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Abstract

Objectives. Seasonal influenza viruses cause roughly 650 000
deaths annually despite available vaccines. CD8+ T cells typically
recognise influenza-derived peptides from internal structural and
non-structural influenza proteins and are an attractive avenue for
future vaccine design as they could reduce the severity of disease
following infection with diverse influenza strains. CD8+ T cells
recognise peptides presented by the highly polymorphic Human
Leukocyte Antigens class I molecules (HLA-I). Each HLA-I variant
has distinct peptide binding preferences, representing a significant
obstacle for designing vaccines that elicit CD8+ T cell responses
across broad populations. Consequently, the rational design of a
CD8+ T cell-mediated vaccine would require the identification of
highly immunogenic peptides restricted to a range of different
HLA molecules. Methods. Here, we assessed the immunogenicity
of six recently published novel influenza-derived peptides
identified by mass-spectrometry and predicted to bind to the
prevalent HLA-B*18:01 molecule. Results. Using CD8+ T cell
activation assays and protein biochemistry, we showed that 3/6 of
the novel peptides were immunogenic in several HLA-B*18:01+

individuals and confirmed their HLA-B*18:01 restriction. We
subsequently compared CD8+ T cell responses towards the
previously identified highly immunogenic HLA-B*18:01-restricted
NP219 peptide. Using X-ray crystallography, we solved the first
crystal structures of HLA-B*18:01 presenting immunogenic
influenza-derived peptides. Finally, we dissected the first TCR
repertoires specific for HLA-B*18:01 restricted pathogen-derived
peptides, identifying private and restricted repertoires against
each of the four peptides. Conclusion. Overall the characterisation
of these novel immunogenic peptides provides additional
HLA-B*18:01-restricted vaccine targets derived from the Matrix
protein 1 and potentially the non-structural protein and the RNA
polymerase catalytic subunit of influenza viruses.
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INTRODUCTION

The seasonal strains of influenza A (A/H1N1 &
A/H3N2) virus circulate annually and cause mild to
severe disease in humans. This typically results in
roughly 650 000 mortalities each year1 despite
vaccines being available to many worldwide.
Influenza-like infections also result in economic
consequences. Indeed, it is estimated that the
total cost of influenza-like illnesses equated to
more than $8 billion USD in the United States
alone. Widely approved influenza vaccines are
typically designed to induce a strong neutralising
antibody response against the viral surface
glycoprotein haemagglutinin (HA), which is highly
susceptible to antigenic drift that results in
reduced vaccine efficacy over time.2,3

Furthermore, these yearly vaccines are immensely
reliant on World Health Organisation (WHO)
predictions of the prevalent circulating strains up
to 6 months in advance to enable timely
generation.1 This has caused variable vaccine
efficacies in the past, such as in the 2014–2015
season, where an overall 6% vaccine efficacy
against the A/H3N2 strain was reported.4 While
high-end estimates of 78% vaccine efficacy were
identified in young adolescents.5 Nevertheless, in
the event of a spillover from an animal reservoir,
current vaccines may not be adequate for
protection, as a mismatched influenza strain
typically leads to severely lowered vaccine
efficacy.2,6 As such, there is a need for updated
vaccines that can protect broad populations
against emerging influenza virus strains.

Unlike antibodies, CD8+ T cells typically
recognise more conserved internal proteins of
influenza viruses. They are also long-lived,
together meaning they have the potential to
protect against different influenza virus strains
across multiple years and are an attractive target
for future influenza virus vaccines.3,7,8

Undoubtedly, CD8+ T cells are important against
influenza virus infections, as they have also been
associated with improved disease outcomes.3,9–11

CD8+ T cells recognise peptides presented by HLA
class I molecules (HLA-I).12,13 These HLA-I
molecules are highly polymorphic, with over
25 000 HLA-I molecules described thus far.14,15

Moreover, different HLA-I molecules also favor

different peptide sequence motifs for binding,
meaning that they typically present unique
peptide repertoires, causing a significant
challenge for rational vaccine design.16 Adding
further to this complexity, HLA-I profiles often
differ between different ethnicities and
geographical locations. Thus, for rational vaccine
design, it is critical that we identify and
characterise the best, most immunogenic peptides
for the range of prevalent HLA molecules that are
expressed worldwide.

HLA-B*18:01 is the 15th most prevalent HLA-B
molecule, estimated to be expressed by ~2.3% of
the world’s population, spanning the Middle
East, Africa, Southeast Asia and Europe.17

According to the immune epitope database
(IEDB),18 only six influenza-derived immunogenic
HLA-B*18:01-restricted peptides have so far been
published, with only 2 confirmed using specific
HLA-B*18:01 antigen-presenting cells in an
intracellular cytokine staining (ICS) assay. This
includes the highly conserved immunogenic
NP219-226 peptide identified by our group,11 and
the slightly longer NP219-228.

19 Together, this
makes HLA-B*18:01 severely understudied
compared to other HLA molecules.18 In 2022, a
paper published by Nicholas et al.,20 identified
six novel influenza-derived, HLA-I-bound peptides
by mass spectrometry. Given the HLA type of the
donor cells used, these peptides were predicted
to bind to HLA-B*18:01.20

In this study, we tested the potential
immunogenicity of these six novel peptides,20

characterising the CD8+ T cell responses in cells
derived from HLA-B*18:01+ individuals. We
determined that 3/6 peptides were indeed
immunogenic in several HLA-B*18:01+ individuals
and we confirmed the expected HLA-B*18:01
restriction by tetramer staining. We then
compared the immune response towards these
novel HLA-B*18:01-restricted peptides with the
HLA-B*18:01-restricted NP219-226 peptide (herein
referred to as NP219) previously identified.11 A
clear immunodominance hierarchy was observed,
with CD8+ T cell responses strongest towards
NP219 followed by M15, PB1177 and finally NS2111.
Further, we solved the first crystal structures of
HLA-B*18:01 presenting immunogenic
influenza-derived peptides. Three of the four
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peptides were presented by HLA-B*18:01 in a
similar configuration while the longer PB1177 was
different. Moreover, we identified that peptide
stability did not influence this immunodominance
hierarchy. Finally, we report the first T cell
receptor (TCR) repertoires of CD8+ T cells
recognising HLA-B*18:01+ restricted pathogen-
derived antigens. The TCR repertoire towards each
of the four epitopes was restricted and private,
unique to each individual. Overall, our study has
characterised novel conserved immunogenic
peptides from a range of proteins representing
novel potential vaccine targets for HLA-B*18:01+

individuals.

