−232,  PA80−88,  PB1368−376, 
and  PB1540−548 (P < 0.05) (Additional file  5) significantly 
increased IFN-γ gene expression after stimulating B1 
haplotype duck memory PBMCs. Thus, these twelve 
9-mer peptides can be considered B1-restricted T-cell 
epitopes.

To analyse the conservation of these T-cell epitope 
candidates, alignment was performed for H5N1, H5N6, 
H5N8, H7N9, and H9N2 AIV strains reported in Asia 
from 2019 to 2024. As shown in Figure  4C,  NP338−346, 
 NP473−481,  M2−10,  PB1540−548 and  PA80−88 were highly con-
served in all five avian influenza subtypes.  M208−216 in the 
H5N1, H5N6, H5N8 and H9N2 subtypes;  M91−99 in the 
H5N1, H5N6, and H5N8 subtypes; and  PA224−−232 in the 
H5N1, H5N6, and H9N2 subtypes also presented high 
levels of conservation. However,  NA325−333,  NA429−437, 
 PB1368−376 and  NS176−84 were not conserved among the 
five avian influenza subtypes (Additional file 6).

Discussion
Our previous research revealed that duck cytotoxic T-cell 
responses play a critical role in eliminating H5N1 infec-
tion [10]. Cytotoxic T-cell responses are mediated by 
presenting epitopes to TCRs via MHC-I molecules [11]. 
It has been reported that MHC molecules are closely 
related to resistance and susceptibility to infectious dis-
eases, and different MHC haplotypes exhibit differential 
resistance to challenge with viruses [25–27]. In this study, 
we provide evidence for the importance of the MHC class 
I-restricted T-cell response against H5N1 in B1 haplo-
type ducks. Specifically, during H5N1 infection in B1 
haplotype ducks, the proportion of  CD8+ T cells and the 
transcript levels of IFN-γ and cytotoxicity-related genes 
increased significantly, and similar results were observed 
in cultured and sorted H5N1 AIV-stimulated duck  CD8+ 
T cells in vitro. Additionally, the receptor helper proteins 
IL18RAP and IL18R1 can induce the production of IFN-γ 
[28] in  CD8+ T cells and are significantly upregulated in 
cultured and sorted  CD8+ T cells in vitro. These results 
show that B1 haplotype duck  CD8+ T cells produced an 
obvious immune response to H5N1 AIV infection both 
in  vivo and in  vitro. In the future, we hope to investi-
gate and compare the differences in the T-cell response 

mediated by 4 duck MHC haplotypes (B1–B4), which 
will help us understand the relationship between avian 
minimal MHC and disease resistance and provide new 
insights into breeding ducks that are resistant to certain 
viral diseases.

The identification of MHC-I-restricted epitopes is 
the basis for further study of the  CD8+ T-cell antivi-
ral immune response and the development of epitope 
vaccines. The analysis of MHC-I crystal structures 
can greatly facilitate the identification of  CD8+ T-cell 
epitopes. Thus far, except for the duck MHC-I Anpl-
UAA*01 and B4 haplotype duck MHC-I Anpl-UAA*76 
[18, 29], the MHC-I crystal structure of other strains has 
not been determined, which poses a great challenge for 
the identification of duck  CD8+ T-cell epitopes. Bioinfor-
matics tools for predicting epitopes, including NetMHC-
pan, have evolved, and the accuracy of these methods has 
improved substantially in recent years [24]. Many stud-
ies have successfully predicted candidate epitopes with 
high binding affinity to MHC-I via NetMHCpan [29–31]. 
In this study, we predicted candidate epitopes via Net-
MHCpan-4.0 on the basis of protein sequences of H5N1 
and B1 haplotype duck MHC-I molecules. To verify the 
immunogenicity of the predicted peptides, this study 
extends earlier research on the identification of T-cell 
epitopes in chickens to ducks [13, 14, 32]. Ultimately, 
we revealed twelve MHC B1-restricted T-cell epitopes 
that significantly increased IFN-γ gene expression after 
stimulating B1 haplotype duck memory PBMCs. Specifi-
cally,  NP338−346,  NP473−481,  M2−10,  PB1540−548 and  PA80−88 
were extremely conserved in all five avian influenza 
subtypes. Intriguingly, on the basis of epitope informa-
tion in the Immune Epitope Database (IEDB), we found 
that  NP338−346,  NP473−481 and  PB1540−548 were also spe-
cific to human  CD8+ T cells [33–35], which indicates 
that  NP338−346,  NP473−481 and  PB1540−548 are conserved 
enough to serve as potential universal epitopes for pro-
tecting animals and humans.

