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Abstract

Objectives. The recent H5N1 avian influenza outbreak in the USA
has sparked fresh fears of avian viruses causing the next pandemic.
To date, the H5N1 (clade 2.3.4.4b) outbreak in cattle has spread
across several states in the USA, with several humans infected
following exposure to cows. This H5N1 clade is also reportedly
circulating across Europe, Africa and South America. H5N1 was
also detected in a child returning to Australia following travel in
India where H5N1 (clade 2.3.2.1a) is also reported to be
circulating. There are no licenced vaccines against H5N1 avian
influenza viruses for humans. Current vaccines aim to protect
against seasonal H1N1 and H3N2 variants are unlikely to provide
much protection against the different H5, or other avian viruses.
CD8+ T cells are known to provide protection against influenza
infection, enhancing viral control and decreasing disease severity.
Methods. We recently compiled and published a list of the known
immunogenic influenza-derived CD8+ T cell epitopes restricted to
the most prevalent 10 HLA-A, -B and -C molecules worldwide. We
assessed the conservation of a curated list of these influenza A
virus-derived CD8+ T cell epitopes in H5N1 viruses’ sequences at
the heart of the outbreak. Results. We identified that > 64% of
the CD8+ T cell epitopes are highly conserved (> 90% sequence
identity) in the H5N1 viruses, with 60% (18/30) of the most
prevalent HLA-I molecules have at least one immunogenic CD8+

T cell epitope conserved in H5N1 viruses. Together these HLA-I
molecules with conserved epitopes have a cumulative total of
> 100% global coverage. Epitopes derived from the NP, M1, PB2,
NS1 and PB1 proteins displayed the highest level of conservation.
Conclusions. Together, this analysis highlights that globally there
is the potential for T cell cross-recognition against the H5N1
viruses that may provide some protection in humans towards the
current avian flu outbreak.
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INTRODUCTION

Avian influenza viruses continually circulate in
wild bird populations where they cause
seemingly limited disease. However, these avian
influenza viruses occasionally cause outbreaks
in animals farmed for commercial use. H5N1 is
one of the ‘high pathogenicity avian influenza’
(HPAI) viruses that can cause significant
morbidity and mortality in poultry. H5N1
viruses have been monitored for decades, with
numerous outbreaks in poultry recorded. As
reported by the CDC, 912 human cases of H5N1
infection have been reported since 1997, with
29 cases (as reported on 5 June 2024) since
January 2022.1 Recently, a H5N1 virus (clade
2.3.4.4b) has been circulating in the USA,
causing outbreaks in cattle across multiple USA
states,2,3 with several humans becoming
infected following exposure to infected
cows.4–6 This H5N1 clade is also circulating
across several continents including Europe,7

Africa and South America.8,9 A similar H5N1
virus (clade 2.3.2.1a) is circulating in South-East
Asia,5 while another (clade 2.3.2.1c) is
circulating in Cambodia.1 There are no licenced
human vaccines against avian influenza viruses;
however, several recent studies have proposed
novel vaccines covering the H5N1 virus.10–12

Seasonal influenza virus vaccines are typically
quadrivalent (although some are trivalent) and
contain four virus strains, two influenza A
viruses (H1N1 and H3N2) and two influenza B
viruses (Yamagata and Victoria) predicted by
the WHO Global Influenza Surveillance and
Response System (GISRS) as the strains likely to
be circulating in the upcoming influenza virus
season.13 These vaccines typically induce a
neutralising antibody response against the H1
and H3 Haemagglutinin proteins and as such,
these vaccines may not provide much protect
against H5 or other avian viruses (H7, H9).

Decades of research have shown that CD8+

T cells are important in the control and
clearance of influenza virus infections. In mice,
studies showed that CD8+ T cells in the absence
of neutralising antibodies could protect against
mortality in lethal challenge studies.14–16

Furthermore, studies in humans have shown
correlations against CD8+ T cell numbers and
responses with protection.17–19 Studies in
several viruses have also highlighted the
importance of CD8+ T cell protection in viral

infections, with particular HLA-I molecules
being associated with different disease states.
This has been shown in HIV, where HIV
controller individuals can control the virus
more frequently carry the HLA-B*57:01
molecule.20 More recently, SARS-CoV-2 research
has demonstrated links with HLA-B*07:02
expression and ‘protection’ against COVID-19
severity,21 while HLA-B*15:01 was shown to be
the first genetic association with asymptomatic
disease following SARS-CoV-2 infection.22

All-in-all, CD8+ T cell responses are important in
the control and clearance of viral infection; thus,
it would be expected that CD8+ T cell responses
could provide a measure of protection in humans
against avian influenza viruses should infection
occur. Indeed, studies in China of individuals
infected with the H7N9 virus showed that the
magnitude of CD8+ T cell populations correlated
with recovery from severe disease in humans.19

Several studies have investigated CD8+ T cell
responses towards epitopes found in past avian
and pandemic influenza virus strains23–26;
however, there are few studies thus far that have
assessed the potential for CD8+ T cell protection
against the H5N1 viruses currently circulating
across the USA and worldwide.27

We recently compiled and published a set
of immunogenic influenza-derived CD8+

T cell epitopes restricted to the most prevalent
10 HLA-A, -B and -C molecules expressed
worldwide.13 This gave us the perfect
opportunity to assess the level of conservation of
these influenza A virus-derived CD8+ T cell
epitopes in the H5N1 viruses from clade 2.3.4.4b.
We found that > 64% (89/139) of the CD8+ T cell
epitopes were conserved in the majority of H5N1
viruses assessed and these peptides were
restricted across 18/30 prevalent HLA-I molecules,
with > 100% cumulative global coverage.
Unsurprisingly, epitopes derived from the highly
variable surface-glycoprotein HA, the target of
most licenced influenza virus vaccines, were not
well conserved (only an average of 54%
sequence identity). Conversely, peptides derived
from the NP, M1, PB2, NS1 and PB1 proteins had
the highest level of conservation (> 90%
sequence identity).

