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ABSTRACT 

Cross-reactive ab T cell receptors (TCRs) recognizing multiple peptide variants can 

provide effective control of rapidly evolving viruses yet remain understudied. By screening 
twelve naturally occurring influenza-derived HLA-B*35:01-restricted nucleoprotein (NP)418-426 
epitopes (B*35:01-NP418), which emerged since 1918 within influenza A viruses, including 
2024 A/H5N1 viruses, we identified functional broadly cross-reactive T cells universally 
recognizing NP418 variants. Binding studies demonstrated that TCR cross-reactivity was 
concomitant with diminished antigen sensitivity. Primary human B*35:01/NP418

+CD8+ T cell 
lines displayed reduced cross-reactivity in the absence of CD8 co-receptor binding, 
validating the low avidity of cross-reactive B*35:01-NP418

+CD8+ T cell responses. Six TCR-
HLA-B*35:01/NP418 crystal structures showed how cross-reactive TCRs recognized multiple 
B*35:01/NP418 epitope variants. Specific TCR interactions were formed with invariant and 
conserved peptide-HLA features, thus remaining distal from highly varied positions of the 
NP418 epitope. Our study defines molecular mechanisms associated with extensive TCR 
cross-reactivity towards naturally occurring viral variants highly relevant to universal 
protective immunity against influenza.  
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INTRODUCTION 
 
CD8+ T cells play an important role in controlling respiratory viral infections, reducing disease 
duration, ameliorating disease outcomes and preventing life-threatening disease following 
seasonal, pandemic and avian influenza, respiratory syncytial virus (RSV) and COVID-19, as 
evidenced by studies in human cohorts (1-7) and animal models (8-10). Human influenza 
challenge of healthy volunteers showed that increased T cell cytotoxicity was associated with 
reduced virus shedding, even in the absence of antibodies (1). Similarly, prominent pools of 
influenza-specific memory T cells were associated with milder symptoms during the 2009 
pandemic H1N1 infection (2) and against symptomatic PCR-confirmed influenza across 

several seasonal influenza epidemics (3). When the avian-derived influenza virus A/H7N9 
emerged in China in 2013, causing mortality rates of >35%, patients with shortest hospital 
stays had cytotoxic CD8+ T cell responses, whereas patients who had longer hospitalizations 
had delayed CD8+ T cell immunity (4). In COVID-19, patients with prominent CD8+ T cell 

responses towards an immunodominant B7/N105 epitope had reduced viral replication and 
disease severity (6), while depletion of CD8+ T cells in non-human primates abrogated 
protection against SARS-CoV-2 challenge (11). The importance of T cells in driving recovery 
from COVID-19 was also evident in immunosuppressed patients who lacked B cells, but 
recovered after inducing robust T cell responses (12). In both influenza virus infection (10, 13, 

14) and RSV (5), resident memory CD8+ T cells (TRMs) within the respiratory tract are of 
particular importance for providing local immune responses, and controlling viral loads, 
disease severity and transmission (10). 

CD8+ T cells provide broadly cross-reactive immunity towards distinct influenza types 
and variants (2, 4) as well as SARS-CoV-2 variants of concern (VOCs) (15, 16), as they 

establish long-term memory pools directed towards epitopes (peptide (p) plus human 
leukocyte antigens (HLA)), encompassing predominantly conserved viral peptides (17-19). 
Thus, virus-specific CD8+ T cell immunity, is a promising approach for broadly cross-reactive 
vaccines providing heterologous protective immunity across distinct strains and subtypes. If 
we can ameliorate disease severity from acute respiratory viral infections via establishment 
of prominent pre-existing T cell pools, we would be able to prevent life-threatening illness, 
especially in high-risk groups. 

Nonetheless, the conservation of T cell-targeted viral peptides is not absolute, and 
influenza CD8+ T cell escape occurs by several means, including abrogation of T cell receptor 
(TCR) recognition (20). CD8+ T cell-mediated immune pressure can also drive emergence of 

influenza viral variants. A study in influenza virus-infected mice and an immunosuppressed 
individual with prolonged influenza disease revealed the emergence, persistence and 
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accumulation of naturally occurring variations within CD8+ T cell epitopes over time, including 
the immunodominant DbNP366-374 epitope targeting influenza nucleoprotein (NP) (21). 
Importantly, in the absence of CD8+ T cell-induced immune pressure (in major 
histocompatibility complex class I (MHC-I) irrelevant mice), viral variants can revert to the wild 
type viral peptide to restore viral fitness, demonstrating that the emergence and reversion of 
influenza virus quasispecies within CD8+ T cell antigenic peptides can be driven by CD8+ T 
cell immune pressure (21). 

Eliciting TCRs, comprising of a and b chains (ab TCRs), capable of cross-reacting 

with a broad array of naturally occurring viral-peptide variants could circumvent CD8+ T cell 
immune escape and yield a highly sought measure of universal protective immunity against 
influenza. Although the TCR repertoire is theoretically smaller than the number of potential 
antigens presented by HLA molecules, the coverage of foreign antigens can be achieved by 
a degree of TCR cross-reactivity, as shown in autoimmunity (22, 23), cancer (24), and towards 
the human telomerase reverse transcriptase (25). Cross-reactivity of TCRs, in which CD8+ T 

cells can respond to different peptide-HLA complexes, is of fundamental importance for our 
understanding of T cell immunity and has relevant implications for broadly protective 
immunity in infection and cancer (3). However, to date, molecular determinants of broad 

cross-strain recognition of naturally emerging viral variants by ab TCRs remain unclear. 

 Our study defines molecular mechanisms of TCR cross-reactivity towards naturally 
occurring viral variants by αβ TCRs, focusing on natural influenza variants within the HLA-

B*35:01-restricted NP418-426 (B*35:01-NP418) epitope (26), including 2024 avian and bovine 
H5N1 viruses. The cross-reactive capacity of CD8+ T cells directed at B35/NP418 variants was 
previously reported at polyclonal and clonal levels, and suggested to be driven by prior 
infections with distinct influenza viruses that selected cross-reactive CD8+ T cells reactive to 
B*35:01-NP418 variants (26, 27). We analyzed HLA-B*35:01/B*35:03/B*07:02 CD8+ T cell 
responses across twelve NP418-426 naturally-occurring variants in healthy participants and 
patients undergoing pandemic (p)H1N1 2009 influenza virus infection, revealing a larger 
extent of CD8+ T cell cross-reactivity towards this epitope (20). Influenza-specific memory 

CD8+ T cells from healthy participants were reactive to 10 out of 12 NP418 variants and up to 
11 in pH1N1 2009 infected patients (20). Thermal stability assays and structures of HLA-
B*35:01 in complex with six NP418 peptides determined that these complexes were stable 
and contain solvent exposed amino acids at p4 and p5 in NP418 that resemble potential TCR 
contacts (20). This antigenic peptide variability along with the spectrum of clonal CD8+ T cell 
cross-reactivity, make the HLA-B*35:01-NP418 epitope valuable for interrogating molecular 
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determinants of specificity and cross-reactivity of influenza-specific TCRs, highly relevant to 
other viral infections. 

Here, we generated and studied six ternary TCR-NP418-HLA-B35 structures to unravel 
molecular determinants of TCR recognition of naturally emerging viral variants within one of 
the most immunodominant human CD8+ T cell epitopes reported to date, B35/NP418. Our 
question was to understand why some B35/NP418-specific TCRs are more specific (or narrow) 
in recognition, while other TCRs display broader recognition in the context of natural T cell 
variable antigens. In human primary B*35:01/NP418 

+CD8+ T cell lines, we further verified low 
avidity of cross-reactive B*35:01/NP418

+CD8+ T cell responses by showing markedly reduced 

cross-reactivity in the absence of CD8ab co-receptor binding. We identified a large spectrum 

of heterogeneous HLA-B*35:01-NP418 cross-reactive CD8+ T cell pools, both at the polyclonal 
and clonal levels. Polyclonal, cross-reactive HLA-B*35:01-NP418

+CD8+ T cells clustered 
around NP418 variants sharing D and K/R residues at solvent-exposed p4 and p5, 
respectively. TCR affinity was negatively associated with the breadth of TCR cross-reactivity. 
NP418 variants recognized with lower avidity were nonetheless capable of eliciting multiple 
effector functions. Structural studies showed that the cross-reactive TCRs were mainly 

recognizing the epitope via backbone contacts, alongside permissive interactions with 
charged p4/p5 residues. Notably, cross-reactive TCRs remained distant from the 
hypervariable residues of the NP418 epitope. Accordingly, we provide a molecular 
understanding of how TCR cross-reactivity towards a variable influenza epitope is 
manifested, highly relevant to understanding universal protective immunity against influenza 
and potentially other viral diseases.  
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RESULTS 
Broad cross-reactivity of influenza-specific CD8+ T cells directed against HLA-
B*35:01/NP418 variants 

An influenza-derived NP418-426 epitope is an immunodominant human CD8+ T cell target (20, 
21, 28), presented by at least 3 HLA allomorphs of the highly prevalent HLA-B7 superfamily 

(29), HLA-B*07:02, HLA-B*35:01 and HLA-B*35:03. Although >20 NP418 variants have been 
found within influenza A viruses circulating over the last century, including avian and bovine 
2024 H5N1 viruses, B35*01/NP418-specific CD8+ T cells display a high degree of cross-
reactivity towards different NP418 variants (20, 21, 28, 30). To understand the plasticity of 

B35*01/NP418-specific CD8+ T cells in recognizing a selected array of variants, we focused 
our analyses on 10-12 of NP418 variants that cover all the major human and avian influenza 
viruses (Table 1, Fig. 1A). 
 