RESULTS

Novel influenza-derived peptides are highly
conserved

Several novel influenza-derived peptides were
identified by Nicholas et al.20 in 2022 who
infected human lung-derived cells from several
donors with a laboratory-adapted A/X-31/H3N2
virus or the human-derived A/H3N2/Wisconsin/
67/2005 influenza virus, before subjecting them to
mass spectrometry. Given the HLA types of the
donors, 6 of these peptides were predicted to be
restricted by HLA-B*18:01. To investigate these six
peptides as potential vaccine candidates that
cover HLA-B*18:01+ individuals, we assessed
whether these peptide sequences were conserved
in either the H1N1 (A/Victoria/2570/2019(H1N1))
and the H3N2 (A/Darwin/9/2021(H3N2)) influenza

virus strains from the 2022 WHO recommended
Southern Hemisphere influenza vaccine strains
(Table 1). For 5/6 peptides, the published
sequences were conserved in at least one of the
vaccine strains and were selected for further
investigation. Conversely, the PB1177 peptide
sequence was the same in both vaccine strains
(EEIEITTHF), differing from the published
sequence by two amino acids (EEMGITTHF).
Consequently, the EEIEITTHF; PB1177 peptide was
selected peptide for immunogenicity screening
and characterisation.

Three of six novel peptides are
immunogenic in multiple HLA-B*18:01+

samples

To determine the immunogenicity of these six
influenza-derived peptides,20 CD8+ T cell lines
were generated by stimulating PBMCs from
HLA-B*18:01+ donors (n = 5) against the pool of
peptides for 10+ days. CD8+ T cell lines were
subsequently restimulated with the peptide pool,
or individual peptides, and immunogenicity was
assessed in an ICS assay. The NS2109 and NS290
were immunogenic in samples from 1 out of 5
donors (SG115) and we did not observe CD8+

T cell activation for the NP45 peptide in any of the
samples tested (Supplementary figure 2). Three of
the six peptides induced a CD8+ T cell response in
multiple donors (Figure 1, Supplementary
figure 2). Of these, the M15 peptide induced the
largest CD8+ T cell response (average; 2.6% IFN-c+

CD8+ T cells) followed by PB1177 (average; 1.8%

Table 1. Conservation of the novel peptides in recommended vaccine strains

Source Strain

Peptide

M15 NS2109 NS2111 NS290 NP45 PB1177

Nicholas et al. A/X-31/H3N2 TEVETYVL VEQEIRTF QEIRTFSF TENSFEQITF TELKLSDY EEMGITTHF
Nicholas et al. A/H3N2/Wisconsin/67/

2005 (H3N2)

TEVETYVL VEQEIRTF QEIRTFSF N/A N/A N/A

2022 Vaccine

H3N2 strain

A/Darwin/9/2021

(H3N2)

TEVETYVL VEQEIRTF QEIRTFSF TENSFEQITF TELKLSDH EEIEITTHF

2022 Vaccine

H1N1 strain

A/Victoria/2570/2019

(H1N1)

TEVETYVL VEQEIRAF QEIRAFSF TENSFEQITF TELKLSDY EEIEITTHF

Sequence selected for

this study

TEVETYVL VEQEIRTF QEIRTFSF TENSFEQITF TELKLSDY EEIEITTHF

Sequences of identified peptides from Nicholas et al.20 were aligned with the WHO recommended 2022 Southern Hemisphere Influenza virus

vaccine strains A/Darwin/9/2021 (H3N2) and A/Victoria/2570/2019 (H1N1).45 Protein sequences of Matrix Protein 1, Nuclear Export Protein,

Nucleoprotein and RNA-directed RNA polymerase catalytic subunit were obtained from the National Center for Biotechnology Information

(https://www.ncbi.nlm.nih.gov/).46 Sequences were aligned using Clustal Omega Multiple Sequence Alignment (https://www.ebi.ac.uk/Tools/msa/

clustalo/)47 and amino acid variations are shown in red.
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IFN-c+ CD8+ T cells) and NS2111 (average; 0.68%
IFN-c CD8+ T cells). For donor SG10, only M15
introduced a positive IFN-c+ CD8+ T cell response.

NP219 induces an immunodominant CD8+

T cell response in HLA-B*18:01+ samples

To confirm the expected HLA-B*18:01 restriction
of the novel influenza-derived peptides, individual
peptide-specific CD8+ T cell lines were generated
against PB1177, NS2111 and M15 peptides
individually using PBMCs of HLA-B*18:01+

individuals (Figure 2, n = 3). The magnitude of
epitope-specific CD8+ T cell populations and the
HLA-B*18:01 restriction of PB1177, NS2111 and M15
was confirmed using tetramer staining (Figure 2a
and c), where clear tetramer-specific populations
could be seen in all individuals.

The NP219 influenza-derived epitope is another
HLA-B*18:01-restricted peptide known to induce a
strong CD8+ T cell response in HLA-B*18:01+

individuals.11,21 Therefore, we wanted to compare
the CD8+ T cell responses towards the three novel
immunogenic peptides with the response towards
the NP219 peptide (Figure 2). To achieve this,
individual peptide-specific CD8+ T cell lines were
also generated against the NP219 peptide using
PBMCs of HLA-B*18:01+ individuals (Figure 2,
n = 3). The magnitude of CD8+ T cell populations
specific to all four peptides was determined using
tetramer staining (Figure 2a and c) and the
functional CD8+ T cell responses were assessed
using an ICS assay (Figure 2b and d).

We noticed a clear immunodominance hierarchy
across the donors, with the largest CD8+ T cell
populations expanded against NP219 (average;
17.2% tetramer+ CD8+ T cells) followed by M15
(average; 12.4% tetramer+ CD8+ T cells), PB1177
(average; 9.1% tetramer+ CD8+ T cells) and NS2111
(average; 1.3% tetramer+ CD8+ T cells). The same
immunodominance hierarchy was observed with the
ICS assay (Figure 2b and d), with the NP219 peptide
inducing the largest functional CD8+ T cell responses
(average; 24.3% IFN-c+ CD8+ T cells) followed by M15
(average; 11.1% IFN-c+ CD8+ T cells), PB1177 (average;
9.2% IFN-c+ CD8+ T cells) and NS2111 (average; 0.76%
IFN-c+ CD8+ T cells) as measured by IFN-c production
(Figure 2). TNF, MIP-1b, CD107a and IL2
production were also individually recorded with the
same immunodominance hierarchy observed
(Supplementary figure 3). The polyfunctionality of
the CD8+ T cell responses towards the four
HLA-B*18:01-restricted epitopes was assessed
(Figure 3a and b). We interpret a polyfunctional
response as the ability of CD8+ T cells to produce
more than one effector function upon peptide
stimulation. All four peptides induced a
polyfunctional CD8+ T cell response in cells from all 3
donors. Interestingly, the three most immunogenic
peptides, NP219, M15 and PB1177, induced a similar
proportion of polyfunctionality by CD8+ T cells, with
up to four effector functions by CD8+ T cells across a
range of cytokine permutations. Conversely, the
least immunogenic peptide, NS2111, induced at most
three functions, across a range of effector function
combinations.