Overall, this is some of the first evidence that
humans with the most prevalent HLA-I molecules
would have pre-existing T cell immunity that
should provide protection towards the current
H5N1 outbreak.
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RESULTS

Protection against H5N1 viruses in > 100%
of the global population mediated by CD8+

T cells recognising conserved epitopes
presented by prevalent HLA-I molecules

To assess the conservation of known CD8+ T cell
epitopes in the recently circulating H5N1 viruses
circulating in the USA, we started with our recently
published a set of immunogenic influenza-derived
CD8+ T cell epitopes restricted to the most prevalent
10 HLA-A, -B and -C molecules expressed
worldwide.13 We downloaded 239 ‘consensus’ H5N1
sequences from clade 2.3.4.4b from the Andersen
Lab GitHub repository,28 translated their DNA
sequences to proteins and assessed the level of
conservation in the H5N1 viruses using the IEBD
conservancy tool.29 We then curated this list to
include only influenza A virus-derived peptides,
reformatted this list by protein, combined any
identical peptides presented by multiple HLA-I
molecules and removed variants of the same peptide
presented by the same HLA-I molecule, resulting in
139 influenza A virus-derived peptides for analysis
(Table 1). Of the 139 peptides assessed, 89 were
conserved (100% sequence similarity in > 90% of the
H5N1 sequences analysed), representing 64% of the
peptides restricted to the top HLA-I molecules
(Figure 1a). To assess the potential protection of
CD8+ T cells against H5N1 viruses across the
population, we looked at the conservation of
peptides by the HLA molecule. We saw strikingly
that the conserved epitopes were spread across all
the HLA-I molecules that had reported CD8+ T cell
epitopes to align. This included nine distinct HLA-A
molecules, eight distinct HLA-B molecules and one
HLA-C molecule (Figure 1b, Table 2). The frequency
of these most prevalent HLA-I molecules worldwide
varies considerably; however, the cumulative total of
these HLA-I molecules with epitopes conserved in
H5N1 viruses (not accounting for co-expression of
these HLA-I molecules) is > 100% of the global
population (Table 2).

Internal influenza-derived proteins exhibit
conservation of known CD8+ T cell epitopes
restricted to the top 10 HLA-A, -B and -C
molecules in H5N1 viruses

We then assessed the conservation within these
CD8+ T cell epitopes by influenza virus protein,
where we saw variability in the number of conserved

peptides across the different proteins (Figure 1c). As
expected, there was more variability than
conservation in epitopes derived from the surface
glycoproteins HA and NA, with ~16% (n = 2/12) and
~40% (n = 2/5) conserved epitopes, respectively
(Figure 1c). Conversely, there was more conservation
in epitopes derived from internal proteins such as NP
(30/43 = ~70% conserved epitopes), M1
(19/27 = ~70% conserved epitopes), PB2 (9/12 = 75%
conserved epitopes), NS1 (6/8 = ~75% conserved
epitopes) and PB1 (16/19 = ~84% conserved
epitopes) (Figure 1c). Of the 50 epitopes that were
not conserved in the H5N1 viruses, varying levels of
mutation were observed, from single to up to 10
amino acid changes (Table 1). We determined the
predicted binding of the peptides and their
mutations using NetMHC4.130 and found that the
majority of mutations were predicted to decrease
the binding ability of the peptide for their reported
HLA-I molecule (Table 1, Figure 1d). We also
reported the predicted impact of such mutations on
peptide presentation by HLA-I molecules, and CD8+

T cell recognition (Table 1).

Lack of M2-derived epitopes conservation
in H5N1

Epitopes derived from the M2 protein displayed
the least amount of conservation in the H5N1
viruses, with none of the five epitopes conserved
(Figure 1c, Table 1). Of these five epitopes, one
could not be aligned with the H5N1 sequence
(Table 1), two long epitopes were 50% or less
sequence identity with IAV (Table 1), and two had
a single point mutation (Table 1). The M245–54
epitope mutation was at position 7 changing
from an Ile to Val in the H5N1 viruses, both amino
acids are small hydrophobic residues and unlikely
to impact either HLA binding or TCR interaction.
Conversely, The M270–78 epitope also had only a
single amino-acid mutation at the last residue,
changing from a positively charged long Lys
residue to a shorter uncharged Gln that would
not be optimal for the HLA-A*11:01 F binding
pocket.31 This mutation is likely to decrease HLA
binding as indicated by the decreased predicted
peptide-HLA affinity (Table 1).

Limited conservation of HA- and NA-derived
epitopes

Unsurprisingly, epitopes derived from the highly
variable surface glycoprotein HA displayed limited

ª 2024 The Author(s). Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.
2024 | Vol. 13 | e70017