To study B*35:01-NP418-specific CD8+ T cells, we generated HLA-B*35:01-tetramers loaded 
with 10 different naturally-occurring NP418 peptides (Fig.1A, fig. S1) and stained polyclonal 
HLA-B*35:01/NP418-specific cells expanded in vitro (Fig. 1B). At 11 days (d) after peptide 
stimulation, HLA-B*35:01/NP418 CD8+ T cells were detected in 3 out of 4 donors with 
frequencies ranging from ~1-25% of CD8+ T cells (Fig. 1C), whereas one donor had negligible 
tetramer+ events above background staining. Variations in the frequencies of B*35:01/NP418 

tetramer+ CD8+ T cells were donor-dependant and NP418 variant-dependant, likely reflecting 
the individual’s influenza history (13). To determine cross-reactivity within HLA-B*35:01-NP418 
CD8+ T cells, we co-stained with a tetramer matrix covering the plausible unique HLA-
B*35:01-NP418 tetramer combinations (Fig. 1D, fig. S2). Streptavidin to monomer conjugation 
ratios were optimized using BaF3 cells expressing the β2M agonist LILRB1, whereby free 

monomer-streptavidin ‘cross-over’ during tetramer co-staining was excluded (fig. S1). Cross-
reactivity towards HLA-B*35:01-NP418 was heterogeneous, however, larger pools of cross-
reactive cells clustered around NP4, NP5 and NP6 variants (Fig. 1E & F), exposing the 
DKS/DKT	 sequence that is solvent-exposed and in the central P4, P5, and P6 epitope 
positions (Fig. 1A). The middle part of the epitope is preferred for TCR interactions. These 
results show that polyclonal populations of cross-reactive memory HLA-B*35:01/NP418-
specific CD8+ T cells are present in the majority of HLA-B*35:01+ individuals, resolving a large 
extent of mostly heterogeneous cross-reactivity directed against a hypervariable influenza 
CD8+ T cell epitope. 
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HLA-B*35:01/NP418-specific cross-reactivity at a single TCR level  

To cover the spectrum of cross-reactive responses towards HLA-B*35:01/NP418 variants by 

single TCRab, we selected four primary HLA-B*35:01/NP418
+CD8+ T cell clones, derived from 

2 HLA-B*35:01+ donors, recognizing 1 or 4 (out of 4 variants tested) NP418-426 variants (21, 31). 

Using single-cell paired TCRαβ RT-PCR sequencing, Complementary Determining Region 

(CDR) TCR clonotypes were defined and their clonality was confirmed (Table 2). To dissect 
TCR specificity for HLA-B*35:01/NP418 variants in a controlled system, we transiently 
expressed CD3, TCR and CD8αβ molecules in HEK293T cells and performed HLA-

B*35:01/NP418 tetramer binding analysis (fig. S3). These HLA-B*35:01/NP418
+CD8+ T cell 

clones expressed distinct TRAV- and TRBV-chains except for a TRBV20-1*01 chain shared 
between TCR.2384 and TCR.3180, however with different TRBJ segments (Table 2). Despite 
the relative diverse V gene usage and CDR3 sequences, TCRαβ clones shared common 

characteristics, including shared TRBJ chain usage of TCR.D1 and TCR.2384 and, 
consequently, a common QETQ motif within CDR3 (Table 2). Moreover, the TCR.C4 and 
TCR.3180 clones displaying a greater degree of cross-reactivity, shared a G and a QL motif 
in CDR3α, and a P in the CDR3β (Table 2).  

 
To investigate the functional consequences of TCR-mediated cross-reactivity across 12 
naturally-occurring variants of HLA-B*35:01/NP418, covering the major human and avian IAVs, 
we transduced Jurkat76 (J76) cells with TCR segments corresponding to clones D1, 2384, 
C4 and 3180. We measured activation mediated by these HLA-B*35:01/NP418-specific TCRs 
towards 12 different NP418 peptides (or the pool of 12 NP418 peptides as a control) by CD69 
surface expression. The NP418 peptide pool induced TCR-specific activation and CD69 
upregulation on CD8+CD3+GFP+, HLA-B*35:01-NP418-specific J76 cells (Fig. 2A & B), but not 
for HLA-B*07:02-expressing cells (Fig. 2B), confirming TCR specificity and self-HLA 
restriction at the functional level. 
 
The extended analysis with single-peptide stimulations revealed the breadth and profiles of 
clonal cross-reactivity of HLA-B*35:01/NP418-specific TCRs (Fig. 2C & D). The NP418 variants 
NP4, NP6 and NP8, bearing a DKS/DKA motif were broadly recognized by the four TCRs 
(Fig. 2C & D). We observed that the NP418 variants NP1, NP2, NP9, NP11 and NP12 containing 
a R or I at p5, induced negligible (NP1, NP2 and NP12) to no (NP9 and NP11) functional 
activation across the four TCRs analysed (Fig. 2C & D). Moreover, a substitution of a 
positively-charged polar residue to a smaller hydrophobic side-chain, KàI also at p5 in NP9 
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(LPFDIATIM), likely impacted the pHLA surface available for TCR contact (20) and did not 

induce CD69 upregulation in any of the B*35:01/NP418-specific J76 lines (Fig. 2C & D). 
TCR3180 displayed the largest breadth of recognition of 9 NP418 peptide variants out of 12, 
while TCR.C4 displayed the second largest breadth of recognition with 7 NP418 peptide 
variants out of 12. All variants recognized by TCR.C4 had D at P4 and either a R or a K at p5, 

and it was the only TCR not recognizing NP7 (LPFEKSTIM) (Fig. 2C & D).  

 
Accordingly, we demonstrate that the breadth of cross-recognition of HLA-B*35:01-NP418-
reactive TCRs ranges between 5 and 9 out of 12 NP418 variants and revealed shared and 

unique cross-reactive profiles, most likely driven by their TCRab characteristics. 

 

Functional avidity and affinity of TCR-HLA-B*35:01-NP418 interactions 

To address whether the breadth of cross-reactivity impacted the functional T cell avidity, we 
performed kinetic peptide-dose response experiments for the peptides recognized by TCRs 
D1, 2384, C4 and 3180 (Fig. 3A). These saturation curves allowed us to calculate half 
maximum effective concentrations (EC50) values, reflective of antigen sensitivity (Fig. 3B). 
Moreover, Surface Plasmon Resonance (SPR) assays assessed the affinity of the NP-variants 
(all but NP11) for D1 and 3180 TCRs (table S1). 

 

TCR.D1-expressing cells recognized NP418 variants with two largely different antigen 

sensitivities, NP6, NP7 and NP10 (LPFDKSTVM, LPFEKSTIM and LPFEKSTVM 

respectively), all of them sharing p5-K, p6-S present an EC50 of ~10-9.3 LogM (Fig. 3A & B). 

Affinity was determined via SPR to be >200 µM, ~110µM and ~40 µM, respectively (table 

S1).  Conversely, the EC50 was reduced by ~1.8 LogM for variants with the V-I substitution at 

p8 (NP8, LPFDKASTIM and NP4-LPFDKSTIM) (Fig. 3A & B), and we could not observe 

binding via SPR (table S1). Interestingly, the only difference between NP10 and NP7 peptide 
is the VàI substitution at p8. This substitution did not influence the EC50 but reduced the 

binding affinity from ~40 µM (NP10) to ~ 110µM (NP7). This indicates that p8 plays a role in 

antigen recognition, suggesting that the extensive drift observed at this position could be 
CD8+ T cell-mediated (Table 2). The antigen sensitivity profile of TCR.2384 showed highest 

functional avidity for NP4 (LPFDKSTIM) (EC50~10-8.7 LogM), followed by NP5 and NP8 

(LPFDKTTIM and LPFDKATIM) with an EC50~10-7.5 LogM, exposing a preferred DKx/I 

(residues p4 p5/p7) motif (Fig. 3A & B). 
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TCR.C4 was most sensitive, with an EC50 <10-7.5 LogM, towards the NP3, NP4 and NP6 

peptides (LPFDKPTIM, LPFDKSTIM and LPFDKSTVM, respectively), and antigen sensitivity 

was somewhat marginally reduced by 0.4 LogM for NP5, LPFDKTTIM and NP8, LPFDKATIM 

(Fig. 3A & B). Except for antigen sensitivity towards NP2, LPFDRTSTIM (EC50~10-6.5LogM), 

the most cross-reactive TCR.3180 recognized 8 of the NP418 variants with similar pHLA-I 
avidities (EC50 range=10-7.1-10-8.6LogM) (Fig. 3A & B) and 7 of these peptides displayed K at 
p5 (Fig. 3A & B). Thus, consistent with its broadest cross-reactivity (breadth=9 variants out 

of 12), the preferred peptide motif was xKx/x. Similar observations were made with the SPR 

experiments that showed 2 different populations according to binding affinity: NP4, NP5, 

NP7 and NP8 with affinities around 10 – 15 µM, and NP3, NP6, NP10 and NP12 with affinities 

from ~40 to 100 µM (Table S1). No binding was observed for NP2, which also had the lowest 

EC50 (Fig. 3B). 
 