Figure 1. Identification of immunogenic HLA-B*18:01 predicted peptides. PBMCs from HLA-B*18:01+ individuals (n = 5) were stimulated with a

pool of peptides (2 lM per peptide) for 10+ days to generate pooled CD8+ T cell lines. CD8+ T cells were stimulated with the peptide pool (2 lM)

and each peptide individually (10 lM), along with negative (no peptide) and positive (9500) controls, and responses were assessed using an ICS

assay. (a) Representative FACS plots from donor SG115. (b) A bar graph outlining the average proportion of IFN-c+ of CD8+ T cells, minus the no

peptide control, in five HLA-B*18:01+ donors, with each coloured dot representing a donor’s response (red, SG10; green, SG26; yellow, SG112;

blue, SG115; purple, SG131).
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Next, we assessed whether these immunogenic
peptides have been conserved over time, or whether
mutations in the amino-acid sequence have occurred
in past influenza virus strains. We aligned the
peptides against the ‘vaccine only’ strains from
the influenza virus database,22 as representative of
the major circulating strains, to determine the level
conservation of these peptide sequences (Table 2).
Three of the four immunogenic peptides were
conserved in > 94% of the virus strains analysed,
including the two most immunogenic peptides,
NP219 and M15, which were both conserved in 100%
of the aligned sequences. Conversely, the PB1177
peptide was conserved in only 23% of the vaccine
virus strains.

Immunodominance hierarchy of the
HLA-B*18:01-restricted peptides is unrelated
to peptide-HLA stability

To understand the immunodominance hierarchy
observed towards the immunogenic

HLA-B*18:01-restricted epitopes, we refolded and
purified HLA-B*18:01 with NP219, M15, PB1177
and NS2111 to measure the thermal stability of
each pHLA complexes (Table 2). All four
peptide-HLA-B*18:01 complexes were exhibiting
the same stability, within 1–2 °C difference
between each of the complexes (Table 2), with a
Tm value of about 63 °C in line with previously
reported values for pHLA-B*18:01.23 Therefore,
the differences in immunogenicity of the four
epitopes was not driven by differences in the
pHLA complexes stability.

We next assessed the presentation of each
peptide by HLA-B*18:01 by determining their
crystal structure at high resolution (1.60–1.15 �A,
Supplementary table 1, Supplementary figure 4).
We previously reported the structure of an
influenza-derived peptide bound to HLA-B*18:01
(PDB code: 6MT3),24 but this peptide was not
immunogenic in the tested HLA-B*18:01+ samples,
rather in the HLA-B*37:01+ samples. Therefore,
here, we present the first structures of

Figure 2. Novel immunogenic peptides are all HLA-B*18:01 restricted. Peptide-specific CD8+ T cell lines (n = 3 HLA-B*18:01+ individuals) were

generated against 10 lM of the PB1177, NS2111, M15 and NP219 peptides individually and cultured for 10+ days. CD8+ T cell line specificity was

assessed using tetramer staining and an ICS assay. (a) Representative FACS plots of peptide-specific CD8+ T cell lines recognising tetramers of

their cognate peptide. (b) Representative FACS plots of peptide-specific CD8+ T cell lines producing cytokines in response towards their cognate

peptide or controls. (c) Summary bar graph outlining the average percentage of tetramer+ of CD8+ T cells specific for B18/PB1177, B18/NS2111,

B18/M15 and B18/NP219. Each dot represents the percentage of tetramer+ CD8+ T cells for each donor (red: SG10, blue: SG115 and purple:

SG131). (d) A bar graph outlining the average proportion of IFN-c+ of CD8+ T cells, minus the no peptide control, in three HLA-B*18:01+ donors,

with each coloured dot representing a donor’s response (red, SG10; blue, SG115; purple, SG131).
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immunogenic influenza-derived peptides in
complex with HLA-B*18:01. Overall, the four
peptides bound canonically in the cleft of
HLA-B*18:01, with the preferred P2-Glu in the B
pocket and a large hydrophobic residue at PΩ
residue (L/F/Y/M)25 (Figure 4). The three 8mer
peptides (NP219, NS2111 and M15) adopt a similar
conformation with an average root mean square
deviation (r.m.s.d.) between 0.33 and 0.44 �A for
their Ca atoms (Figure 4a, d and g). In addition,
the antigen binding cleft (residues 1–180) also
shared a similar conformation across the four
complexes with a r.m.s.d. between 0.14 and
0.20 �A for their Ca atoms (Figure 4a).

The immunogenic peptides NP219, M15 and
PB1177 are more featured than the NS2111

Despite a similar overall structure, some
differences were observed that might help
distinguish the features driving the

immunogenicity hierarchy of these epitopes.
The NP219 peptide is firmly anchored into the
HLA-B*18:01 cleft, with the canonical P2-Glu and
P8-Leu binding to the B and F pockets,
respectively (Figure 4b). In addition, the P5-Cys is
acting as secondary anchor residue contacting
His9, Arg97 and Tyr74 in the cleft. The peptide
NP219 is constrained26 by intra-peptide contacts
between P3-Arg and P6-Asn side-chains, forming a
network of interaction with the Gln155 as well
(Supplementary figure 5a). The large side chains
of the P1-Tyr, P4-Met and P7-Ile point upwards
out of the cleft for direct TCR interaction
(Figure 4b).