Page 3

EJ Grant & S Gras Epitope conservation in H5N1 viruses



Table 1. Conservation of CD8+ T cell epitopes in H5N1 viruses

Protein HLA molecule Influenza virus Peptide sequence

Predicted binding by

netMHC

Impact on

HLA

binding

Impact on

T cell

recognition

M2 A*03:01/A*11:01/

A*31:01

IAV RLFFKCIYRR 1.142 = WB/3.633/

0.234 = SB

H5N1 2.3.4.4b RLFFKCVYRR 1.209 = WB/3.848/

0.268 = SB

* *

M2 A*11:01 IAV KSMREEYRK 0.263 = SB

H5N1 2.3.4.4b ESMREEYRQ 24.077 *** *

M2 B*44:03 IAV VETPIRNEWGCRCNGSSD ND

H5N1 2.3.4.4b ICRPTKNGWECNCSDSSD ND *** ***

M2 B*44:03 IAV MSLLTEVETPIRNEWGCR ND

H5N1 2.3.4.4b MSLLTEVETYVLSIVPSG ND *** ***

M2 B*44:03 IAV VETPIRNEW 0.007 = SB

No alignment N/A N/A N/A

HA A*02:01/A*02:06 IAV GLFGAIAGFI 1.323 = WB/3.753

H5N1 2.3.4.4b GLFGAIAGFI 1.323 = WB/3.753 None None

HA A*11:01 IAV RTLDFHDSNVK 0.133 = SB

H5N1 2.3.4.4b RTLDFHDSNVK 0.133 = SB None None

HA A*24:02 IAV TYPVLNVTM 0.132 = SB

H5N1 2.3.4.4b TIMEKNVTV 6.712 ** ***

HA A*02:01 IAV MTIIFLILM 13.306

H5N1 2.3.4.4b MENIVLLLA 27.548 *** ***

HA A*02:01 IAV RLYQNPTTYI 0.582 = WB

H5N1 2.3.4.4b NLYKNPITYI 0.883 = WB * **

HA A*11:01 IAV GIHHPSNSK 0.164 = SB

H5N1 2.3.4.4b GIHHSNNAE 34.5 ** ***

HA B*44:03 IAV LENERTLDFHDSNVKNLY ND

H5N1 2.3.4.4b MENERTLDFHDSNVKNLY ND * *

HA B*44:03 IAV AELLVLLENERTLDFHDS ND

H5N1 2.3.4.4b AELLVLMENERTLDFHDS ND * **

HA B*44:03 IAV LENERTLDF 0.243 = SB

H5N1 2.3.4.4b MENERTLDF 0.099 = SB * *

HA A*02:01 IAV VLLVSLGAI 3.896

H5N1 2.3.4.4b No alignment N/A N/A N/A

HA A*11:01 IAV VTAACSHAGK 0.727 = WB

H5N1 2.3.4.4b No alignment N/A N/A N/A

HA A*11:01 IAV GIAPLQLGK 0.042 = SB

H5N1 2.3.4.4b No alignment N/A N/A N/A

NA A*24:02 IAV SWPDGAELPF 0.227 = SB

H5N1 2.3.4.4b SWPDGAELPF 0.227 = SB None None

NA A*02:01 IAV CVNGSCFTV 5.403

H5N1 2.3.4.4b CVNGSCFTV 5.403 None None

NA A*02:01 IAV ISIAIGIISLMLQIGNI ND

H5N1 2.3.4.4b ICMVIGIVSLMLQIGNI ND * **

NA A*02:01 IAV SLCPIRGWAI 4.157

H5N1 2.3.4.4b SLCPISGWAI 3.208 * **

NA A*33:03 IAV RYGNGVWIGR 1.313 = WB

H5N1 2.3.4.4b KYGNGVWIGR 1.435 = WB * *

NS2 B*40:01/B*40:02 IAV QEIRTFSFQL 0.281 = SB/0.361 = SB

H5N1 2.3.4.4b QEIRTFSFQL 0.281 = SB/0.361 = SB None None

NS2 A*24:02 IAV TFMQALHLL 0.096 = SB

H5N1 2.3.4.4b TFMQALQLL 0.176 = SB * **

PA A*11:01/A*24:02 IAV LYASPQLEGF 20.2/0.057 = SB

H5N1 2.3.4.4b LYASPQLEGF 20.2/0.057 = SB None None

(Continued)
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Table 1. Continued.

Protein HLA molecule Influenza virus Peptide sequence

Predicted binding by

netMHC

Impact on

HLA

binding

Impact on

T cell

recognition

PA A*24:02 IAV YYLEKANKI 0.012 = SB

H5N1 2.3.4.4b YYLEKANKI 0.012 = SB None None

PA A*02:01 IAV YINTALLNA 1.515 = WB

H5N1 2.3.4.4b YINTALLNA 1.515 = WB None None

PA A*02:01/A*02:06 IAV FMYSDFHFI 0.028 = SB/0.044 = SB

H5N1 2.3.4.4b FMYSDFHFI 0.028 = SB/0.044 = SB None None

PA A*02:01 IAV PPNFSCIENFRAYVDGF ND

H5N1 2.3.4.4b PPNFSSLENFRAYVDGF ND * *

PA A*03:01/A*11:01/

A*31:01

IAV KFLPDLYDYK 1.383 = WB/1.333 = WB/

1.068 = WB

H5N1 2.3.4.4b KFLPDLYDYR 4.179/4.014/0.216 = SB * *

NP A*24:02 IAV FYIQMCTEL 0.243 = SB

H5N1 2.3.4.4b FYIQMCTEL 0.243 = SB None None

NP A*02:01 IAV RLIQNSITI 0.285 = SB

H5N1 2.3.4.4b RLIQNSITI 0.285 = SB None None

NP A*11:01 IAV KTGGPIYRR 0.077 = SB

H5N1 2.3.4.4b KTGGPIYRR 0.077 = SB None None

NP A*01:01/A*26:01 IAV HSNLNDATY 0.118 = SB/0.678 = WB

H5N1 2.3.4.4b HSNLNDATY 0.118 = SB/0.678 = WB None None

NP A*02:01 IAV GMDPRMCSL 0.352 = SB

H5N1 2.3.4.4b GMDPRMCSL 0.352 = SB None None

NP A*11:01 IAV TMVMELIRMIK 4.622

H5N1 2.3.4.4b TMVMELIRMIK 4.622 None None

NP A*02:01 IAV MVMELIRMI 0.759 = WB

H5N1 2.3.4.4b MVMELIRMI 0.759 = WB None None

NP A*02:01 IAV LIFLARSAL 6.846

H5N1 2.3.4.4b LIFLARSAL 6.846 None None

NP A*03:01 IAV ILRGSVAHK 0.065 = SB

H5N1 2.3.4.4b ILRGSVAHK 0.065 = SB None None

NP A*01:01 IAV KSCLPACVY 0.878 = WB

H5N1 2.3.4.4b KSCLPACVY 0.878 = WB None None

NP A*02:01/A*02:06 IAV CLPACVYGL 3.396/7.198

H5N1 2.3.4.4b CLPACVYGL 3.396/7.198 None None

NP A*02:01 IAV QLSTRGVQI 3.226

H5N1 2.3.4.4b QLSTRGVQI 3.226 None None

NP A*01:01/B*08:01 IAV ELRSRYWAI 22.158/0.027 = SB

H5N1 2.3.4.4b ELRSRYWAI 22.158/0.027 = SB None None

NP A*02:01 IAV SRYWAIRTR 19.942

H5N1 2.3.4.4b SRYWAIRTR 19.942 None None

NP A*11:01/A*31:01 IAV SVQPTFSVQR 0.121 = SB/0.027 = SB

H5N1 2.3.4.4b SVQPTFSVQR 0.121 = SB/0.027 = SB None None

NP A*11:01/A*31:01 IAV SVQRNLPFER 0.961 = WB/0.128 = SB

H5N1 2.3.4.4b SVQRNLPFER 0.961 = WB/0.128 = SB None None

NP A*02:01/A*02:06 IAV FQGRGVFEL 0.340 = SB/0.112 = SB

H5N1 2.3.4.4b FQGRGVFEL 0.340 = SB/0.112 = SB None None

NP B*40:02 IAV GERQNATEI 0.146 = SB

H5N1 2.3.4.4b GERQNATEI 0.146 = SB None None

NP B*15:01 IAV WHSNLNDATYQRTRALVR ND

H5N1 2.3.4.4b WHSNLNDATYQRTRALVR ND None None

NP B*15:01 IAV HSNLNDATYQR 25.455

H5N1 2.3.4.4b HSNLNDATYQR 25.455 None None

NP B*07:02 IAV LPRRSGAAGA 0.450 = SB

H5N1 2.3.4.4b LPRRSGAAGA 0.450 = SB None None

(Continued)
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Table 1. Continued.