In conclusion, our study revealed that B1 haplotype 
duck  CD8+ T cells respond strongly to H5N1 AIV 
infection and significantly upregulate IFN-γ and cyto-
toxicity-associated gene expression in vivo and in vitro. 
Moreover, we revealed twelve MHC B1-restricted 
T-cell epitopes that can significantly increase IFN-γ 
gene expression after stimulating B1 haplotype duck 
memory PBMCs. Notably,  NP338−346,  NP473−481,  M2−10, 
 PB1540−548 and  PA80−88 were extremely conserved in all 
five avian influenza subtypes and can be used as poten-
tial universal T-cell epitopes.



Page 8 of 9Jiao et al. Veterinary Research          (2024) 55:169 

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13567- 024- 01415-6.

Additional file 1. Gating strategy. Gating strategy for duck  CD4+ T cells 
(A) and  CD8+ T cells (B) in PBMCs.
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Additional file 6. Conservation of the sequences between the circu‑
lating strains for NA325−−333, NA429−−437, NS176−−84and PB1368−−376. 
The Global Initiative of Sharing All Influenza Data (GISAID) (gisaid.org) was 
used with the search criteria set as Asia, 2019 to 2024, NA/NS1/PB1, and 
H5N1/H5N6/H5N8/H7N9/H9N2. Protein sequences were aligned using 
the MUSCLE algorithm. The frequency of mutation was determined. The 
protein sequences of influenza A (H5N1-H5N6-H5N8-H7N9-H9N2) viruses 
are represented by various colored bars, and the number above the bars 
indicates the number of virus strains.

Acknowledgements
We are grateful for South China Agricultural University’s high-level talent 
launch program. We thank Professor Weisan Chen of La Trobe University for 
providing guidance for T-cell research.

Authors’ contributions
WJ collected and analysed the data and drafted the manuscript. YC and LZ 
performed the experiments. ZX participated in manuscript writing. SD and 
MM participated in the experiments. ML coordinated and supervised the 
study. MD designed the study and revised the manuscript. All authors read 
and approved the final manuscript.

Funding
This work was supported by grants from the National Natural Science Founda-
tion of China (32473060 and 32461120064) (to MD and ML); the National 
Natural Science Foundation of Guangdong Province (2024A1515013151 and 
2022A1515012480) (to MD);  the Young Scholars of the Yangtze River Scholar 
Professor Program (2024, Manman Dai); and the Young Peal River Scholar of 
"Guangdong Special Support Plan"(2024, Manman Dai). The funders had no 
role in the study design, data collection and analysis, decision to publish, or 
preparation of the manuscript.

Declarations

Ethics approval and consent to participate
All animal experiments were carried out in an animal biosafety level 3 labora-
tory and animal facility in compliance with an approved protocol (CNAS 
BL0011) by the biosafety committee of South China Agriculture University 
(Guangzhou, China). All animal procedures were performed according to the 
regulations and guidelines established by this committee and international 
standards for animal welfare.

Competing interests
The authors declare that they have no competing interests.

Received: 18 June 2024   Accepted: 18 September 2024

References
 1. Plaza PI, Gamarra-Toledo V, Euguí JR, Lambertucci SA (2024) Recent 

changes in patterns of mammal infection with highly pathogenic avian 
influenza A (H5N1) virus worldwide. Emerg Infect Dis 30:444–452

 2. Shi J, Zeng X, Cui P, Yan C, Chen H (2023) Alarming situation of emerg-
ing H5 and H7 avian influenza and effective control strategies. Emerg 
Microbes Infect 12:2155072

 3. Kim JK, Negovetich NJ, Forrest HL, Webster RG (2009) Ducks: the Trojan 
horses of H5N1 influenza. Influenza Other Respir Viruses 3:121–128

 4. James J, Billington E, Warren CJ, De Sliva D, Di Genova C, Airey M, 
Meyer SM, Lewis T, Peers-Dent J, Thomas SS, Lofts A, Furman N, Nunez 
A, Slomka MJ, Brown IH, Banyard AC (2023) Clade 2.3.4.4b H5N1 high 
pathogenicity avian influenza virus (HPAIV) from the 2021/22 epizootic 
is highly duck adapted and poorly adapted to chickens. J Gen Virol 
104:001852