Similarly, the M15 peptide has the canonical
P2-Glu and P8-Leu as primary anchor residues
(Figure 4c) and P5-Thr as secondary anchor
interacting with Asn70, Tyr74 and Arg97
(Supplementary figure 5b). As a result, M15 and
NP219 adopt similar peptide conformations in the
cleft of HLA-B*18:01 (Figure 4d), with P1-Thr,

Figure 3. Polyfunctional CD8+ T cell analysis of immunogenic HLA-B*18:01 specific peptides. PB1177, NS2111, M15 and NP219 peptide-specific T cell

lines from three HLA-B*18:01+ donors, SG10, SG115 and SG131 (n = 3) were generated as per Figure 2 and CD8+ T cell production of IFN-c, TNF,

CD107a, IL2 and MIP-1b were measured in an ICS assay. (a) Summary of cytokine production, minus the no peptide control, represented as a double

ring graph where the inner ring is representative of the number of functions, while the outer shell denotes the different cytokine combinations. SG10

CD8+ T cell lines grown against PB1177 and NS2111 displayed no specificity (as per Figure 2) and were not analysed for polyfunctionality. (b) A summary

bar graph representing the proportion of CD8+ T cells expressing an effector function. All results were normalised to 100% and the error bars represent

the mean with standard deviation (SD).
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P4-Glu and P7-Val residues also exposed to the
solvent and ready for TCR interaction in the M15
peptide (Figure 4c).

The longer 9mer peptide PB1177 was also
binding with P2-Glu and P9-Phe to HLA-B*18:01
(Figure 4e) and as canonically observed for 9mer
peptide was bulging more outside the antigen
cleft than the 8mer peptides described above
(Figure 4a). In addition, the P5-Ile acts as a

secondary anchor as per the other peptides
described above. Interestingly, despite a
difference in length, the backbone from P1 to P4
residues remains overall similar because of the
shared secondary anchor residue at position 5 of
the peptides (Figure 4a). The PB1177 peptide
exposed the side chains of the residues P1-Glu,
P4-Glu, P6-Thr, P8-His and P7-Thr is partially
solvent exposed (Figure 4e).

Figure 4. Crystal structures of the HLA-B*18:01 binding cleft, presenting four immunogenic influenza peptides. (a) Structural overlay of the

peptide backbone and anchor positions (cartoon) for NP219 (cyan), M15 (green), NS2111 (yellow) and PB1117 (pink), within the binding cleft of

HLA-B*18:01 (light cyan). Side view of the HLA-B*18:01 binding cleft presenting NP219 (b), M15 (c) and their overlay (d). Side view of the

HLA-B*18:01 binding cleft presenting PB1117 (e), NS2111 and their overlay (f). (b–g) Peptide residue side chains are represented in stick. (h)

Top-down view of NS2111 is represented as a transparent surface (white) within the binding cleft of HLA-B*18:01 (light cyan cartoon).

Table 2. Conservation and stability of the immunogenic HLA-B*18:01-restricted peptides

Peptide Sequence Conservation % Tm (°C) SEM

M15 TEVETYVL 100% (n = 35) 62.51 � 0.04

NS2111 QEIRTFSF 94% (n = 31) 61.14 � 0.72

PB1177 EEIEITTHF 23% (n = 30) 64.45 � 0.99

NP219 YERMCNIL 100% (n = 36) 63.00 � 0.08

Immunogenic peptides were aligned with recent vaccine strains of the influenza virus. Full length M1, NS2, PB1 and NP sequences from

vaccine-only strains were obtained from the NCBI Influenza Research Database https://www.ncbi.nlm.nih.gov/genomes/FLU/Database/nph-select.

cgi?go=database22 on the 2nd of February 2024. Sequences were aligned using Clustal Omega Multiple Sequence Alignment (https://www.ebi.

ac.uk/Tools/msa/clustalo/),47 and conservation was determined. Conservation is listed as a proportion of total sequences aligned that had an

identical amino acid sequence as the peptide under investigation. Tm represents the midpoint thermal melt temperature calculated at two

concentrations, in duplicate with two independent samples, with the error as standard error from the mean value (SEM).
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The NS2111 peptide followed the same P2-Glu
and P8-Phe primary anchor residues and P5-Thr as
secondary anchor (Figure 4f). As a result, the
backbone of the NS2111 was overlayed well with
the backbone of the NP219 peptide (Figure 4g).
While the P1-Gln, P4-Arg, P6-Phe, P7-Ser residues
of the NS2111 peptide were solvent exposed and
the overall surface was comparable to the NP219
peptide (~240 �A2), intra-peptide contacts limit the
access of their side-chains (Supplementary
figure 6). The NS2111 peptide P4-Arg side-chain is
forming a hydrogen bond with the Gln155 of the
HLA a2-helix and hydrophobic bond network with
the peptide P3-Ile and P6-Phe shielding them
(Supplementary figure 6e and f). This interaction
network is limiting the accessibility for the TCR as
there is no space between the peptide backbone
and the a2-helix for the CDR loops to engage
without structural rearrangement (Supplementary
figure 6f). This is in contrast with the three other
peptides (Supplementary figure 6b, d and h),
where P4 residue side chains are upright, closer to
the HLA a1-helix and perhaps more easily
accessible for CDR loops binding.

Private and restricted TCR repertoires
recognise HLA-B*18:01-restricted epitopes

Finally, we assessed the abTCR repertoire of the
epitope-specific CD8+ T cells from our
HLA-B*18:01+ samples, representing the first TCR
repertoire specific for HLA-B*18:01-restricted
pathogenic peptides. To do this, peptide-specific
CD8+ T cell lines assayed above (Figures 2 and 3)
were stained with the relevant pHLA tetramer
and single-cell sorted. TCR repertoire was
subsequently assessed by single-cell multiplex PCR
as previously described.27 The TCR repertoires
specific for each of the HLA-B*18:01-restricted
peptides were restricted and entirely private, with
no shared abTCR sequences identified between
donors or across epitopes (Figure 5,
Supplementary table 2) and few TRAV and TRBV
biases were identified within epitope-specific TCR
repertoires between donors.

For B18/NP219, TRAV14 usage was seen in all 3
donors, while TRAV29 and TRAV22 were seen in
samples from 2/3 donors. Similarly, TRBV7-2,
TRBV4-1, TRBV4-3 and TRBV19 were seen in
samples from 2/3 donors (Figure 5). In the few
abTCR pairs that were resolved, we found pairing
of TRAV14/TRBV4-3, TRAV38-1/TRBV4-3, TRAV29/
TRBV7-2 and TRAV20/TRBV4-1 (Supplementary

table 2). CDR3 lengths varied from 12 to 16 amino
acids long for CDR3a and from 14 to 17 amino
acids for CDR3b. No distinct motifs were identified
with the small number of clonotypes available for
analysis at each amino-acid length
(Supplementary figure 7).