Protein HLA molecule Influenza virus Peptide sequence

Predicted binding by

netMHC

Impact on

HLA

binding

Impact on

T cell

recognition

NP B*58:01 IAV RGINDRNFW 0.171 = SB

H5N1 2.3.4.4b RGINDRNFW 0.171 = SB None None

NP B*15:01 IAV IAYERMCNILKGKFQTAA ND

H5N1 2.3.4.4b IAYERMCNILKGKFQTAA ND None None

NP B*08:01 IAV ILKGKFQTA 0.085 = SB

H5N1 2.3.4.4b ILKGKFQTA 0.085 = SB None None

NP B*40:02 IAV AEIEDLIFL 0.036 = SB

H5N1 2.3.4.4b AEIEDLIFL 0.036 = SB None None

NP B*44:03 IAV NENPAHKSQLVW ND

H5N1 2.3.4.4b NENPAHKSQLVW ND None None

NP B*44:03 IAV NENPAHKSQLVWMACHSA ND

H5N1 2.3.4.4b NENPAHKSQLVWMACHSA ND None None

NP B*15:01 IAV LELRSRYWAIRTRSGGNT ND

H5N1 2.3.4.4b LELRSRYWAIRTRSGGNT ND None None

NP B*15:01 IAV NQQRASAGQISIQPTFSV ND

H5N1 2.3.4.4b NQQRASAGQISVQPTFSV ND None None

NP B*07:02/B*35:01 IAV LPFERATIM 0.191 = SB/0.023 = SB

H5N1 2.3.4.4b LPFERATIM 0.191 = SB/0.023 = SB None None

NP A*01:01 IAV CTELKLSDY 0.098 = SB

H5N1 2.3.4.4b CTELKLSDH 3.113 *** *

NP A*02:01 IAV KLSDYEGRL 0.509 = WB

H5N1 2.3.4.4b KLSDHEGRL 0.613 = WB * **

NP A*24:02 IAV TFLARSALI 0.847 = WB

H5N1 2.3.4.4b IFLARSALI 0.609 = WB * *

NP A*03:01/A*11:01 IAV RVLSFIKGTK 0.080 = SB/0.249 = SB

H5N1 2.3.4.4b RVSSFIRGTR 0.653 = WB/0.994 = WB ** *

NP A*02:01 IAV AMDSNTLEL 0.073 = SB

H5N1 2.3.4.4b TMDSSTLEL 0.116 = SB * **

NP A*24:02 IAV PFERATVMAAF 3.301

H5N1 2.3.4.4b PFERATIMAAF 3.501 * *

NP B*07:02 IAV SPIVPSFDM 0.232 = SB

H5N1 2.3.4.4b NPIVPSFDM 0.713 = WB * *

NP B*35:01 IAV PFEKSTIMAAF 28.643

H5N1 2.3.4.4b PFERATIMAAF 32.25 * *

NP B*15:01 IAV GRFYIQMCTELKLSDYEG ND

H5N1 2.3.4.4b GRFYIQMCTELKLSDHEG ND * **

NP B*15:01 IAV NGRKTRIAYERMCNILKG ND

H5N1 2.3.4.4b NGRRTRIAYERMCNILKG ND * *

NP B*44:03 IAV YSLIRPNENPAHKSQLVW ND

H5N1 2.3.4.4b FSLIRPNENPAHKSQLVW ND * *

NP B*15:01 IAV TMESSTLELRSRYWAIRT ND

H5N1 2.3.4.4b TMDSSTLELRSRYWAIRT ND * *

NP B*15:01 IAV GQISIQPTFS 1.859 = WB

H5N1 2.3.4.4b GQISVQPTFS 1.708 = WB * *

M1 A*24:02 IAV LYRKLKREITF 0.321 = SB

H5N1 2.3.4.4b LYRKLKREITF 0.321 = SB None None

M1 A*02:01 IAV LTKGILGFVFTLTVPSE ND

H5N1 2.3.4.4b LTKGILGFVFTLTVPSE ND None None

M1 A*02:01 IAV SGPLKAEIAQRLEDV ND

H5N1 2.3.4.4b SGPLKAEIAQRLEDV ND None None

M1 A*02:01 IAV LTKGILGFVFTLTVPSERG ND

H5N1 2.3.4.4b LTKGILGFVFTLTVPSERG ND None None

(Continued)
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Table 1. Continued.