Functional avidity correlated with TCR affinity, determined by SPR assays, further validating 
the utility of antigen sensitivity as a measure of the strength TCR-HLA-B*35:01-NP418 
interactions. Collectively, we revealed the interplay between TCR specificity and pHLA-I 
avidity. TCRs D1 and 2384 displayed higher specificity, recognizing less peptide variants with 
large differences (of up to 10-2LogM in EC50) in TCR-HLA-B*35:01-NP418 avidity antigen 
sensitivity (Fig. 3B). Conversely, the less specific TCR.C4 and TCR.3180, recognized more 

NP418 variants, albeit with lower functional pHLA-I avidities (Fig. 3B). Thus, higher TCRab 

cross-reactivity comes at the expense of compromising HLA-B*35:01/NP418 avidity. 
 

CD8b co-receptor binding dependence of cross-reactive HLA-B*35:01-NP418
+CD8+ T 

cell responses 

As CD8b co-receptor binding dependence is a hallmark of low avidity influenza-specific CD8+ 

T cells (32-34), we generated 7 HLA-B*35:01/NP418 CD8-null monomers, containing Q226K 

and D227A mutations within HLA-B*35:01 to abrogate CD8b binding (table S2) to validate 

reduced avidity of cross-reactive HLA-B*35:01-NP418
+CD8+ T cell responses. Primary human 

HLA-B*35:01-NP418
+CD8+ T cell lines on d11 following stimulations with NP418 peptide pools 

were co-stained with the wild type and CD8-null HLA-B*35:01/NP418 tetramers, conjugated 
to different fluorochromes (Fig. 4, fig. S4). Our data showed that the primary human 
B*35:01/NP418 

+CD8+ T cell lines displayed markedly reduced cross-reactivity in the absence 

of CD8b co-receptor binding, confirming our findings in NP418 Jurkat cells of low avidity of 

cross-reactive B*35:01/NP418 
+CD8+ T cell responses. 
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Mutational analysis of NP418 and requirements for TCR activation 

To identify the key sites for TCR activation, we performed alanine substitution scans using 
the broadly recognized NP4 epitope as proxy (Fig. 5A-D).  A was substituted into positions 
P1, P4, P5, P6, P7 or P8, while the remaining P2, P3 and P9 positions were kept unaltered 
due to their roles in peptide anchoring to HLA-B*35:01 (20) (Fig. 5E). 
 
TCR.3180 displayed the highest degree of tolerance to mutations in NP4 consistent with its 
broadly cross-reactive profile (Fig. 5D). Nevertheless, A at the invariant p7-T and at p8-I 
resulted in an 80% decrease in T cell activation (Fig. 5D). Despite TCR.D1 being at the lower 
end of cross-reactive capacity (5 NP418 variants recognized Vs 7 by TCR.C4 and 9 by 
TCR.3180), this clonotype tolerated 4 out of 6 A substitutions in the peptide (Fig. 5A). TCR.D1 
clonotype activation was only disrupted by mutations in the pivotal p5 or p7 positions (Fig. 
5A & B). Interestingly, A-substitutions at P4 resulted in ~50% increase in CD69 expression 
relative to wild-type NP4, revealing a unique feature of this TCR (Fig. 5A). TCR.D1 activation 
was altered following stimulation with A substitutions at P1, P5, P7 and P8 relative to wild 
type NP4 (Fig. 5A). 
 
TCR.2384 failed to upregulate CD69 expression when p5, p7 and p8 were altered and TCR 
activation decreased by ~70% with the A4 mutation in NP4 (Fig. 5B). Overall, TCR.2384 
required integrity of the central (p4 and p5) and C-terminal residues (p7 and p8) (Fig. 5B). 
Thus, despite TCR.2384 sharing clonotypic and specificity features with TCR.D1 (Table 2 & 
Fig. 2C & D, Fig. 3A & B), it displayed distinct requirements along the NP4 peptide sequence 
for activation. TCR.C4 had a breadth of recognition of 7 peptide variants (Fig. 2C & D, 3A & 
B), however, only 2 out 6 altered peptide ligands were recognized, representing the lowest 
(out of four TCRs analysed) tolerance for alterations in the NP4 peptide (Fig. 5C). 
 
Overall, these experiments indicate that p5 acts as a major pivot for NP418 TCR recognition. 
The specific requirements in the peptide sequence for T cell activation suggest distinct 
modes of TCR-HLA-B*35:01-NP418 recognition. These data indicate that cross-reactivity 
towards HLA-B*35:01/NP418 is, to an extent, driven by plasticity in cross-reactive TCRs. 

 
Cytokine and polyfunctional profiles of primary HLA-B*35:01/NP418-specific CD8+ T cell 
clones 
To define functionality of HLA-B*35:01/NP418-specific CD8+ T cell clones, we determined 

cytokine-producing profiles of primary T-cell clones to different NP variants displayed on C1R 
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cells. We performed intracellular cytokine staining (ICS) by stimulating primary D1 and 3180 

clones with a panel of NP peptide-pulsed HLA-B*35:01+ C1R cells. Negative controls included 

HLA-B*35:01+ C1R cells pulsed with nil or HLA-matched but irrelevant IPS peptide. Controls 

included primary T-cell clones stimulated with HLA-B*35:01+ C1R cells pulsed with NP 

peptide-pool, PMA/Ionomycin or anti-CD3/anti-CD28 beads.  
 

Clone D1 produced highest levels of IFN-g production (>75%) following exposure to NP6, NP7 

and NP10, while Clone 3180 responded highest to NP4, NP5, NP7, NP8 and NP10 (Fig. 6A), 

reflective of their antigen sensitivity patterns (Fig. 3). Multifunctional T cell activation profiles 

comprising cytokines IFN-g, TNF-a and MIP-1b and degranulation marker CD107a (Fig. 6B) 

showed similar activation patterns with clone D1 showing highest polyfunctionality towards 

NP6, NP7 and NP10, and clone 3180 towards NP4, NP5, NP7, NP8 and NP10 (Fig. 6C). 

Therefore, the primary T cell clone's cytokine profiles functionally confirm their antigen 

recognition patterns towards NP variants. 

 

Similar conformation of NP418 variants in the HLA-B*35:01 binding cleft  

To gain insights into the nature of NP418 variants, we determined high-resolution structures 
of HLA-B*35:01 presenting five NP418 peptides: NP3, NP6, NP7, NP8 and NP9 (fig. S5 and 
table S3). Epitope variants adopt a similar conformation in the HLA-B*35:01 binding cleft, 
with an average root mean squared deviation (r.m.s.d.) of 0.24 Å2 when compared with the 
NP418/HLA-B*35:01 structure as reference (pdb: 3LKS). The P2-P and P9-M anchor residues, 
lie deep within the peptide-binding groove positioning the central portion of the epitope for 
outward display (Fig. 5E, fig. S5A-D).  At the N-terminal end the peptide backbone undergoes 
near right-angle transitions at both the P3-F and negatively charged P4 yielding a distinctive 
kink to this HLA-presented epitope following the P2-P anchor (fig. S5A). The divergent 
residues present in individual viral strains project upward from HLA-B*35:01 at positions P4, 
P5, P6 and P8. The charged P5 residue provides a prominent extension and is somewhat 
mobile about its alkyl chain. 
 

Alternate mechanisms of D1 and 3180 TCRs for cross-reactivity  

To understand T cell cross recognition, we determined the structures of the cross-reactive 
3180 TCR (TRAV13-1, TRBV20-1*02) in complex with HLA-B*35:01 presenting NP4, NP7 and 
NP8 and the D1 TCR (TRAV1*01, TRBV7-8*01) in complex with HLA-B*35:01 presenting NP6, 
NP7 and NP10 (Fig. 7, fig. S6 and tables S4-S7). A comparison of three 3180 TCR HLA-
B*35:01/NP variant structures showed that docking angles, total buried surface area (BSA) 
and individual CDR contributions were essentially unchanged (all TCR Cα r.m.s.d. = 0.37 - 



12 
 

0.51 Å), which was also the case for the three D1 TCR HLA-B*35:01/NP complexes (TCR Cα 
r.m.s.d. = 0.37 - 0.81 Å). To enable a detailed comparison, we analysed complexes formed 
between the HLA-B*35:01-NP7 epitope and TCRs 3180 and D1. Overall, HLA-B*35:01-NP7 
was engaged by the 3180 and D1 TCR with a similar, canonical docking mode, crossing the 
central portion of the peptide at an angle of 63˚ and 77˚, respectively (table S5). In line with 
disparate CDR3 loop sequences and TRAV/TRBV gene usage (table 2), the fine positioning 
of 3180 and D1 TCRs relative to HLA-B*35:01/NP, and the layout of CDR loops was overall 
distinct (TCR Cα r.m.s.d. = 3.5-3.6 Å), and there were few, if any, conserved features in pHLA-
B*35:01 recognition (Fig.7 and fig. S6). 
 

Structure of the 3180 TCR HLA-B*35:01-NP7 complex  

The complex formed between the 3180 TCR and HLA-B*35:01-NP7 comprised a total BSA 
of 2040 Å2 with TCRα and TCRβ chains contributing roughly equal shares to the total BSA 
(47.8% and 52.2 %, respectively) (tables S5-S7). The interface was dominated by CDR3β 
(BSA: 34%), which occupied a central position atop of the peptide and interacted with both 
sides of the peptide binding groove, via T69 and T73 on the HLA α1-helix and A150, R151 
and Q155 on the α2-helix (table S7). The remaining CDR loops occupied peripheral positions 
and provided sizeable interface with the HLA that neatly encased the central CDR3β (fig. S6A 
& C).  Residues CDR3β 108 – 112 were aligned alongside the NP7 peptide, forming five H-
bonds (p5-K, p6-S and p7-T), two salt bridges (p4-E and p5-K), and numerous van der Waals 
(vdW) interactions across p5-p7 of the peptide (fig. 7C and table S4). In addition, CDR3α 
D107 contributed a single salt bridge interaction with p5-K, while CDR1α contributed vdW 
interactions with p8-I (table S5). Accordingly, TCR 3180 - peptide interactions were almost 
exclusively mediated by the TCR β-chain.  