B18/PB1177-specific CD8+ T cells displayed a bias
in the TCR repertoire towards TRAV1-2 in 2/3
donors, while the third donor made exclusive use
of TRAV6 (Figure 5). Only TRBV19 was shared
across 2 donors, while a range of other TRBVs was
utilised, the most common being TRBV27,
TRBV5-4, TRBV10-2 and TRBV3 (Figure 5). In the
single abTCR pairs that were able to be resolved,
we saw pairings of TRAV6/TRBV27 (Supplementary
table 3). The CDR3a length varied from 13 to 16
amino acids long, while the CDR3b was between
14 and 17 amino acids, with no clear motifs
identified from the few clonotypes of each length
available for analysis (Supplementary figure 7).

CD8+ T cells specific for B18/NS2111 likewise used
a variety of abTCRs for recognition (Figure 5). The
two aTCRs resolved displayed TRAV6 as well as
TRAV8-6, which both paired with TRBV4-2
(Figure 5, Supplementary table 4). TRBV20-1 was
identified in 2/3 of donors, while other prevalent
TRBVs included TRBV12 and TRBV27 (Figure 5).
Similar to both NP219 and PB1177, the CDR3a and
CDR3b length varied from 15 to 17 and 13 to 17
amino acids long, respectively, with no distinct
motifs observed from the data available
(Supplementary figure 7).

Similar to B18/NS2111, the aTCRs specific to
B18/M15 that were resolved used TRAV20 or
TRAV14 (Figure 5) paired with TRBV4-1
or TRBV27, respectively, where abTCR pairs were
resolved (Supplementary table 5). TRBV27 was
identified in 2/3 donors, while a few other TRBV
genes were utilised including TRBV10-3,
TRBV4-1/4–3, TRBV18 and TRBV19. Once again,
the CDR3a length varied from 12 to 14 amino
acids, while the CDR3b length varied from 14 to
17 amino acids, with no distinct motifs observed
from the data available (Supplementary figure 7).

When looking at the abTCR repertoires specific
to the four distinct epitopes within an individual
donor, no distinct TRAV gene usage biases were
observed (Figure 5a). The only TCRa that
appeared across multiple epitopes in any of the
donors was TRAV14, which was observed in
the B18/NP219 and B18/M15-specific TCR
repertoires of SG131, with very different CDR3a
sequences of ‘CAMRPYGGSQGNLIF’ and
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‘CAMREDGNKLVF’, respectively (Figure 5a,
Supplementary tables 2 and 5).

In comparison, several TRBV genes were
detected within multiple epitope-specific abTCR
repertoires within each donor (Figure 5b). Of the
three donors, SG10 had the most TRBV genes
shared across the four peptide-specific abTCR
repertoires. TRBV19 was identified in both the
B18/NP219 and B18/PB1177-specific TCR repertoires
(Figure 5b). TRBV2 was identified in both the
B18/NP219 and the B18/NS2111-specific TCR
repertoires (Figure 5b). TRBV10-3 was detected in
both the B18/PB1177 and B18/M15-specific TCR
repertoires and TRBV20-1 was observed in the
B18/PB1177 and B18/NS2111-specific TCR repertoires
(Figure 5b). Finally, TRBV4-3 was seen across 3/4
epitope-specific TCR repertoires in donor SG10,
including B18/NP219, B18/NS2111 and B18/M15
(Figure 5b). Donor SG115 had only a single shared
TRBV gene across multiple epitopes, namely
TRBV4-3, seen in both the B18/NP219 and
B18/M15-specific TCR repertoires (Figure 5b,
Supplementary tables 2 and 5). Lastly, Donor
SG131 had two shared TRBVs across the four
epitopes. TRBV19 was identified in both the

B18/NP219 and B18/M15-specific TCR repertoires,
while TRBV27 was seen in the B18/PB1177 and
B18/M15-specific TCR repertoires (Figure 5b).
Importantly, despite being from the same donor,
recognising peptides restricted by the same HLA
molecule and sharing a TRBV bias, the CDR3b
sequences were unique (Supplementary
tables 2–5).

DISCUSSION

As influenza viruses continue to cause significant
morbidity and mortality annually, there is an
urgent need for the design and production of a
new generation of influenza vaccines that provide
long-lasting protection against different influenza
virus strains. One potential answer to this may be
the activation of long-lived CD8+ T cells.28 CD8+

T cells typically recognise internal
influenza-derived peptides that are less likely to
be mutated and hence more conserved
throughout different strains. However, one
significant challenge towards designing a CD8+

T cell-mediated vaccine is the polymorphism of
HLA-I, each with their own peptide-binding

Figure 5. TCR repertoire of identified HLA-B*18:01 immunogenic peptides. PB1177, NS2111, M15 and NP219 peptide-specific T cell lines from

three HLA-B*18:01+ donors were tetramer stained with the cognate peptide, single-cell sorted and subject to single-cell multiplex PCR. Pie charts

representing (a) TRAV and (b) TRBV gene usage for CD8+ T cell recognition of B18/NP219, B18/PB1177, B18/NS2111 and B18/M15 tetramers. A

total of 22–26 cells were sequenced, while ‘n’ denotes the number of clonotypes that were resolved. TRAV and TRBV genes are depicted in

different colours, while unique clonotypes are depicted as separate segments of the pie chart.
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preferences.25 As such, there is a need to identify
and characterise novel conserved and highly
immunogenic peptides restricted to a range of
prevalent HLA-I molecules to expand the pool
of epitopes that could be selected for future
vaccine design.

Our study addresses this by characterising novel
influenza A virus-derived peptides that were
predicted to bind to the HLA-B*18:01 molecule.
The HLA-B*18:01 allele is ranked 15th in the
world in terms of HLA-B frequency and accounts
for roughly 2.3% of the global population.17 This
extends to roughly 183 million individuals and is
prevalent across Europe, Africa, the Middle East
and Southeast Asia.17 Therefore, given its
prevalence it would represent a potential target,
in combination with other HLA molecules,
towards the development of broadly applicable
T-cell-based vaccine for the global population.21,29

A recent study identified six novel influenza A
virus-derived peptides predicted to be restricted
to HLA-B*18:01.20 Our results identified three of
the six peptides, namely PB1177, NS2111 and M15
to be immunogenic in multiple of the samples
tested, with different donors responding to
different levels. Tetramer staining then confirmed
the HLA-B*18:01 restriction of these three
peptides. We then compared CD8+ T cell responses
towards these peptides versus the known highly
immunogenic HLA-B*18:01 NP219 peptide.11,21 A
striking immunogenicity hierarchy was observed
across all donors, with CD8+ T cell responses
strongest towards NP219, followed by M15, PB1177
and finally NS2111. The immunodominance
hierarchy can be influenced by many factors30,31

including na€ıve precursor frequency of responding
CD8+ T cells,32,33 other HLA-I expression within an
individual,34 antigen dose,32 the cell processing
and presenting the peptide to na€ıve CD8+

T cells,35 TCR affinity.36 We assessed whether the
stability of the pHLA complexes correlated with
the immunodominance hierarchy and found that
the four peptides were all able to stabilise the
HLA-B*18:01 molecule similarly, with a Tm value
averaging 63 °C and as such, the pHLA complexes
stability had no influence on the
immunodominance hierarchy.