Protein HLA molecule Influenza virus Peptide sequence

Predicted binding by

netMHC

Impact on

HLA

binding

Impact on

T cell

recognition

M1 A*02:01 IAV KGILGFVFTLTV 12.23

H5N1 2.3.4.4b KGILGFVFTLTV 12.23 None None

M1 A*02:01 IAV ILGFVFTLTV 2.066

H5N1 2.3.4.4b ILGFVFTLTV 2.066 None None

M1 A*02:01 IAV ILGFVFTLT 5.096

H5N1 2.3.4.4b ILGFVFTLT 5.096 None None

M1 A*02:01 IAV GILGFVFTLT 5.107

GILGFVFTL H5N1 2.3.4.4b GILGFVFTLT 5.107 None None

M1 A*02:01/A*02:06/

B*07:02/B*35:01/

C*08:01

IAV GILGFVFTL 0.114 = SB/0.148 = SB/

10.849/14.876/3.147

H5N1 2.3.4.4b GILGFVFTL 0.114 = SB/0.148 = SB/

10.849/14.876/3.147

None None

M1 A*02:01 IAV ALASCMGLI 2.759

H5N1 2.3.4.4b ALASCMGLI 2.759 None None

M1 A*11:01 IAV SCMGLIYNR 2.336

H5N1 2.3.4.4b SCMGLIYNR 2.336 None None

M1 A*11:01 IAV LASCMGLIYNRMG ND

H5N1 2.3.4.4b LASCMGLIYNRMG ND None None

M1 A*11:01 IAV GALASCMGLIYNR ND

H5N1 2.3.4.4b GALASCMGLIYNR ND None None

M1 A*11:01 IAV ALASCMGLIYNRM ND

H5N1 2.3.4.4b ALASCMGLIYNRM ND None None

M1 A*03:01/A*11:01/

A*31:01

IAV ASCMGLIYNR 3.067/0.702 = WB/

0.199 = SB

H5N1 2.3.4.4b ASCMGLIYNR 3.067/0.702 = WB/

0.199 = SB

None None

M1 A*11:01 IAV RMVLASTTAK 0.197 = SB

H5N1 2.3.4.4b RMVLASTTAK 0.197 = SB None None

M1 A*33:03 IAV LASCMGLIYN 86.667

H5N1 2.3.4.4b LASCMGLIYN 86.667 None None

M1 B*35:01 IAV ASCMGLIY 8.243

H5N1 2.3.4.4b ASCMGLIY 8.243 None None

M1 B*40:01/B*40:02/B*44:03 IAV TEVETYVLSI 0.685 = WB/0.910 = WB/

0.962 = WB

H5N1 2.3.4.4b TEVETYVLSI 0.685 = WB/0.910 = WB/

0.962 = WB

None None

M1 A*11:01/A*24:02 IAV AYQKRMGVQM 24.846/1.169 = WB

H5N1 2.3.4.4b AYQKRMGVQL 27.5/0.634 = WB * *

M1 A*24:02 IAV TFHGAKEVSL 3.026

H5N1 2.3.4.4b TFHGAKEVAL 3.75 * *

M1 A*11:01 IAV SCMGLIYNRMGAV ND

H5N1 2.3.4.4b SCMGLIYNRMGTV ND * *

M1 A*11:01 IAV ASCMGLIYNRMGA ND

H5N1 2.3.4.4b ASCMGLIYNRMGT ND * *

M1 A*11:01 IAV SIIPSGPLK 0.006 = SB

H5N1 2.3.4.4b SIVPSGPLK 0.013 = SB * *

M1 B*35:01 IAV AGALASCMGLIYNRMGA ND

H5N1 2.3.4.4b TGALASCMGLIYNRMGT ND * *

M1 B*40:01/B*40:02 IAV SEQAAEAMEV 1.434 = WB/1.924 = WB

H5N1 2.3.4.4b SEQAVEAMEV 1.484 = WB/1.747 = WB * **

M1 A*02:01 IAV IMDKNIILKA 2.074

H5N1 2.3.4.4b No alignment N/A N/A N/A

(Continued)

ª 2024 The Author(s). Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.
2024 | Vol. 13 | e70017

Page 7

EJ Grant & S Gras Epitope conservation in H5N1 viruses



Table 1. Continued.

Protein HLA molecule Influenza virus Peptide sequence

Predicted binding by

netMHC

Impact on

HLA

binding

Impact on

T cell

recognition

PB2 A*11:01 IAV SSSFSFGGFTFK 16

H5N1 2.3.4.4b SSSFSFGGFTFK 16 None None

PB2 A*03:01/A*11:01/

A*31:01

IAV SFSFGGFTFK 0.091 = SB/0.019 = SB/

0.732 = WB

H5N1 2.3.4.4b SFSFGGFTFK 0.091 = SB/0.019 = SB/

0.732 = WB

None None

PB2 A*11:01 IAV FSFGGFTFK 0.037 = SB

H5N1 2.3.4.4b FSFGGFTFK 0.037 = SB None None

PB2 A*24:02 IAV TYQWIIRNW 0.062 = SB

H5N1 2.3.4.4b TYQWIIRNW 0.062 = SB None None

PB2 A*24:02 IAV QYSGFVRTL 0.053 = SB

H5N1 2.3.4.4b QYSGFVRTL 0.053 = SB None None

PB2 A*03:01/A*11:01/

A*31:01

IAV VLRGFLILGK 0.262 = SB/2.635/2.951

H5N1 2.3.4.4b VLRGFLILGK 0.262 = SB/2.635/2.951 None None

PB2 A*24:02 IAV RYGPALSI 0.514 = WB

H5N1 2.3.4.4b RYGPALSI 0.514 = WB None None

PB2 B*44:03 IAV GRQEKNPALRMKWMMAMK ND

H5N1 2.3.4.4b GRQEKNPALRMKWMMAMK ND None None

PB2 B*44:03 IAV QEKNPALRMKW 0.053 = SB

H5N1 2.3.4.4b QEKNPALRMKW 0.053 = SB None None

PB2 A*24:02 IAV HYPKIYKTYF 0.032 = SB

H5N1 2.3.4.4b HYPKVYKTYF 0.030 = SB * *

PB2 A*02:01 IAV PVAGGTSSIYI 25.22

H5N1 2.3.4.4b PVAGGTSSVYI 25.659 * *

PB2 A*02:01 IAV SLENFRAYV 0.734 = WB

H5N1 2.3.4.4b No alignment N/A N/A N/A

NS1 A*02:01/A*02:06 IAV FQVDCFLWHV 0.577 = WB/0.146 = SB

H5N1 2.3.4.4b FQVDCFLWHV 0.577 = WB/0.146 = SB None None

NS1 A*02:01 IAV DQAIMDKNIILKANFSV ND

H5N1 2.3.4.4b DQAIMDKNIILKANFSV ND None None

NS1 A*02:01 IAV AIMDKNIIL 0.299 = SB

H5N1 2.3.4.4b AIMDKNIIL 0.299 = SB None None

NS1 B*44:03 IAV WNDNTVRVSETLQRFAWR ND

H5N1 2.3.4.4b WNDNTVRVSETLQRFAWR ND None None

NS1 B*44:03 IAV SETLQRFAW 0.012 = SB

H5N1 2.3.4.4b SETLQRFAW 0.012 = SB None None

NS1 B*44:03 IAV QEIRTFSFQL 0.538 = WB

H5N1 2.3.4.4b QEIRTFSFQL 0.538 = WB None None

NS1 A*02:01 IAV IVDKNITLKA 6.706

H5N1 2.3.4.4b IMDKNIILKA 2.074 ** *

NS1 B*44:03 IAV RVSETLQRFAWRSSNENG ND

H5N1 2.3.4.4b RVSETLQRFAWRSSNEDG ND * **

PB1 A*11:01 IAV AVATTHSWIPK 0.280 = SB

H5N1 2.3.4.4b AVATTHSWIPK 0.280 = SB None None

PB1 A*24:02 IAV RYGFVANF 0.195 = SB

H5N1 2.3.4.4b RYGFVANF 0.195 = SB None None

PB1 A*01:01/A*26:01 IAV YSHGTGTGY 0.119 = SB/0.080 = SB

H5N1 2.3.4.4b YSHGTGTGY 0.119 = SB/0.080 = SB None None

PB1 A*02:01 IAV GMMMGMFNMLSTVLGVS ND

H5N1 2.3.4.4b GMMMGMFNMLSTVLGVS ND None None

PB1 A*02:01 IAV FNMLSTVLGV 0.871 = WB

H5N1 2.3.4.4b FNMLSTVLGV 0.871 = WB None None

(Continued)
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conservation in H5N1 viruses, with ~16%
conserved epitopes (2/12 epitopes) (Figure 1c,
Table 1). Of the 10 epitopes that were not
conserved in H5N1, three could not be aligned
with the H5N1 viruses (Table 1), three contain a
single point mutation (Table 1), while the
remaining four had between three and five
mutations (Table 1). Of the seven mutant epitopes
‘unique’ to H5N1 (epitopes that were not
conserved but where homologous peptides could

be identified, denoted in yellow, Table 1), 3 were
expected to impact HLA presentation either
moderately (HA176–184 and HA195–203), or strongly
(HA1–9). Four of the seven unique HA-derived
epitopes had at least three mutations, and three
of these are likely to strongly impact T cell
recognition. HA176–184 residues 4 (Val to Glu) and
5 (Leu to Lys) mutations will change the peptide
from having small hydrophobic residues to having
large and charged residues in the central part of

Table 1. Continued.