 

Structural basis for 3180 TCR - NP variant cross-reactivity  

The structures of 3180 TCR-HLA-B*35:01/NP418 epitope variant complexes revealed several 
features that underpin 3180 TCR tolerance to epitope variation. Specifically, T cell activation 
assays demonstrated that the 3180 TCR retains reactivity to variant epitopes carrying 
conservative substitutions in p4 (D, E), p5 (K>R), p6 (S, A > T, P) and p8 (I>V) (Fig. 2). 
Compared to the unbound epitope structures that displayed some conformational variability 
in p4-p8 of the NP epitope variants, 3180 TCR binding imposed a single conformation upon 
each peptide as it was entombed between the HLA platform and TCR CDR loops (fig. S5B 
and S6E). Presumably, this induced fit feature confers a degree of tolerance to 
conformational diversity and variable flexibility of peptide residues. Further, the 3180 TCR 
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provides opposing charges for the charged p4 and p5 residues (p4-E and p5-K in NP7), and, 
notably, 3 H-bond interactions to the p5-K sidechain (Fig. 7C, table S7). Accordingly, 
tolerance of conservative substitutions in p4 and p5 is enabled by electrostatic 
complementarity between CDR3 residues and the peptide. Furthermore, the extended 
alignment of the CDR3β backbone with the peptide confers three β-sheet-like backbone-
backbone H-bonds between CDR3β T109, S110 and R112 and the backbone of variable 
peptide residues p4, p5 and p6 (Fig. 7C), which likely contributes to sidechain substitutions 
in the central portion of the peptide. 
 
The TCR.C4 and TCR.3180 clones, that display a greater degree of cross-reactivity, shared 
a YQL114-116 motif in CDR3α unique to the TRAJ33 and TRAJ28 segments used by TCR.C4 
and TCR.3180, respectively, as well as P108 in CDR3β (Table 2). While it remains unclear 

how far these features contribute to cross-reactivity, CDR3α Y114 plays a structural role in 
the TCR 3180 - HLA-B*35:01 interface, where it interconnects the tip of CDR3β (G111, R112) 
with HLA-B*35:01 α1 helix residues Q65 and I66 (Fig. 7C, fig. S6A and table S7), whereas 
CDR3β P108 is responsible for a kink in the CDR3β backbone that aligns CDR3β108-112 

alongside the peptide, and enables aforementioned H-bonding with the peptide backbone. 

 

Structure of the D1 TCR HLA-B*35:01-NP7 complex  
Broadly comparable to the 3180 ternary complex, the interface of the D1 TCR and HLA-
B*35:01 NP7 complex was similar footprint with a total BSA of 2000 Å2, TCRα and TCRβ BSA 

contributions were evenly matched, with 47.6% and 52.4 %, respectively, and the CDR3b 

loop made the largest BSA individual contribution (22.9%) (Fig. 7D-F, fig. S5D, S6B & S6F). 

As observed in the 3180 TCR B*35:01 NP7 complex, CDR3b took up a central position atop 

of the peptide, with the CDR3b119-113 backbone of partially aligned along the peptide. CDR3b 

formed an expansive interface with the peptide, including 5 hydrogen bonds and multiple van 
der Waals interactions across p3 to p8 of the peptide and a smaller interface with the B*35:01 
α2 helix. In analogy to 3180 (Fig. 7B & C), the peptide interface of the D1 TCR was expansive 
and dominated by CDR3β, and it involved multiple interactions with the peptide backbone 
(p4, p5, p7 and p8). D1 TCR peptide interactions included three hydrogen bonds between 

CDR1α Y37, CDR3α G113, CDR3b T109 and the backbone of p4-E (2 hydrogen bonds) and 

p8-I, as well as two H-bonds between CDR3b G112Q113 and the p5-K sidechain (Fig. 7E & 

F). Accordingly, the interface between the D1 TCR and HLA-B*35:01 NP7 was altogether 
distinct from that of the 3180 TCR, in that it employed different residues and a less polar 
bonding pattern, but it also reiterated elements of the 3180 TCR interface that was heavily 
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involved with the peptide backbone and formed focal H bonds with the p5-K sidechain (Fig. 
7E & F). As observed in the 3180 ternary complexes, the D1 TCR locked each peptide variant 
into a fixed position, with the distinction that the sidechain of p5-K assumed a distinct 
conformation (fig. S6F), attributable to H-bonding between the p5-K sidechain and HLA-
B*35:01 α2 helix residues A150 and Q155.  
 

Structural basis for D1 TCR - NP variant cross reactivity  

We examined how the D1 TCR accommodated epitope variations. This TCR forms three 
hydrogen bonds between its CDR loops and the peptide backbone and 2 more with the NP7 
P5-K sidechain. The peptide backbone interactions such as that made by D1CDR1𝛼 Y37 

obviously permit significant variant substitutions (Fig. 7F) as would the van der Waals with 
the p7-T (Fig. 7F) and the backbone-backbone interactions to P8 (Fig. 7F). Specific features 

of the P4 side chain remain distal from the TCR, a van der Waals contact is made to Cb 

carbon potentially allowing multiple substitutions at this site. In contrast, the positively 

charged p5 extends to become sandwiched between D1CDR3b	 and	 the HLA 𝛼1	helix via 

multiple H-bonds (fig. S6D). This key interaction is thus less permissive than the equivalent 
salt-bridge of the 3180 TCR limiting the D1-TCR’s tolerance of substitutions at this position 
(Fig. 2).  The highly variable p6 and p8 positions are also far more buried in the D1 complex 
as compared to that of 3180 but their side chains remain surrounded by water-filled cavities 
allowing for limited substitution at these sites.   
 

The major contributor to NP epitope binding in both the 3180 and D1 TCR, is the CDR3b 

loop. A commonality achieved as both cross-reactive TCRs bind to the varied influenza 
epitopes via direct interactions to conserved features (e.g. p3 and p7) yet utilize more 

accommodating interactions to varied epitope positions (e.g. p4 and p5). An outcome 
accomplished in fundamentally distinct ways for each cross-reactive TCR.  

 

 
DISCUSSION 

The importance of antigen-specific CD8+ T-cell memory for protection against severe 
influenza disease caused by seasonal and newly-emerging viruses in the absence of pre-
existing antibodies has been reported (1, 35). Our study defines a highly immunodominant 

and cross-reactive influenza-specific CD8+ T cell response in HLA-B*35:01+ individuals that 
can recognize up to 9 out of 12 influenza A NP418 variants spanning over 100 years, including 
the currently circulating avian and bovine 2024 H5N1 viruses. While a high proportion of 
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influenza-specific CD8+ T cell epitopes is conserved (17), variability in T cell viral targets 
occurs naturally (20) (21). The B35/NP418 epitope represents one of the most variable 

immunodominant influenza CD8+ T cell epitope. It is currently also the most cross-reactive 
influenza CD8+ T cell response across viral variants, particularly to a region of high diversity 
within influenza A nucleoprotein. Our study defines molecular mechanisms of cross-strain 
influenza A virus recognition by αβ TCRs directed towards epitopes encompassing a highly 
diverse range of naturally occurring viral variants. To the best of our knowledge, no other 
study has undertaken this level of depth and detail towards unravelling molecular 
determinants of TCR cross-recognition towards multiple naturally occurring viral variants for 
such an extensively studied diverse immunodominant CD8+ T cell epitope.  Prior work 
investigated immunity to hypervariable epitopes in autoimmunity (22), cancer (24) and 
towards the human telomerase reverse transcriptase (25). B35/NP418-specific epitopes 

studied here are relevant in a natural context of influenza viral mutations, providing real-life 
relevant evidence on T cell cross-reactivity. Our work also provides insights into epitope-
specific CD8+ T cell responses to naturally emerging variants in other viral infections. It is 
important to note that while early antigen-specific CD8+ T cells ameliorate disease severity 
(4), bystander and/or late (36, 37) CD8+ T cell responses can contribute to lung injury (38).  