 5. Tian J, Bai X, Li M, Zeng X, Xu J, Li P, Wang M, Song X, Zhao Z, Tian G, Liu 
L, Guan Y, Li Y, Chen H (2023) Highly pathogenic avian influenza virus 
(H5N1) clade 2.3.4.4b introduced by wild birds, China, 2021. Emerg Infect 
Dis 29:1367–1375

 6. Dey P, Ahuja A, Panwar J, Choudhary P, Rani S, Kaur M, Sharma A, Kaur 
J, Yadav AK, Sood V, Suresh Babu AR, Bhadada SK, Singh G, Barnwal RP 
(2023) Immune control of avian influenza virus infection and its vaccine 
development. Vaccines (Basel) 11:593

 7. Li Y, Shi J, Zhong G, Deng G, Tian G, Ge J, Zeng X, Song J, Zhao D, Liu L, 
Jiang Y, Guan Y, Bu Z, Chen H (2010) Continued evolution of H5N1 influ-
enza viruses in wild birds, domestic poultry, and humans in China from 
2004 to 2009. J Virol 84:8389–8397

 8. Altenburg AF, Rimmelzwaan GF, de Vries RD (2015) Virus-specific T cells 
as correlate of (cross-)protective immunity against influenza. Vaccine 
33:500–506

 9. Dai M, Xu C, Chen W, Liao M (2019) Progress on chicken T cell immunity 
to viruses. Cell Mol Life Sci 76:2779–2788

 10. Dai M, Sun H, Zhao L, Wu Q, You B, Xu F, Liao J, Zhu S, Li Z, Yao Y, Nair V, 
Liao M (2022) Duck  CD8+ T cell response to H5N1 highly pathogenic 
avian influenza virus infection in vivo and in vitro. J Immunol 209:979–990

 11. Pishesha N, Harmand TJ, Ploegh HL (2022) A guide to antigen processing 
and presentation. Nat Rev Immunol 22:751–764

 12. Abualrous ET, Sticht J, Freund C (2021) Major histocompatibility complex 
(MHC) class I and class II proteins: impact of polymorphism on antigen 
presentation. Curr Opin Immunol 70:95–104

 13. Hou Y, Guo Y, Wu C, Shen N, Jiang Y, Wang J (2012) Prediction and iden-
tification of T cell epitopes in the H5N1 influenza virus nucleoprotein in 
chicken. PLoS One 7:e39344

 14. Zhang W, Huang Q, Lu M, Zhu F, Huang YY, Yang SH, Kong Z, Zhang XM, 
Xu CT (2016) Exploration of the BF2*15 major histocompatibility complex 
class I binding motif and identification of cytotoxic T lymphocyte 
epitopes from the H5N1 influenza virus nucleoprotein in chickens. Arch 
Virol 161:3081–3093

 15. Li X, Zhang L, Liu Y, Ma L, Zhang N, Xia C (2020) Structures of the MHC-I 
molecule BF2*1501 disclose the preferred presentation of an H5N1 virus-
derived epitope. J Biol Chem 295:5292–5306

 16. Moon DA, Veniamin SM, Parks-Dely JA, Magor KE (2005) The MHC of the 
duck (Anas platyrhynchos) contains five differentially expressed class I 
genes. J Immunol 175:6702–6712

 17. Wang X, Meng X, Tong X, Chen H, Han L (2018) Optimization of genetic 
testing technique for MHC haploid duck. Lab Anim Sci 35:14–20

 18. Zhang L, Li Z, Tang Z, Han L, Wei X, Xie X, Ren S, Meng K, Liu Y, Xu M, 
Qi L, Chen H, Wu J, Zhang N (2022) Efficient identification of Tembusu 
Virus CTL epitopes in inbred HBW/B4 ducks using a novel MHC class 
I-Restricted Epitope Screening Scheme. J Immunol 209:145–156

 19. Sun H, Jiao P, Jia B, Xu C, Wei L, Shan F, Luo K, Xin C, Zhang K, Liao M 
(2011) Pathogenicity in quails and mice of H5N1 highly pathogenic avian 
influenza viruses isolated from ducks. Vet Microbiol 152:258–265

 20. Dai M, Li S, Shi K, Sun H, Zhao L, Yu D, Liao J, Xu C, Liao M (2021) Compara-
tive analysis of key immune protection factors in H9N2 avian influenza 
viruses infected and immunized specific pathogen-free chicken. Poult Sci 
100:39–46

 21. Dai M, Li S, Shi K, Liao J, Sun H, Liao M (2020) Systematic identification 
of host immune key factors influencing viral infection in PBL of ALV-J 
infected SPF chicken. Viruses 12:114

https://doi.org/10.1186/s13567-024-01415-6
https://doi.org/10.1186/s13567-024-01415-6