Protein HLA molecule Influenza virus Peptide sequence

Predicted binding by

netMHC

Impact on

HLA

binding

Impact on

T cell

recognition

PB1 A*02:01/A*02:06/

A*11:01

IAV NMLSTVLGV 0.226 = SB/0.495 = SB/23

H5N1 2.3.4.4b NMLSTVLGV 0.226 = SB/0.495 = SB/23 None None

PB1 A*03:01/A*11:01/

A*31:01

IAV KLVGINMSKK 0.073 = SB/0.845 = WB/

3.880

H5N1 2.3.4.4b KLVGINMSKK 0.073 = SB/0.845 = WB/

3.880

None None

PB1 A*03:01/A*11:01/

A*31:01

IAV GTFEFTSFFY 1.202 = WB/0.429 = SB/

5.033

H5N1 2.3.4.4b GTFEFTSFFY 1.202 = WB/0.429 = SB/

5.033

None None

PB1 A*24:02 IAV FYRYGFVANF 0.399 = SB

H5N1 2.3.4.4b FYRYGFVANF 0.399 = SB None None

PB1 A*02:01 IAV FVANFSMEL 0.140 = SB

H5N1 2.3.4.4b FVANFSMEL 0.140 = SB None None

PB1 A*01:01/A*26:01 IAV LVSDGGPNLY 0.008 = SB/0.415 = SB

H5N1 2.3.4.4b LVSDGGPNLY 0.008 = SB/0.415 = SB None None

PB1 A*01:01 IAV VSDGGPNLY 0.002 = SB

H5N1 2.3.4.4b VSDGGPNLY 0.002 = SB None None

PB1 B*07:02 IAV QPEWFRNVL 0.063 = SB

H5N1 2.3.4.4b QPEWFRNVL 0.063 = SB None None

PB1 B*15:01 IAV KMARLGKGY 0.129 = SB

H5N1 2.3.4.4b KMARLGKGY 0.129 = SB None None

PB1 B*07:02 IAV LPSFGVSGI 0.679 = WB

H5N1 2.3.4.4b LPSFGVSGI 0.679 = WB None None

PB1 B*15:01 IAV TQIQTRRSF 0.019 = SB

H5N1 2.3.4.4b TQIQTRRSF 0.019 = SB None None

PB1 A*24:02 IAV RYTKTTYWW 0.075 = SB

H5N1 2.3.4.4b KYTKTTYWW 0.077 = SB * *

PB1 A*02:01 IAV TVIKTNMI 21.605

H5N1 2.3.4.4b TVIKNNMI 27 * **

PB1 A*24:02 IAV EWMSIRPYF 0.129 = SB

H5N1 2.3.4.4b No alignment N/A N/A N/A

Overall, 239 ‘consensus’ H5N1 sequences from clade 2.3.4.4b were downloaded from the Andersen Lab GitHub repository28 their DNA

sequences were translated into proteins using the Expasy Translate Tool.42 CD8+ T cell epitopes were obtained from Leong et al.13 and

conservation of these epitopes in H5N1 viruses was determined using the IEBD Conservancy Analysis tool.29 This list was then curated as per the

Methods. Mutations are shown in bold. Conservation: epitopes conserved in H5N1 viruses are shown in green, epitopes unique to H5N1 are

shown in yellow while epitopes that could not align are shown in orange. NetMHC peptide-binding predictions: Binding predictions (%Rank_EL)

and bind level where SB refers to strong binder while WB refers to weak binder. Sequences too long for NetMHC prediction (> 11 amino acids)

are denoted with ND as not determined. Impact: no impact is denoted as ‘none’, weak or unlikely impact is denoted with a *, moderate impact

as ** and strong impact as ***, while NA refers to not available because of no alignment with IAV viruses being found.
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the peptide. Located centrally on the peptide,
these mutations are likely to impact TCR
recognition.32 Similarly, the HA195–203 bears
mutations at positions 5 (Pro to Ser) and 6 (Ser to
Asn) that are likely to strongly impact both the
conformation of the peptide and the TCR
interaction as well.32 Finally, the HA1–9 epitope
had five residues mutated in H5N1, with both
primary anchor residues mutated from a small
P2-Thr to a large and charge P2-Glu, and from a
large P9-Met to a small hydrophobic P9-Ala. Both
mutations will have a strong impact on the
peptide stability in the cleft of HLA-A*02:01. In
addition, central residue in IAV is a large aromatic
P5-Phe that is mutated in H5N1 in a small
hydrophobic P5-Val, likely to impact on TCR
recognition and binding (Table 1).

Likewise, epitopes derived from the surface NA
protein displayed only ~40% conserved epitopes
(2/5 peptides) (Figure 1c, Table 1). Of the three
non-conserved epitopes, two had one mutation
and the other had four mutations. None of these
mutations are predicted to decrease the peptide
affinity for the HLA-I molecule, or HLA
presentation, and two may have a moderate
impact on T cell recognition.