Our question was to understand mechanisms why some B35/NP418-specific TCRs are 
more specific (or narrow) in recognition, while other TCRs display broader recognition in the 
context of natural T cell variable antigens. To define TCR cross-strain recognition of influenza 
A viruses, we established a TCR expression system in J76 cells to analyze functional 
consequences of TCR binding to distinct influenza antigenic peptides (natural or altered) 
presented by HLA-B*35:01. We revealed an unanticipated breadth of TCR recognition of 
multiple influenza pHLA variants. We propose that this cross-recognition is mediated by the 
interplay between the TCRs ability to tolerate substitutions in the antigenic peptide, while 
maintaining pHLA avidity at levels that are sufficient to drive TCR activation. These findings 
were validated in our primary human HLA-B*35:01-NP418

+CD8+ T cell lines stimulated with 
NP418 peptide pools, then co-stained with single wild type and CD8-null HLA-B*35:01/NP418 

tetramers to assess cross-reactivity. Our data clearly revealed markedly reduced cross-

reactivity in the absence of CD8b co-receptor binding, confirming our findings in NP418 Jurkat 

cells of low avidity of cross-reactive B*35:01/NP418
+CD8+ T cell responses. These findings 

were supported by TCR-B*35:01/NP418 affinity measurements.  
Different molecular mechanisms allow the cross-reactive D1 and 3180 TCRs to each 

interact with a broad array of epitopes, doing so by remaining distal form hyper-mutable 
residues, forming specific-interactions to invariant residues and permissive contacts to 
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strain-variant residues. NP418-426 is one of the most heavily targeted influenza T cell antigenic 
regions as it is promiscuously presented by multiple HLAs and is known presently to be 
restricted by HLA-B*35:01 (27), HLA-B*35:03 (20) and HLA-B*07:02 (39)) of the B7 supertype 
(40). These HLAs are highly prevalent, to an extent that in some ethnically diverse populations 

they can be among the most frequently used (39). The variational change in NP418 has not 
been documented for other influenza CD8+ T cell antigenic peptides, making it surprisingly 
diverse for an immunodominant acute-viral epitope.   
 The D1 and 3180 TCRs recognize multiple NP418 variants in different ways. The 3180 

TCR binding to HLA-B*35:01-NP is a focused epitope-CDR3b b-sheet-like alignment that 

facilitates positioning of permissive electrostatic interactions near the charged yet 

changeable p4 and p5 positions. A b-sheet-like recognition system is ideal for a cross-

reactive TCR as it is essentially indirectly “reading” the epitope’s inter-anchor backbone 
conformation. NP418-HLA-B*35:01 structures imply that the NP418 backbone structure is 
tolerant of considerable substitution, thus potentially explaining the broad cross-reactive 

profile of 3180 TCR.  At the start of the b-sheet-like alignment, the interaction with the p7-T 

is integral to the 3180-NP-HLA-B*35:01 binding mechanism, any p7 substitution other than 
serine should compromise recognition confirmed in our epitope alanine scanning 
experiments. We note that this p7 residue, T424, is highly conserved across sequenced 
human influenza viruses.   

 The electrostatic pockets of the 3180CDR3b include a R112 interaction that equally 

accepts an epitope p4-D or p4-E.  In the 3180 TCR co-complex structures, the epitope’s p5-
K extends to form a salt-bridge within an electrostatic pocket, also able to accommodate 
NP12’s p5-R, albeit at some cost to activation potential. The J76 activation experiments were 
consistent with the fact the 3180 TCR avoided all contact with the hypervariable P6 and P8 
side chains. The D1 TCR forms a fundamentally distinct set of contacts to the NP418 epitope, 
like 3180 several interactions are made directly to critical points in the backbone structure, 
including numerous CDR-epitope backbone interactions. However, these arise from residues 
in multiple CDR loops and from both TCR chains. Unlike 3180, whose interactions stem 
primarily from a single CDR loop, the D1 TCR overlays the NP418 more completely, yet it 
leaves significant space near the hypervariable p6 and p8 positions. Its binding mechanism 
is also highly focused around the p5-K, but instead of forming a high-affinity distance-tolerant 

salt-bridge, a cluster of H-bond contacts is contributed by D1CDR3a and HLA-B*35:01. This 

accumulation of weaker distance-sensitive H-bond contacts is less tolerant of a P6-A 
substitution than the salt-bridge interaction of 3180, consequently the D1 TCR appears less 
responsive to NP1, 2 and 9-12 epitopes.   
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 A recent study isolated 9 peptides presented by H-2Ld that were cross-recognized by 
the 43F3 TCR (41). Cross-recognition of 9 peptide variants of limited homology was achieved 
by re-arranging the CDR3β to engage with an “apical hot spot” situated in the peptides. In 
an in vivo context, HIV-1-infected individuals with cross-reactive TCRs (specific for the HLA-

B*27:05-restricted KK10 epitope from HIV-1) able to recognize multiple HIV-1 variants can 
result in elite HIV-1 control (42, 43). Therefore, the cross-reactive TCRs analyzed in this study 
demonstrate a similar potential role for broad, CD8+ T cell-mediated protective immunity 
against diverse acute influenza viral infections.    
 Previous studies indicate that NP418-426 conformation is heavily constrained, 
nevertheless we show that TCR recognition can be disrupted by establishing a combination 
of multiple but minor structural changes within the peptide epitope. The expansion of cross-
reactive T cells capable of providing broad viral control will likely occur as populations 
undergo repeated infection by multiple related viruses. As each new viral strain infects an 
individual, it will trigger parallel expansion of naïve and memory T cell populations. As time 
progresses, this process could favor cross-reactive TCRs that preferentially target conserved 
positions upon the B*35:01/NP418 epitope. Here, we documented the clonotypic composition, 
cross-reactive potential and antigenic properties of TCRs that have the potential to provide 
universal protection against different influenza viruses. Research into the protective 
contribution and availability of equivalent TCRs at the population level are warranted.  

 Our conclusions are based on primary B35/NP418 T cell clones stimulated with 

peptide variants with the activation outcome measured by IFN-g, TNF, CD107a and MIP-1b; 

primary T cell cultures for B35/NP418 viral variant cross-recognition with the use of NP418-HLA-
B*35:01 tetramers; and engineered Jurkat-TCR transfectants to define TCR recognition 
across several viral variants, using CD69 activation as a readout and NP418-HLA-B*35:01 
tetramer binding. While TCR transduction of human T cell lines is frequently used to provide 
key insights (e.g. (32, 44, 45), new immunological technologies have emerged, including 
CRISPR-Cas9-mediated orthotopic TCR-exchange in primary human T-cells (46) and these 
should be used in future studies. 
 

 

 

MATERIALS AND METHODS  

Study design. Our key question was to understand the mechanisms of cross-reactive TCR 

recognition towards a broad range of natural viral variants, specifically why some B35/NP418-
specific TCRs are more specific (or narrow) in recognition, while other TCRs display broader 
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recognition in the context of natural T cell variable antigens. We assessed the breadth of TCR 
recognition towards 12 natural influenza-derived NP418 viral variants and performed ternary 
structures of TCR-peptide-HLA-I complexes with naturally occurring viral variants (n=6 in our 
study) within one immunodominant viral epitope. 

 

Human blood samples. Peripheral blood PBMCs from buffy packs (Melbourne Blood Bank, 

Australia) were isolated using Ficoll Paque (GE Healthcare, Sweden) density gradient and 
then cryopreserved. Healthy buffy pack donors (d1-d8) were aged between 30 to 66 years 
(average 44 years). Sex was collected for d3-d8 with 2 males and 4 females. Sex data was 
not collected for d1-d2 (table S8). HLA genotyping was performed by the Victorian Transplant 
and Immunogenetics Service (Melbourne, Australia). Human work was conducted according 
to the Declaration of Helsinki Principles and the Australian NHMRC Code of Practice. Signed 
informed consent was obtained from donors and the study was approved by the University 
of Melbourne Human Ethics Committee (ID1443389.3, ID1443540), and Australian Red Cross 
Blood Service (ARCBS) Ethics Committee (ID2015#8).  

 

Expansion of peptide-specific CD8+ T cells. PBMCs were incubated with specific peptides 

(Genscript, USA or Auspep, Australia) at 10μM in RPMI (Gibco, USA) as described (17, 20, 
21). PBMC cultures were maintained for 11 days prior to the analysis of influenza-specific 

CD8+ T cells. Primary CD8+ T cell clones, generated previously by minimal dilution (27), were 
re-expanded by sorting live cells and stimulating for 48h with plate-bound anti-CD3 (UCHT1, 
10 μg/ml), plate-bound anti-CD28 (CD28.2, 10 μg/ml, BD, USA), phytohemagglutinin (0.5 
μg/ml; Sigma-Aldrich, USA), rhIL-2 (100 U/ml, PeproTech; USA), IL-7 (50 ng/ml, eBioscience, 
USA), IL-15 (50 ng/ml, PreproTech) followed by maintenance with IL-2, IL-7, IL-15 for 14–21 
days. 

  

HLA-B*35:01-NP418 tetramer staining. HLA-B*35:01-NP418-426 and CD8-null biotinylated 

monomers were generated in the Rossjohn Laboratory at Monash University (Clayton, 
Australia) as per previous reports (21, 47). A gene encoding the extracellular domain of HLA-

B*35:01 with the CD8 binding site mutations Q226K and D227A was designed and made 
synthetically with a Cterminal BirA tag (Genscript).  

T cell lines were stained with HLA-B*35:01-NP418-426 and/or HLA-B*35:01-NP418 CD8-
null tetramers prepared by conjugation with streptavidin (SAv)-PE (BD) or SAv-BV-421 
(Biolegend) at an 8:1 SAv to biotinylated monomer ratio. Cells were subsequently stained 
with Live/Dead-NIR (Life Technologies) followed by surface staining with the mAbs described 
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in table S9. Cells were analysed using a BD LSR Fortessa instrument or sorted using Aria III 
(Becton Dickinson, USA) or a MoFlo Astrios cell sorter (Beckman Coulter, USA). 

 

Single-cell TCRab sequencing. Live CD3+ CD8+ T-cells were single-cell sorted and paired 

single-cell TCR ab sequencing performed as described (48, 49). Briefly, cDNA was prepared 

using SuperScript VILO (Invitrogen, USA) and transcripts encoding Va and Vb genes were 

amplified by nested multiplex PCR. Sanger sequencing was performed by the Molecular 
Diagnostic Unit, University of Melbourne (Parkville, Australia). DNA chromatograms were 

analysed using FinchTV (Geospiza). TCR ab genes and CDR3ab regions were determined 

using the IMGT platform (50). 