Page 9 of 9Jiao et al. Veterinary Research          (2024) 55:169  

 22. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data 
using real-time quantitative PCR and the 2(–Delta Delta C(T)) method. 
Methods 25:402–408

 23. Dalgaard TS, Norup LR, Rubbenstroth D, Wattrang E, Juul-Madsen HR 
(2010) Flow cytometric assessment of antigen-specific proliferation in 
peripheral chicken T cells by CFSE dilution. Vet Immunol Immunopathol 
138:85–94

 24. Jurtz V, Paul S, Andreatta M, Marcatili P, Peters B, Nielsen M (2017) 
NetMHCpan-4.0: improved peptide-MHC class I interaction predictions 
integrating eluted ligand and peptide binding affinity data. J Immunol 
199:3360–3368

 25. Silva APD, Hauck R, Kern C, Wang Y, Zhou H, Gallardo RA (2019) Effects 
of chicken MHC haplotype on resistance to distantly related infectious 
bronchitis viruses. Avian Dis 63:310–317

 26. Han L, Wu S, Zhang T, Peng W, Zhao M, Yue C, Wen W, Cai W, Li M, Wallny 
HJ, Avila DW, Mwangi W, Nair V, Ternette N, Guo Y, Zhao Y, Chai Y, Qi J, 
Liang H, Gao GF, Kaufman J, Liu WJ (2023) A wider and deeper peptide-
binding groove for the class I molecules from B15 compared with B19 
chickens correlates with relative resistance to Marek’s disease. J Immunol 
210:668–680

 27. Boodhoo N, Behboudi S (2022) Differential virus-specific IFN-gamma 
producing T cell responses to Marek’s disease virus in chickens with B19 
and B21 MHC haplotypes. Front Immunol 12:784359

 28. Cox MA, Kahan SM, Zajac AJ (2013) Anti-viral CD8 T cells and the 
cytokines that they love. Virology 435:157–169

 29. Wu Y, Wang J, Fan S, Chen R, Liu Y, Zhang J, Yuan H, Liang R, Zhang N, Xia 
C (2017) Structural definition of duck major histocompatibility complex 
class I molecules that might explain efficient cytotoxic T lymphocyte 
immunity to influenza a virus. J Virol 91:e02511–16

 30. Hare J, Morrison D, Nielsen M (2021) Sampling SARS-CoV-2 proteomes for 
predicted CD8 T-cell epitopes as a tool for understanding immunogenic 
breadth and rational vaccine design. Front Bioinform 1:622992

 31. Requena D, Médico A, Chacón RD, Ramírez M, Marín-Sánchez O (2020) 
Identification of novel candidate epitopes on SARS-CoV-2 proteins for 
south America: a review of HLA frequencies by country. Front Immunol 
11:2008

 32. Haghighi HR, Read LR, Haeryfar SM, Behboudi S, Sharif S (2009) Identifica-
tion of a dual-specific T cell epitope of the hemagglutinin antigen of an 
H5 avian influenza virus in chickens. PLoS One 4:e7772

 33. Grant EJ, Josephs TM, Loh L, Clemens EB, Sant S, Bharadwaj M, Chen W, 
Rossjohn J, Gras S, Kedzierska K (2018) Broad  CD8+ T cell cross-recogni-
tion of distinct influenza a strains in humans. Nat Commun 9:5427

 34. Wahl A, Schafer F, Bardet W, Buchli R, Air GM, Hildebrand WH (2009) HLA 
class I molecules consistently present internal influenza epitopes. Proc 
Natl Acad Sci USA 106:540–545

 35. Wang M, Lamberth K, Harndahl M, Røder G, Stryhn A, Larsen MV, Nielsen 
M, Lundegaard C, Tang ST, Dziegiel MH, Rosenkvist J, Pedersen AE, Buus 
S, Claesson MH, Lund O (2007) CTL epitopes for influenza A including the 
H5N1 bird flu; genome-, pathogen-, and HLA-wide screening. Vaccine 
25:2823–2831

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Revealing novel CD8+ T-cell epitopes from the H5N1 avian influenza virus in HBWB1 haplotype ducks
	Abstract 
	Introduction, methods and results
	H5N1 AIV infection induces duck immune response in vivo
	In vitro expansion and detection of H5N1 AIV-specific B1 haplotype duck CD8+ T cells
	Screening of B1 haplotype-restricted H5N1-specific CD8+ T-cell epitopes

	Discussion
	Acknowledgements
	References