More than half of the epitopes derived
from NS2, PA, NP, M1, PB2 and NS1
proteins are conserved in H5N1

There are only two NS2-derived epitopes reported
with one conserved in H5N1 viruses and the other
had one mutation at position 7 (His to Gln) not
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Figure 1. Conservation in CD8+ T cell epitopes restricted to the top 10 HLA-A, -B and -C molecules in H5N1 viruses. Overall, 239 ‘consensus’

H5N1 sequences from clade 2.3.4.4b circulating in the USA were downloaded from the Andersen Lab GitHub repository28 their DNA sequences

were translated into proteins using the Expasy Translate Tool.42 CD8+ T cell epitopes restricted to the most prevalent 10 HLA-A, -B and -C

molecules worldwide were obtained from Leong et al.13 as was curated as per the Methods. Conservation in this curated set of epitopes was

determined using the IEBD Conservancy Analysis tool.29 An epitope was deemed ‘conserved’ if the same sequence is identified across > 90% of

the consensus sequences. Predicted binding (%Rank_EL) and bind level for the relevant HLA molecule was estimated using NetMHC4.1.30 (a)

Frequency of conservation of the curated list of CD8+ T cell epitopes in the analysed H5N1 viruses. (b) Conservation of CD8+ T cell epitopes by

the HLA-I molecule. (c) Conservation of CD8+ T cell epitopes by influenza A virus protein. (d) Effect of mutations in H5N1-derived epitopes on

the binding prediction (where binding prediction could be done or no alignment with IAV viruses was found) for their reported HLA-I, expressed

as no change (purple), increase from IAV (red), decrease from IAV (blue) or no alignment with IAV (black).
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predicted to affect peptide affinity or
presentation by HLA (Figure 1c, Table 1), and that
might have a moderate impact on TCR binding.

In the PA protein, six epitopes were identified,
of which four (~67%) were conserved in H5N1
viruses (Figure 1c, Table 1). The two
non-conserved epitopes contained one or two
mutations. The PA104–113 has one mutation at the
last residue, from a Lys to Arg. Both residues are
long and positively charged and should not
impact on the peptide binding or TCR
recognition. The 17mer PA220–236 has two
mutations in the centre of the peptide at P6 (Cys
to Ser) and P7 (Ile to Leu) that would not impact
the peptide binding and have a minimal
impact on TCR recognition (Table 1).

The NP protein had the largest number of
epitopes characterised (n = 43) of which ~70%
(n = 30) were conserved in H5N1 (Figure 1c,
Table 1). The remaining 13 had one (n = 10), two
(n = 2) or three (n = 1) mutations, with various
levels of effect on predicted peptide-HLA-I
affinity. Only two epitopes had mutation at one
of the main anchor residues, namely NP342–351 and
NP44–52. In NP342–351 the P10-Lys mutation to Arg is
unlikely to impact peptide binding, as both
residues are long and positively charged (Table 1).
For NP44–52, the mutation might impact
the peptide affinity as it changes the P9-Tyr to a

P9-His, which is smaller and charged. Only a few
mutations might have an impact on the T cell
response (Table 1) and, overall, a high level of
cross-protective T cell immunity should be
observed towards H5N1 NP-derived epitopes.

Twenty-seven epitopes derived from the M1
protein were identified of which 19 were conserved
(70% conservation) in H5N1 (Figure 1c, Table 1). Of
the eight non-conserved peptides, one could not be
aligned with H5N1, while six of the remaining seven
had a single mutation and one had two mutations.
None of the mutations in these epitopes are
expected to have an impact on peptide affinity or
presentation, and only the mutation in the M1196–205
epitope (P5-Ala to P5-Val) may have a moderate
impact on TCR recognition.

Twelve epitopes were identified in the PB2
protein, of which 75% (9/12 epitopes) were
conserved in H5N1 (Figure 1c, Table 1). One
epitope had no homologous peptides identified.
The two mutated epitopes unique to H5N1, had a
single amino acid mutation, and, as the mutations
were not within an anchor residue, they are not
expected to impact peptide binding. In addition,
both mutations are from an Ile to a Val, both
small hydrophobic residues that are unlikely to
impact on TCR recognition.

From the NS1 protein six of eight peptides are
conserved in H5N1 viruses (Figure 1c, Table 1).

Table 2. Conservation in influenza A virus-derived CD8+ T cell epitopes by top HLA-I molecules

HLA

rank

HLA-A HLA-B HLA-C

Allomorph

No. of conserved

epitopes/total

epitopes

HLA-I

Frequency

% Allomorph

No. of conserved

epitopes/total

epitopes

HLA-I

frequency

% Allomorph

No. of conserved

epitopes/total

epitopes

HLA-I

frequency

%

1 A*24:02 10/19 18.82 B*35:01 3/5 5.47 C*07:02 0/0 13.10

2 A*02:01 28/41 15.28 B*51:01 0/0 5.22 C*04:01 0/0 11.18

3 A*11:01 20/31 11.66 B*40:01 2/3 5.12 C*03:04 0/0 9.13

4 A*01:01 6/7 4.84 B*44:03 8/16 4.47 C*01:02 0/0 8.48

5 A*03:01 6/9 4.27 B*40:02 4/5 4.18 C*07:01 0/0 6.89

6 A*31:01 7/9 4.09 B*07:02 4/5 4.11 C*06:02 0/0 6.16

7 A*33:03 1/2 4.08 B*15:01 7/11 3.43 C*03:03 0/0 5.58

8 A*02:06 7/7 3.47 B*07:04 0/0 3.12 C*08:01 1/1 4.52

9 A*26:01 3/3 3.35 B*08:01 3/3 2.96 C*15:02 0/0 3.36

10 A*30:01 0/0 2.51 B*58:01 1/1 2.89 C*12:02 0/0 3.19

Cumulative global frequency of HLA-I

with conserved epitopes

69.86 32.63 4.52

Overall, 239 ‘consensus’ H5N1 sequences from clade 2.3.4.4b circulating in the USA were downloaded from the Andersen Lab GitHub

repository28 their DNA sequences were translated into proteins using the Expasy Translate Tool.42 CD8+ T cell epitopes restricted to the most

prevalent 10 HLA-A, -B and -C molecules worldwide were obtained from Leong et al.13 and conservation of these epitopes in H5N1 viruses was

determined using the IEBD Conservancy Analysis tool.29 We then curated this list as per the Methods, resulting in 139 influenza A virus-derived

peptides for analysis (Table 1).
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One mutant, NS1193–210 had a single mutation at
the second last residue (Asn to Asp) that would
have no impact on peptide binding and might
have a moderate impact on T cell recognition. The
NS1115–124 epitope has two mutations in H5N1,
one at P2 anchor residue from a small Val to a
larger Met that could decrease peptide-binding
affinity for the HLA, and the other mutation is at
P8-Thr from P8-Ile that are both small residues
(Table 1).

The epitopes from PB1 are the most
conserved in H5N1

In the PB1 protein, 16 of the 19 (~84%)
characterised epitopes were conserved in the
H5N1 viruses assessed (Figure 1c, Table 1). One
peptide had no homologous peptide identified in
H5N1, and two had a single mutation. The
PB1430–438 has a mutation at P1 from Arg to Lys
that should not impact on peptide or TCR
binding, while PB1528–535 has its P5-Thr mutated
to a larger P5-Asn that could impact TCR
recognition (Table 1).