 

Generation of TCRab-expressing Jurkat76 (J76) cell lines and peptide stimulation. TCR 

constructs encoding full-length TCRa and TCRb chains, separated by the cleavable 2A-

linker, were synthesized (Geneart, Thermo, Germany) and inserted into the pMIGII plasmid. 

Cell lines expressing TCRab chains of interest were generated by retroviral transduction of 

TCRab-deficient J76 cells (Jurkat76 cell lines (human; T cell Leukaemia) lacking TCRab; a 

gift from Dr Zhenjun Chen, University of Melbourne, Australia) with TCR, 2A-cleavable 

CD3degz and a CD8ab constructs using HEK293T cells as virus packaging cells, as described 

(51). 2x105 C1R-B*35:01+ cells (kindly provided by Mandvi Bharadwaj, University of 

Melbourne, Australia) or negative control C1R-HLA-B*07:02 (kindly provided by Nicole 
Mifsud, Monash University, Australia) were incubated with the indicated amounts of peptide 
in RPMI for 1hr at 37°C and 5% CO2. Peptide-treated cells were co-cultured overnight with 
2x105 TCR+ J76 cells. Positive controls included J76 cells incubated with Phorbol myristate 
acetate (PMA; 10mg/mL) and Ionomycin (1µg/mL). Cells were then stained with Live/Dead-
NIR followed by surface stained with mAbs listed.  
 

Intracellular Cytokine Staining. Peptide-coated HLA-B*35:01+ C1R targets were prepared 

as described (20, 52) and co-cultured with clonal CD8+ T-cells at a 2:1 effector-to-target ratio 
using a minimum of 1x103 effector cells, in the presence of Golgi Plug (1:1000, BD 
Biosciences) and anti-CD107a (eBioH4A3) for 4.5hrs. Cells were surfaced stained with mAbs 
listed in Table 2, followed by fixation and permeabilisation using the BD Cytofix/Cytoperm kit 
(BD, USA). Cells were intracellularly stained for cytokines with mAbs listed in Table 2. 

 

Flow cytometry analyses. PBMC cultures and primary T cell clones were gated on single 

and live CD3+CD8+ T cells before gating on tetramer+ cells, example shown in fig. S4A (bottom 



20 
 

left inset). Jurkat T cell clones were gated on CD8ab+ CD3highGFPhigh cells after doublet and 

dead cell exclusion and then analyzed for CD69 expression (Fig. 2A). Our tight gating strategy 

has been applied to analyse a homogenous population of CD3highGFPhigh CD8ab+ using the 

293T TCR cell lines (human embryonic kidney cells; provided by McCluskey laboratory, 
University of Melbourne, Australia), as previously published by our laboratory and our 

collaborators (53). Using this approach, we can ensure that the expression levels of CD8 and 
TCR (GFP/CD3) for each sample stained with distinct tetramers are matched, thereby 
removing these factors as confounding variables in the analysis of tetramer staining intensity. 
Primary T cell clones were gated on CD3+CD8+ T cells after doublet and dead cell exclusion 
for the ICS as shown in fig. S7. All data were processed using FlowJo software (Treestar). 

 

Transient surface molecule expression. 293T cells were seeded in 6-well plates and 

incubated overnight at 37 °C and 5% CO2. Cells were transfected with TCRab, 2A-cleavable 

CD3εδγζ and a CD8αβ constructs using FuGene (Promega, USA) according to the 

manufacturer’s instructions. Transfected cells were stained with HLA-B*35:01/NP418-specific 
tetramers and antibodies listed in table S9. 
 

Generation of soluble TCRs and HLA-B*35:01. The D1 and 3180 TCRs were expressed in 

E. coli as inclusion bodies, before being refolded using an engineered disulphide linkage in 

the constant domains between the TRAC and TRBC, as previously described (54). The TCRs 
were then purified in 10 mM Tris-HCl pH 8, 150 mM NaCl, and proper folding was assessed 
using conformational antibodies (55). Soluble HLA-B:35*01 heterodimers containing the 
NP418 peptides variants were prepared as described (20). 

 

Crystallization, structure determination and refinement  

Crystals of the HLA-B*35:01-NP418 complexes and TCR-pHLA were obtained as described 
(20). Data were collected on the MX1 and MX2 beamlines at the Australian Synchrotron (56) 
using the ADSC-Quantum 210, 315r CCD or Eiger 6M detectors (at 100K). Data were 
processed using XDS (57) and scaled using Aimless from the CCP4 suite (58). The structures 
were determined by molecular replacement using the PHASER program (59) with the LC13 

TCR as the search model for the TCR (PDB: 3KPS (60) and the LPFEKSTVM/HLA-B:35*01 
for the HLA model without the peptide (Protein Data Bank accession number, 3LKS (20). 

Manual model building was conducted using Coot (61)) followed by maximum-likelihood 
refinement with the Buster program (62). The TCRs were numbered according to the IMGT 
unique numbering system (63). The final model has been validated using the Protein Data 
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Base validation web site and the final refinement statistics are summarized in tables S3-S4. 
Coordinates were submitted to PDB database with the accession codes: 8EMK for HLA-
B*3501-NP3; 8EMF for HLA-B*3501-NP6; 8EMG for HLA-B*3501-NP7; 8EMI for HLA-

B*3501-NP8; 8EMJ for HLA-B*3501-NP9; 8EN8 for 3180-HLA-B*3501-NP4; 8ENH for 3180-
HLA-B*3501-NP7; 8EO8 for 3180-HLA-B*3501-NP8; 8V50 for D1-HLA-B*3501-NP6; 8V4Z for 

D1-HLA-B*3501-NP7; 8V51 for D1-HLA-B*3501-NP10. 

 

Surface Plasmon Resonance.  

Surface plasmon resonance experiments were conducted at 25 °C on the BIAcore 3000 

instrument (GE Healthcare, Buckinghamshire, UK) with 0.1 M Tris-HCl pH8, 0.15 M NaCl 
buffer supplemented with 0.5% bovine serum albumin to prevent non-specific binding as 
previously described (64). Briefly, the TCRs D1 and 3180 were coupled to the sensor chip via 

the monoclonal antibody 12H832 and HLA-B*35:01 presenting the different NP418 variants 
were injected over the surface with a maximum concentration of 200 µM. BIAevaluation 
Version 3.1 was used for data analysis with the 1:1 Langmuir binding model, and the results 
are summarised in table S1.  

 

Statistical analysis 
One-way ANOVA followed by Tukey post-test was performed for comparisons between 

responses towards different NP418 variants. 
 

SUPPLEMENTARY MATERIALS 

Figure S1. LILRB1-expressing Ba/F3 cells stained with B*35:01-NP418-PE or B*35:01-NP418-

BV421. 

Figure S2. Flow cytometry profiles of distinct dual B*35:01/NP418-PE and B*35:01-NP418-

BV421 tetramer staining for a representative d1 donor. 

Figure S3. Validation of B*35:01/NP418-tetramer and confirmation of TCR reactivity. 

Figure S4. Flow cytometry profiles of dual B*35:01/NP418-PE and B*35:01-NP418-BV421 

tetramer staining using WT and NULL tetramers. 

Figure S5. HLA-B*35:01-NP418 variant structures. 
Figure S6. 3180 and D1 TCR-pHLA ternary structures. 

Figure S7. Gating strategy for primary T cell clones. 

Table S1. Surface Plasmon Resonance: affinity measurements of D1 and 3180 TCRs. 

Table S2. HLA-B*35:01-NP418 CD8-null tetramers generated for the assessment of cross-

reactive responses independent of CD8b co-receptor binding. 
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Table S3. Data collection and refinement statistics for the peptide-HLA structures. 

Table S4. Data collection and refinement statistics for the TCR-pHLA complex structures. 

Table S5. Contribution to buried surface area of TCR: peptide-HLA complexes (65). 

Table S6. D1 TCR contacts with HLA-B*35:01 presenting variants NP6, NP7 and NP10. 

Table S7. 3180 TCR contacts with HLA-B*35:01 presenting variants NP4, NP7 and NP8. 

Table S8. Healthy buffy pack donor age, sex and HLA typing. 

Table S9. Anti-human monoclonal antibodies used for flow cytometry. 
Data File s1. Raw data 
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FIGURE LEGENDS 
 
Figure 1. Differential cross-reactivity of polyclonal CD8+ T cells towards B*35:01/NP418 

variants. PBMCs from HLA-B*35:01+ healthy donors were stimulated with a pool of 12 NP418 

peptide variants (Table 1) and expanded in vitro for 11 days. (A) NP418 variants, and the 

respective names of HLA-B*35:01/NP418 tetramers, are listed; (B) Representative flow 

cytometry dot plots of HLA-B*35:01/NP418 tetramer+ CD8+ T cells, specific for the indicated 

NP418 peptide variant. Frequency of CD3+CD4-CD8+ B*35:01/NP418 tetramer+ cells are 

depicted. (C) Mean frequency (red lines) of B*35:01/NP418-specific CD8+ T cells reactive to 
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specific NP418 peptide variants across 3 different donors (d1, d2, d3). (D) Flow cytometry of 

CD8+ T cells co-stained with B*35:01/NP418 tetramers conjugated with SAV-PE and SAV-

BV421. Full panel shown in fig. S2. Frequency of cross-reactive HLA-B*35:01/NP418
+ CD8+ T 

cells across 3 donors are shown. (E) Mean frequency of cross-reactive B*35:01/NP418-CD8+ 

T cells (red lines) spanning the plausible co-staining combinations across 10 B*35:01/NP418 

tetramers (as defined in (A). Each symbol represents an individual donor as denoted in (C). 