CD8+ T cells capable of exhibiting multiple
effector functions have long been considered to
provide superior protection against viral
infections.37 Indeed, a study has shown that
vaccination against the vaccinia virus induces high
levels of polyfunctional T cell responses and has

been associated with an increase of CD8+ T cells
producing IFN-c.38 All four of the peptides, we
tested induced polyfunctional CD8+ T cell
responses across a range of permutations. IFN-c
was consistently the most expressed cytokine
across all the peptides and donors. Interestingly,
the three most immunogenic peptides, namely
NP219, M15 and PB1177 displayed up to 4 effector
functions, while NS2111 with the lowest
immunogenicity, displayed at most 3 functions.
This is consistent with studies that have shown
that more immunogenic peptides induce
increased polyfunctionality and may suggest an
increase in antiviral protection.34,39 Thus, it is
important to consider not only the level of
immunogenicity, but also the level
of polyfunctionality when picking targets for
future vaccine design.

We characterised the presentation of the four
epitopes by HLA-B*18:01 by X-ray crystallography.
The crystal structures revealed that all four
epitopes shared the HLA-B*18:01-restricted
peptides canonical primary anchor residues and a
secondary anchor residue at position 5 of the
peptide,25 which might provide a basis for
the similar stability observed. abTCR docking
occurs mainly ‘on the top’ of the pHLA and that
canonical interaction between TCR and peptide
occurs by primary contact from the CDR3 loops
wrapped around a few key peptide residues.16

Therefore, the conformation of the NS2111 P4-Arg,
shielding a portion of the peptide and the HLA
a2-helix, may generate an unfavorable surface for
TCR interaction. Compared with the three other
more immunogenic peptides (NP219, M15 and
PB1177), the central part of the NS2111 would limit
the ability of the CDR loop to wrap around the
residues side chains without structural
rearrangement. This might explain the lower
immunogenicity of the NS2111 peptide observed in
the samples tested here.

Aside from a two TCRs recognising
melanoma-associated antigens,40,41 there is no
information of the TCR repertoire of CD8+ T cells
recognising pathogen-derived peptides presented
by HLA-B*18:01. The TCR repertoire was entirely
private, with no shared clonotypes between
donors. This is unsurprising as TCRs can exhibit a
huge diversity, with some estimating that abTCR
diversity ranges from 2.5 9 107 to 3.8 9 108 in a
single individual.42,43 Within each peptide, few
TCR biases were seen between donors, with at
most 2/3 of donors utilising the same TRAV or
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TRBV in the recognition of the same peptide.
CDR3 lengths ranged from 12 to 18 amino acids
long in line with other TCR repertoires published
across a range of HLA-I molecules24,27,44 and no
distinct CDR3 motifs were evident from the
available data. Interestingly, although these 4
peptides are all presented by HLA-B*18:01, there
were no TCR biases evident within donors
recognising each of the 4 peptides.

In summary, we screened six newly reported
influenza A-derived peptides and identified three
new immunogenic peptides restricted to the
prevalent HLA-B*18:01 molecule in samples from
several donors. When compared to the known
highly immunogenic NP219 peptide, a clear
immunodominance hierarchy was observed
comprising the strongest CD8+ T cell responses
towards NP219, followed by M15, PB1117 and
NS2111, and this immunodominance hierarchy was
not dependent on pHLA stability. We then
present the first structures of HLA-B*18:01
presenting immunogenic pathogen-derived
epitopes showing a conserved conformation and
the presence of a secondary anchor residue at
position 5 of the peptide that provide the basis
for the similar pHLA stability observed. Finally, we
report the first TCR repertoire of CD8+ T cells
recognising pathogen-derived peptides presented
by HLA-B*18:01, showing that private TCR
repertoires were used with little evidence of
TCR biases. Overall, this study provides new
knowledge for the field and suggests that both
NP219 and M15, which are well conserved and
induce immunodominant, polyfunctional CD8+

T cell, may be of interest for future influenza
vaccine design.

METHODS

Donors, ethics and peripheral blood
mononuclear cells

Whole peripheral blood from volunteers and Buffy coats
that were obtained from the Australian Red Cross Lifeblood
were the source of peripheral blood mononuclear cells
(PBMCs) used in all cellular experiments. PBMCs were
isolated using the Ficoll density gradient centrifugation
method as previously described.24,27 PBMCs were
cryogenically stored until required. HLA typing was
undertaken by CareDx Pty Ltd, Fremantle, Western Australia
(AlloSeq Tx). All research was approved by the La Trobe
University Human Ethics Committee (Approval No:
HEC21097) and undertaken in accordance with the
declaration of Helsinki. Donor age and sex are listed in
Table 3.

Peptide sequence alignment and
conservation analysis

The WHO recommended 2022–2023 Southern Hemisphere
Influenza virus vaccine strains A/Darwin/9/2021 (H3N2) and
A/Victoria/2570/2019 (H1N1)45 proteins were obtained from
the National Center for Biotechnology Information
(https://www.ncbi.nlm.nih.gov/).46 Sequences were aligned
to the peptides of interest using Clustal Omega Multiple
Sequence Alignment (https://www.ebi.ac.uk/Tools/
msa/clustalo/)47 and are reported in Table 1. Full-length
‘Vaccine only’ influenza A virus strains of M1, NS2, PB1 and
NP were obtained from the NCBI Influenza Research
Database https://www.ncbi.nlm.nih.gov/genomes/FLU/
Database/nph-select.cgi?go=database22 on the 2nd of
February 2024. Sequences were aligned to the peptides of
interest using Clustal Omega Multiple Sequence Alignment
(https://www.ebi.ac.uk/Tools/msa/clustalo/)47 and conservation,
as a proportion of strains with an identical amino acid
sequence, is reported in Table 2.