Overall, these analyses show that although
there was no conservation in ~36% (50/139) of the
epitopes, the mutations may not actually prevent
HLA-I binding or presentation or a CD8+ T cell
response, and thus the potential for pre-existing
immunity may be even higher.

DISCUSSION

Avian influenza viruses circulate continually
through wild bird populations and occasionally
cause localised outbreaks in poultry and more
recently cattle.1 Although rare, these avian
influenza viruses can occasionally transmit into
humans following close and prolonged contact
with infected animals.1,4 CD8+ T cells are known
to provide protection against influenza viruses
infection14,15,17–19 and since no avian influenza
virus vaccines exist for humans, we wanted to
determine the potential for pre-existing immunity
towards the H5N1 clade 2.3.4.4b virus in humans.
We determined the conservation of known
influenza-derived CD8+ T cell epitopes restricted
to highly prevalent HLA-A, -B and -C molecules13

in H5N1 clade 2.3.4.4b viruses at the centre of the
USA outbreak.1,28 It is important to note that
although these epitopes have been scientifically
validated as immunogenic in previous studies, for
the purposes of this analysis, we are assuming

that these epitopes will still be processed and
presented in the current clade 2.3.4.4b H5N1 viruses.
Surprisingly, 64% of CD8+ T cell epitopes restricted
to the top 10 prevalent HLA-A, -B and -C molecules
were conserved in > 90% of the H5N1 viruses.
Conservation of CD8+ T cell epitopes restricted to
the top 10 HLA-A, -B and -C molecules in H5N1
viruses was spread across 18 different HLA-I
molecules, with a global cumulative coverage of
> 100%, suggesting that most individuals
worldwide have some level of protection against
these H5N1 viruses because of CD8+ T cell responses
and prevalent HLA-I molecules. This is similar to our
previous study which estimated that pre-existing
immunity towards the avian-derived H7N9 virus
occurred in 16–57% of the population depending
on ethnicity.24 Furthermore, in the CD8+ T cell
epitopes that were not conserved in the H5N1
viruses assessed (50/139 epitopes) varying levels of
mutation were observed, some of which are not
expected to impact either HLA presentation or
CD8+ T cell recognition, and, as such, the potential
for pre-existing immunity may be even higher
because of CD8+ T cell cross-reactivity which can
occur towards similar variant peptides.26,33

There was generally a higher level of
conservation in epitopes derived from internal
influenza proteins, suggestive of their important
role in the virus life cycle. There was > 67%
conservation in H5N1 viruses within epitopes
derived from PA, NP, M1, PB2, NS1 and PB1.
Interestingly, NP is considered one of the most
immunogenic proteins from influenza A virus,34,35

and contains many well characterised and highly
immunogenic peptides presented by a range of
HLA-I molecules.33–36 These include the
highly immunogenic HLA-A*03:01-restricted
NP265–273

24,35,36 and HLA-B*08:01-restricted
NP225–233

24,37 epitopes determined as ‘universal’
for their conservation in past H7N9 and
H5N1 avian viruses.24 Also included are
the highly immunogenic HLA-A*11:01-
restricted NP91–99 peptide35,38 and the
HLA-B*07:02/-B*35:01-restricted NP418–426

25,26,39,40

peptide, which has likewise been seen in past
avian and pandemic influenza virus strains. All
these highly immunogenic peptides were 100%
conserved in the H5N1 viruses assessed in this
study. Similarly, the M1 protein is considered
highly immunogenic and is home to several highly
immunogenic peptides, including the most well
studied and highly conserved HLA-A*02:01
restricted ‘universal’ M158–66 peptide.24,40,41
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Conversely, there was less conservation in
epitopes derived from the surface HA and NA
glycoproteins, with the HA being the target of
most licenced influenza vaccines worldwide,13

suggesting that vaccines designed to protect
against seasonal influenza viruses are unlikely to
provide any protection against H5N1 viruses.
Collectively, this suggests that we should consider
including more conserved internal influenza-
derived proteins in future influenza vaccines to
induce strain cross-protective CD8+ T cell responses
alongside neutralising antibody responses towards
HA, as this may assist in protection against various
influenza virus strains including avian-derived
influenza viruses.

Overall, this analysis suggests that most of the
global population could have a level of T cell
cross-reactivity that recognises conserved epitopes
that could provide protection against the clade
2.3.4.4b H5N1 viruses assessed, should sporadic
infections of humans occur.

METHODS

H5N1 consensus sequences

Overall, 239 ‘consensus’ H5N1 sequences from clade
2.3.4.4b circulating in the USA were downloaded from
the Andersen Lab GitHub repository on 7–8 May 2024.28

Their DNA sequences were translated into proteins using
the Expasy Translate Tool.42 Unknown amino acids
denoted as an ‘X’ following translation using the Expasy
Translate Tool were removed from the sequences before
conservation analysis.

Influenza-derived epitopes, conservation
analysis and peptide affinity

CD8+ T cell epitopes restricted to the most prevalent 10
HLA-A, -B and -C molecules worldwide were obtained from
Leong et al.13 Conservation of epitopes against the H5N1
viruses was determined using the IEBD Conservancy Analysis
tool.29 An epitope was deemed ‘conserved’ if the same
sequence is identified across > 90% of the consensus
sequences. The epitope list was then curated as follows.
Epitopes with an identical amino acid sequence but
different HLA-I restriction were considered one epitope.
Epitopes that were variants of the same peptide and
restricted to the same HLA-I molecule were also considered
a single epitope. In this latter case, the representative
epitope was selected if it was 100% conserved with the
H5N1 sequences, or in the absence of 100% conservation,
the epitope with the least amount of amino acid changes
was selected as the representative epitope. Epitopes with
post-translational modifications were also removed.
Epitopes used in the analysis are indicated in Table 1.
Epitopes are grouped by protein including PB1 (including

Polymerase Basic Protein 1 and RNA Polymerase), PB2
(Polymerase Basic Protein 2), PA (Acid Polymerase), NP
(Nucleoprotein), NS1 (Non-Structural Protein 1), NS2 (Non-
Structural Protein 2 and Nuclear Export Protein), M1 (Matrix
1), M2 (Matrix 2), HA (Haemagglutinin) and NA
(Neuraminidase). Predicted binding of the peptide for the
relevant HLA molecule (% Rank_EL and binding score) were
determined using NetMHC4.130 and are reported in Table 1.
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