(F) Heat map depicting the frequencies of cross-reactive HLA-B*35:01/NP418
+CD8+ T cells 

across each B*35:01+ donor (top) analysed as in (E) for a matrix of unique NP418 variant 

combinations (left). Bottom bar depicts the scale of gradient frequencies. Data are 

representative of n=3 donors. Experiments were reproduced for 5 additional donors, depicted 

in Figure 4. (D) d2 cells had lower cell numbers to start with, thus there are less cells displayed 

on the FACS plots. Viability was consistent between the donors. Dead cells were excluded 

from analysis.  

 
Figure 2. The breadth and landscape of B*35:01/NP418 cross-recognition varies across 
different TCRs. To understand cross-recognition of B*35:01/NP418 variants at a single TCRab 

level, J76 cell lines expressing a single B*35:01/NP418-specific TCRab were generated. (A) 

Gating strategy on J76 cells transduced with CD8a and HLA-B*35:01/NP418-specific TCRab 

encoding vectors is shown. (B) Representative CD69 expression staining (for the TCR.3180 

clone) following 2hrs in TCR- and non-TCR-mediated stimulation is indicated across different 

stimulation conditions. (C) CD69 expression of HLA-B*35:01-restricted NP418-specific TCRab-

expressing J76 cell lines after stimulation with C1R-B*35:01 cells pulsed with NP418 peptide 

variants. (D) CD69 expression was quantified as Mean Fluorescence Intensity (MFI, arbitrary 

units, AU). Nil=no peptide; B35-IPS= irrelevant B*35:01-restricted CMV epitope (negative 

control); Pool (grey bars) refers to stimulation with 12 NP418 peptide variants. Data in (C) are 

representative of a minimum of n=3 independent experiments. Data in (D) represent the mean 

of n=3 replicate samples; error bars=SD. ***P<0.001 (one-way ANOVA followed by Tukey 

post-test comparing pooled to single peptides stimulations). Data are representative of n=2 

independent experiments with similar results. 

 
Figure 3. Functional avidity and antigen sensitivity of single HLA-B35:01/NP418-specific 
TCRab. (A) Kinetic peptide-dose functional responses were measured as CD69 MFI 

expression in J76 cells transduced with HLA-B*35:01-restricted NP418-specific TCRs (gated 

on CD8+, CD3+, GFP+) stimulated overnight with varying concentrations of NP418 peptides 

presented by HLA-B*35:01+ C1Rs. (B) Half maximal effective concentration (EC50) was 
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determined as described in (A). Red-dotted lines represent area of 50% inhibition of CD69 

expression. Data are representative of n=2 independent experiments with similar results. 

 
Figure 4. CD8b co-receptor binding dependence of cross-reactive HLA-B*35:01-
NP418

+CD8+ T cell responses. PBMCs from HLA-B*35:01+ healthy donors were stimulated 

with a pool of 12 NP418 peptide variants (Table 1) and expanded in vitro for 11 days before 

dual PE- and BV421-tetramer staining sets of WT and CD8-NULL (table S2) tetramers. (A) 

Representative profiles of dual B*35:01/NP418-PE and B*35:01/NP418-BV421 tetramer staining 

using WT and NULL tetramers from d6. (B) Paired frequencies of cross-reactive HLA-

B*35:01/NP418-specific CD8+ T cells between WT (black) and NULL (grey) tetramer groups. 

(C) Mean frequency CD8 co-receptor dependence of cross-reactive HLA-B*35:01/NP418-

specific CD8+ T cells (n=5). Experiments were performed on 5 buffy pack donors (d4-8) from 

two independent experiments. Frequencies gated on live CD3+CD8+ T cells. 
 
Figure 5. Arginine at position five acts as a pivot for HLA-B*35:01/NP418 recognition 
despite distinct TCRab landscapes. (A-D). Activation of HLA-B*35:01-restricted NP418-

specific J76 cell lines stimulated with NP4 APLs carrying single alanine substitutions at 

positions 1, 4, 5, 6, 7 and 8 presented by HLA-B*35:01+ C1R cells. Representing the mean of 

n=3 replicates samples; error bars=SD. ***P<0.001 (one-way ANOVA followed by Tukey post-

test comparing NP4 ‘wt’ to ALPs. Representative of n=2 independent experiments with similar 

results. (E) HLA-B*35:01(cartoon) and NP418 (stick representation) binary structure with 

residues labelled. 

 
Figure 6. Cytokine and polyfunctional profiles of primary HLA-B*35:01/NP418-specific 
CD8+ T cell clones. (A) IFN-g production of primary CD8+ T cell clones D1 and 3180 following 

5hr stimulation with HLA-B*35:01+ C1Rs and analysed by ICS. (B) Representative flow 

cytometry data of cytokine production (IFN-g, TNF, MIP-1b) and CD107a expression (gated 

on live, CD3+CD8+ cells). (C) Polyfunctional profiles (IFN-g, TNF, MIP-1b) primary clones D1 

and 3180 (left) among cytokine-positive or CD107a-positive cells. (A) Avidity EC50 values are 

representative of n=3 independent experiments with similar results and cytotoxicity EC50, as 

previously described. (A-C) Representative of n=1 experiment.  

 
Figure 7. Structural cross-recognition of the HLA-B*35:01/NP418 epitope.  
Cartoon representation of the 3180 TCR (A) with a-chain in orange, and b-chain in green 
recognizing NP7 variant (dark grey sticks) presented by HLA-B*35:01. The HLA-B*35:01 chain 

is colored white. The CDR1a, CDR2a, CDR3a loops are shown in red, pink and cyan, while 
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the CDR1b, CDR2b, and CDR3b loops are shown in yellow, blue, and purple, respectively.  

(B) The left panel show the atomic footprint of the 3180 TCR on the surface of HLA-B*35:01 
presenting NP7. The corresponding TCR segments involved in contact are coloured according 

to the prior panel, framework contacts are coloured in green; the center-of-mass for the Va 

and Vb are shown. On the right, the pie charts represent the % contribution of each 3180 TCR 

segment towards the total binding.  (C) 3180 TCR contacts with the NP7 peptide using a stick 

representation with TCR. Equivalent representations for the D1 TCR with the NP7 peptide (D-
F).   
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Table 1. Variation in HLA-B*35:01-restricted NP418-426 epitope. 
Sequence Variable 

motifa Code Year(s) Virus(es) 

LPFDRPTIM DRP/I NP1 1933 H1N1 

LPFDRTTIM DRT/I NP2 1934 H1N1 

LPFDKPTIM DKP/I NP3 1957/1968 pH2N2-1957; pH3N2-1968 

LPFDKSTIM DKS/I NP4 1972 H3N2 

LPFDKTTIM DKT/I NP5 1947 H1N1; H2N2 

LPFDKSTVM DKS/V NP6 1977 H1N1; H3N1 

LPFEKSTIM EKS/I NP7 2002 H3N2 

LPFDKATIM DKA/I NP8 2005 H1N1 

LPFDIATIM DIA/I NP9 2006 H1N1 

LPFEKSTVM EKS/V NP10 1980 H3N2 

LPFERATVM ERA/V NP11 2009 pH1N1-2009 

LPFERATIM ERA/I NP12 1918/1997/2014/2024 pH1N1-1918; H5N1-1997;  
H7N9-2014; H5N1-2024b 

Bold and underlined indicate variable residues. 
aResidues 4, 5, 6 and 8 in NP418 constitute the variable motif. 
bSequences from 2024 H5N1bovine and avian influenza outbreak. 
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Table 2. TCRs of HLA-B*3501-NP418-specific CD8+ T cell clones. 

Clone TCR 
chain V − CDR3 loop − J 

Variants 
recognized 

(in blue) 

Length 
(aa) 

Count 
(pairs) 

D1 

a 
TRAV1*01                                             TRAJ9*01 
tgcgccgtggatactggaggcttcaaaactatcttt 
 C  A  V  D  T  G  G  F  K  T  I  F 

NP3− 
NP4− 
NP5− 

NP10+ 

 
7 

27 

b 
TRBV7-8*01            TRBJ2-5.1 
tgtgccagcagccccacagggggccaggagacccagtacttc 
 C  A  S  S  P  T  G  G  Q  E  T  Q  Y  F 

9 

2384 

a 
TRAV8.1*01                                                                   Jα18*01 
tgtgccgtgaatgctggaggctcaaccctggggaggctatacttt 
 C  A  V  N  A  G  G  S  T  L  G  R  L  Y  F 

NP3− 
NP4+ 
NP5+ 

NP10− 

10 

54 
 
b 
 

TRBV20-1*01                                                          TRBJ2-5.1 
tgtagtgctggtgggcagggcatccaccaagagacccagtacttc 
 C  S  A  G  G  Q  G  I  H  Q  E  T  Q  Y  F 

10 

C4 

a 
TRAV2*01                                                 TRAJ33*01 
tgtgctgtggaggggtatagcaactatcagttaatctgg 
 C  A  V  E  G  Y  S  N  Y  Q  L  I  W 