Peptides and the generation of pool and
peptide-specific CD8+ T cell lines

Pure (> 80%) peptides TEVETYVL (M15), VEQEIRTF (NS2109),
QEIRTFSF (NS2111), TENSFEQITF (NS290), TELKLSDY (NP45),
EEIEITTHF (PB1177) and YERMCNIL (NP219) were ordered
from GenScript Biotech (Piscataway, USA). CD8+ T cell lines
were generated as previously described.48 Briefly, PBMCs
from healthy HLA-B*18:01+ individuals were stimulated with
either a pool of peptides (peptide pool) or were stimulated
with individual peptides to generate peptide-specific T cell
lines. One-third of PBMCs were peptide-pulsed with either
2 lM/peptide for pooled CD8+ T cell lines, or 10 lM of
peptide for peptide-specific CD8+ T cell lines.
Peptide-pulsed PBMCs were then incubated for 90 min at
37 °C with 5% CO2. The peptide-pulsed PBMCs were then
washed twice by centrifugation and added to the
remaining two-thirds of responder PBMCs. Cell lines were
then cultured for 10+ days in RPMI-1640 (Gibco, New York,
USA) supplemented with 19 Penicillin Streptomycin
Glutamine (Gibco), 19 non-essential amino acids (1009
NEAA; Gibco), 2 mM L-glutamine (Sigma-Aldrich, St. Louis,
USA), 5 mM HEPES (Sigma-Aldrich), 50 lM
b-mercaptoethanol (Sigma-Aldrich) and foetal calf serum
(FCS; Sigma-Aldrich). On day 4, 10 IU mL�1 of recombinant
human IL2 (Peprotech, Rocky Hill, USA) was added, then
twice weekly or as necessary.

Table 3. Donor details

Donor Age Sex

SG10 35 Female

SG26 29 Male

SG112 43 Female

SG115 41 Male

SG131 53 Male

HLA-B*18:01+ Donors whose samples were used in this study.
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Protein production and purification

The sequence encoding HLA-B*18:01 heavy chain was
obtained from the IPD-IMGT/HLA database.14 The cDNA
construct for the soluble protein insert, excluding the
transmembrane domain, was sub-cloned into the pET30
plasmid vector using NedI/HindIII restriction enzymes
(GenScript, Piscataway, USA). The recombinant protein and
human b2-microglobulin (b2m) were then individually
expressed in BL21-RIL Escherichia coli cells, resulting in
inclusion bodies that were extracted and purified through
centrifugation.49 The peptides described in this study were
chemically synthesised (GenScript; Tables 1 and 2).
Refolding was performed using 5 mg of peptide, 30 mg of
HLA-B*18:01 heavy chain and 10 mg of b2m in refolding
buffer [3 M Urea (ThermoFisher, Scoresby, VIC, Australia),
0.4 M L-Arginine, (Merck, Darmstadt, Germany) 0.1 M

Tris–HCl pH 8 (ThermoFisher), 2 mM Na-EDTA pH 8 (Merck),
0.16% w/v reduced Glutathione (Goldbio, St Louis, USA)
and 0.03% w/v oxidised Glutathione (Goldbio)]. This
solution was dialyzed in 10 mM Tris–HCl pH 8
(ThermoFisher) and the peptide-HLA-B*18:01 complexes
were purified using a two-stage anion exchange
chromatography (Cytiva, Marlborough,
Massachusetts, USA).

Generation of monomers and tetramers

The HLA-B*18:01 heavy chain with a BirA enzyme tag was
obtained as described above (GenScript). Subsequently,
after anion exchange, the protein complex solution was
desalted using a HiTrap column (Cytiva). The monomeric
protein was combined with 10% v/v 0.5 M bicine pH 8.3
(Avidity, Aurora, USA), 10% v/v 100 mM ATP, 100 mM
magnesium acetate, 500 lM D-biotin (Avidity) and 5 lg of
biotin protein ligase per mg of protein. After overnight
incubation at 4 °C, the solution was loaded onto a size
exclusion (Superdex S200 10/300, Marlborough, USA)
column. The pure protein fraction was pooled and the
amount of biotinylated protein monomer was measured via
native gel electrophoresis. Each peptide-HLA-B*18:01
monomer was conjugated at an 8:1 peptide-HLA to
Streptavidin-PE molar ratio (BD Biosciences, Franklin Lakes,
USA) to form tetramers of HLA-B*18:01 presenting M15,
NS2111, PB1177 or NP219 (hereafter, tetramers and tetramer+

cells are referred to as B18/M15, B18/NS2111, B18/PB1177 or
B18/NP219, respectively).

Tetramer staining and single-cell sorting of
peptide-specific CD8+ T cell lines

CD8+ T cell lines were stained with 1 lL of tetramer (1:100)
and incubated at room temperature for 1 h in the dark.
Cells were then washed and surface stained with
CD3-BV480 (1:100; BD Biosciences), anti-human CD19-APCH7
(1:100; BD Biosciences) anti-human CD8-PerCPCy5.5 (1:50;
BD Biosciences), CD4-BV680 (1:50; BD Biosciences)
anti-human CD14-APCH7 (1:200; BD Biosciences),
Live/Dead-NIR (1:1000; Molecular Probes, Eugene, USA),
CCR7-PeCy7 (1:50; BD Biosciences), CD27-APC (1:100; BD
Biosciences), CD45RA-FITC (1:100; BD Biosciences),

CD95-BV421 (1:50; BD Biosciences) and PD1-BV605 (1:50; BD
Biosciences). Cells were then washed and either
resuspended with 100 lL per well of 1% PFA
(Thermoscientific) and acquired using the Beckman Coulter
CytoflexS (Beckman Coulter) or resuspended in PBS and
single-cell sorted into 96-well PCR plates (Eppendorf,
Hamburg, Germany) on the BD FACSAria Fusion (BD
Biosciences). Plates were centrifuged at 1200 g and then
stored at �80 °C until use. All data were gated as per
Supplementary figure 1 using FlowJo version 10.8.1.

Single-cell multiplex PCR

Multiplex polymerase chain reaction (PCR) of tetramer+

CD8+ T cells single-cell sorted above was undertaken as
previously described.24 First, a reverse transcription cDNA
synthesis was completed using a cDNA synthesis kit
(Invitrogen, Waltham, USA) at 1/20 of the manufacturer’s
recommendation. Briefly, 2.5 lL of 59 VILO (Invitrogen,
Waltham, USA), 109 superscript (Ingen, Waltham, USA), 1%
Triton X (G-Biosciences, St Louis, USA) and HPLC
(Sigma-Aldrich) water was added per well. Plates were
cycled at 25 °C for 10 min, 42 °C for 120 min, 85 °C for
5 min and 4 °C hold. Next, an external TCR amplification
was completed by adding 22.5 lL/well of 109 PCR buffer
(Qiagen, Hilden, Germany), dNTPs (Thermoscientific), TRAV,
TRAC, TRBV and TRBC external primers (Sigma-Aldrich), Taq
polymerase (Qiagen) and HPLC. Following this, an internal
TCR amplification was then prepared by transferring 2.5 lL
of the external PCR product into a new PCR plate and
adding 22.5 lL of 109 PCR buffer, dNTPs, either TRAV
and TRAC or TRBV and TRBC internal primers
(Sigma-Aldrich), Taq polymerase and HPLC. Plates were
cycles as per the internal PCR round. PCR products were
confirmed on a 1–2% DNA agarose gel. Lastly, 5 lL of all
PCR products were added to a new PCR plate with 1 lL of
ExoSap-IT (Applied Biosystems, Waltham, USA). Products
were then purified at 37 °C for 15 min and 80 °C for
15 min. An aliquot of 2 lL of purified PCR product was
added to 10 lL of TRAC or TRBC internal primers with HPLC
and were sent to the Australian Genome Research Facility
(AGRF) for sequencing.

Intracellular cytokine staining assay

Intracellular cytokine staining was undertaken as previously
described.27 Peptide-expanded CD8+ T cell lines were
counted using the trypan blue exclusion methods and
1–2 9 105 cells/well were utilised for all conditions. For
CD8+ T cell lines raised against peptide pools or individual
peptides, 2 lM per peptide or 10 lM of the cognate peptide
were added, respectively, as well as no peptide as a
negative control and cell stimulation cocktail 5009
(eBiosciences, San Diego, USA) as a positive control. Cells
were then incubated at 37 °C with 5% CO2 for 5 h with the
presence of 1:1000 Golgi-Plug (BD Biosciences), 1:1400
Golgi-stop (BD Biosciences) and 1:200 dilution of
anti-human CD107a-AF488 (eBiosciences). Following
incubation, cells were surface stained for 30 min at 4 °C
with anti-human CD4-BV650 (1:100; BD Biosciences),
anti-human CD3-BV480 (1:100; BD Biosciences), anti-human
CD8-PerCPCy5.5 (1:50; BD Biosciences), anti-human
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CD19-APCH7 (1:100; BD Biosciences), anti-human
CD14-APCH7 (1:100; BD Biosciences) and Live/Dead-NIR
(1:1000; Molecular Probes, Eugene, USA). Cells were washed
in PBS, then fixed and permeabilised using BD-Fix Perm
buffer (BD Biosciences) for 20 min at 4 °C. Lastly, cells were
intracellularly stained with anti-human IFNc-BV421 (1:100;
BD Biosciences), anti-human TNF-PeCy7 (1:100; BD
Biosciences), anti-human MIP-1b-APC (1:100; BD Biosciences)
and anti-human IL2-PE (1:50; BD PharMingen). All samples
were acquired on the BD FACSymphony A3 analyser (BD
Biosciences) or the Beckman Coulter CytoflexS (Beckman
Coulter, Brea, USA) and were examined via FlowJo (BD
Biosciences) version 10.8.1. All samples were gated as per
Supplementary figure 1.

Crystallisation and crystal structure
determination

The purified peptide-HLA-B*18:01 complexes in 10 mM
Tris–HCl pH 8 (ThermoFisher) and 150 mM NaCl
(ThermoFisher) were used to grow crystals via hanging drop
vapour diffusion at 20 °C, with a reservoir-to-drop ratio of
1:1. Crystals of HLA-B*18:01-NP219 and -M15 were grown in
a solution containing 0.2 M Potassium Nitrate, 20% w/v PEG
3350 at pH 6.5 (Hampton Research, Aliso Viejo, USA).
Crystals of HLA-B*18:01-NS2111 and -PB1177 grew in a
solution containing 0.2 M Lithium Acetate, 20% w/v PEG
3350 (Hampton Research) and 10 mM MgCl2 (Merck). The
crystals were subsequently soaked in a solution containing
the mother liquor with the PEG 3350 (ThermoFisher)
concentration increased to 30% for cryoprotection prior to
being flash frozen in liquid nitrogen. Diffraction data were
collected using the MX2 beamline as the Australian
Synchrotron, Melbourne, Australia.50 The data were
processed using XDS51 and the CCP4 suite52 PHASER
program53 was utilised for molecular replacement, using
HLA-B*18:01 without the peptide as model (PDB code:
6MT3).24 Manual model building was carried out with
COOT,54 followed by further refinement using PHENIX
(version 1–9).55 All molecular representations were created
using PyMOL (Schrodinger v2.5). The final models were
validated and deposited using the PDB OneDep System
with the following PDB accession codes: 8ROO for
HLA-B*18:01-NP219; 8RNG for HLA-B*18:01-M15; 8ROP for
HLA-B*18:01-NS2111; and 8RNH for HLA-B*18:01-PB1177.

Thermal melting assay using differential
scanning fluorimetry

The thermal stability of each peptide-HLA-B*18:01 complex
was assessed using the ViiA 7 real-time PCR system
(ThermoFisher, Scoresby, Australia), with excitation and
emission channels set to the TAMRA reporter (x3�m3 filter)
at an excitation wavelength of approximately 550 nm and
detection at about 587 nm. Protein complexes were diluted
to concentrations of 0.5 and 1 mg mL�1 using 10 mM
Tris–HCl pH 8 and 150 mM NaCl with duplicate samples for
each concentration. SYPRO Orange dye (ThermoFisher) was
subsequently added to reach a final concentration of 109.
Each sample underwent heating from 25 °C to 95 °C at a
rate of 1 °C min�1. Normalisation of the obtained

fluorescence data was performed using GraphPad Prism 9
(v9.3), with the thermal melting point (Tm) value for each
complex determined at 50% of the maximum fluorescence
intensity. This value corresponds to the approximate
temperature at which 50% of the protein has unfolded.
The thermal melting assay was performed with 2
independent samples in duplicate at two concentrations.
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