NP3+ 
NP4+ 
NP5+ 

NP10− 

8 

12 
 
b 
 

TRBV 4-2*01                                                                           TRBJ1-2 
tgtgctagcagccccgaccctacaggggatgcggactatggctacaccttc 
 C  A  S  S  P  D  P  T  G  D  A  D  Y  G  Y  T  F 

9 

3180 

a 
TRAV13-1                                                        TRAJ28*01 
tgtgcagcagacgggggggctgggagttaccaactcactttc 
 C  A  A  D  G  G  A  G  S  Y  Q  L  T  F 

NP3+ 
NP4+ 
NP5+ 

NP10+ 

8 

9 
 
b 
 

TRBV20-1*02                                                        TRBJ2-3*01 
tgtagtgctggtcccactagcggtcgcacagatacgcagtatttt 
 C  S  A  G  P  T  S  G  R  T  D  T  Q  Y  F 

9 

Paired TCRab sequences from single cell-sorted CD3+ CD8+ cells, isolated from in vitro-expanded HLA-B35*01-NP418-specific T cell clones. Amino 
acid (upper case) and nucleotide (lower case) sequences coding for V-regions (dark grey) and J-regions (light grey). Boxed areas show non-germ-
line, N-encoded TCRa and N-Dβ-N encoded TCRb nucleotides. Phenotype, number of NP418 variants recognized as previously assessed(27). aa, 
amino acid. Count, number of TCRab paired sequences per clone.  Underlined residues directly contact the NP epitopes. 
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3180 D1

R157

L163

P108

D55

Y38

E161

R151 

E154
Q155

D114

T115

T109

S58R57

N59N37

R62 
Q65

I66

T69 Q72

T73

E76R75
N80

G112

G111
S110

Y114 T37 E58 Q29

L84

A29

Y159 

L163

R82

Q113

Y55
F52

A158 

R151 

E154

Q155E114

T115

T109

L58
A57

R62 

Q65
T69

Q72

T73
R75 E76

T108
F114

V37
Q57L66

N58

E63D67 A64

K146

A B

C D

E F

A150 

NP4
NP7

NP8

NP6
NP7

NP10

Fig. S6. 3180 and D1 ternary structures. CDR loop interactions with the HLA-B*35:01 a1 helix upon (A) 3180 TCR

binding or (B) D1 TCR binding. (C, D) equivalent interactions for the a2 helix. (E) Overlayed 3180-bound structures for the

solved NP418 viral variant peptides and (F) the corresponding overlay for the D1-bound structures. Related to Fig. 7.



Fig. S7. Gating strategy for primary T cell clones. Representative D1 T cell clone is shown.

Related to Fig. 6.
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Table S1.  Surface Plasmon Resonance: affinity measurements of 3180 and D1 TCRs. 

Sequence Name Year Virus 
TCR Recognition 

3180 TCR (Kd) D1 TCR (Kd) 
LPFDRPTIM NP1 <1933 hH1N1-WSN-1933 NB NB 
LPFDRTTIM NP2 1934 hH1N1-PR8-1934 NB NB 
LPFDKPTIM NP3 1957 pH2N2-1957/pH3N2-1968 58.3 ± 1.4* (N=2) NB 
LPFDKSTIM NP4 1972 H3N2-Udorn-1972 12.3 ± 1.5 (N=2) NB 
LPFDKTTIM NP5 1947 H1N1-1983/sH1N1-Solomon-2006 14.5 ± 1.0 (N=2) NB 
LPFDKSTVM NP6 1977 H1N1/H3N2 99.5 ± 3.4 (N=2) > 200 (N=1) 
LPFEKSTIM NP7 2002 sH3N2-Brisb 11.4 ± 1.0 (N=1) 109.1 ± 10.8 (N=1) 
LPFDKATIM NP8 2005 H1N1 10.9 ± 1.3 (N=2) NB 
LPFDIATIM NP9 2006 H1N1 NB NB 
LPFEKSTVM NP10 1980 H3N2 37.7 ± 1.8 (N=1) 38.0 ± 3.0 (N=1) 
LPFERATVM NP11 2009 pH1N1-09-(Auck09) NT NT  
LPFERATIM NP12 1918 H7N9/pH1N1-1918/H5N1 78.3 ± 2.3 (N=2) NB 

Kd is in μM; NB: no binding at maximum concentration of analyte tested of 200 μM; NT: not tested. N=number of independent 
experiments performed. 
*The error is representative of the standard deviation of the experiment performed in duplicate.  
All independent experiments were performed with the NP4 peptide as positive control, and in duplicate. 

 
  



Table S2. HLA-B*35:01-NP418 CD8-null tetramers generated  
for the assessment of cross-reactive responses independent  
of CD8b co-receptor binding. 

Monomer Amino acid sequence 

IAV_B35_NP418_NP5-CD8 null LPFDKTTIM 

IAV_B35_NP418_NP6-CD8 null LPFDKSTVM 

IAV_B35_NP418_NP7-CD8 null LPFEKSTIM 

IAV_B35_NP418_NP8-CD8 null LPFDKATIM 

IAV_B35_NP418_NP10-CD8 null LPFEKSTVM 

IAV_B35_NP418_NP11-CD8 null LPFERATVM 

IAV_B35_NP418_NP12-CD8 null LPFERATIM 
HLA-B*35:01-NP418 NP5 (LPFDKTTIM), HLA-B*35:01-NP418 NP6 (LPFDKSTVM),  
HLA-B*35:01-NP418 NP7 (LPFEKSTIM), HLA-B*35:01-NP418 NP8 (LPFDKATIM),  
HLA-B*35:01-NP418 NP10 (LPFEKSTVM), HLA-B*35:01-NP418 NP11 (LPFERATVM) 
and HLA-B*35:01-NP418 NP12 (LPFERATIM). 



Table S3. Data collection and refinement statistics for the peptide-MHC structures.  
 

HLA-B*3501-NP3 HLA-B*3501-NP6 HLA-B*3501-NP7 HLA-B*3501-NP8 HLA-B*3501-NP9 

Resolution range (Å) 33.84 – 1.67 (1.73 – 1.67) 25.9 – 1.81 (1.87 – 1.81) 26.51 – 1.83 (1.90 – 1.83) 37.23 – 1.57 (1.63 – 1.57) 24.80 – 1.75 (1.81 – 1.75) 

Space group  P 21 21 21 P 21 21 21 P 21 21 21 P 21 21 21 P 21 21 21 

Unit cell (Å) 50.82 81.52 109.14  51 81.65 109.24  51.17 81.93 110.39  50.87 81.53 109.26 50.92 81.74 109.42 

Total reflections 106742 (10525) 85106 (8118) 83116 (7995) 126534 (12248) 93427 (9066) 

Unique reflections 53407 (5266) 42596 (4086) 41590 (4007) 63452 (6187) 46767 (4567) 

Multiplicity 2.0 (2.0) 2.0 (2.0) 2.0 (2.0) 2.0 (2.0) 2.0 (2.0) 

Completeness (%) 1.00 (1.00) 1.00 (0.97) 1.00 (0.98) 0.99 (0.98) 1.00 (0.99) 

Mean I/sigma(I) 17.46 (3.61) 19.60 (3.43) 15.70 (4.39) 20.85 (2.82) 17.81 (3.50) 

Wilson B-factor 16.38 18.18 17.06 17.48 16.95 

R-merge 0.02453 (0.2076) 0.02641 (0.2191) 0.0295 (0.1698) 0.01904 (0.2785) 0.02969 (0.2304) 

R-meas 0.0347 (0.2935) 0.03735 (0.3098) 0.04172 (0.2401) 0.02693 (0.3939) 0.04199 (0.3258) 

CC1/2 0.999 (0.902) 0.999 (0.898) 0.998 (0.922) 1 (0.854) 0.999 (0.888) 

R-work 0.1867 (0.2536) 0.1864 (0.2725) 0.1796 (0.2399) 0.1883 (0.2662) 0.1817 (0.2581) 

R-free 0.2162 (0.2767) 0.2164 (0.2767) 0.2130 (0.2752) 0.2210 (0.2960) 0.2234 (0.2968) 

RMS (bonds, Å) 0.014 0.010 0.010 0.014 0.014 

RMS (angles, °) 1.60 1.60 1.58 1.62 1.64 

Ramachandran 
favored (%) 

98 98 99 98 99 

Ramachandran 
allowed (%) 

1.3 1.8 1 1.6 1 

Ramachandran 
outliers (%) 

0.26 0.26 0.26 0 0.26 

Statistics for the highest-resolution shell are shown in parentheses.  
PDB codes: 8EMK for HLA-B*3501-NP3; 8EMF for HLA-B*3501-NP6; 8EMG for HLA-B*3501-NP7; 8EMI for HLA-B*3501-NP8; 8EMJ for HLA-B*3501-NP9. 
 
  



Table S4. Data collection and refinement statistics for the TCR-complex structures. 
 

3180-HLA-B*3501-NP4 3180-HLA-B*3501-NP7 3180-HLA-B*3501-NP8 D1-HLA-B*3501-NP6 D1-HLA-B*3501-NP7 D1-HLA-B*3501-NP10 

Resolution range (Å) 27.0-2.70 (2.80-2.70) 49.47-2.50 (2.59-2.50) 48.95-2.30 (2.38-2.30) 38.59-2.65 (2.75-2.65) 46.72-2.40 (2.49-2.40) 39.5-2.10 (2.18-2.10) 

Space group P 21 21 21 P 21 P 21 P 21 21 21 P 21 21 21 I  2 

Unit cell (Å) 79.77 116.686 253.184   
168.15 79.55 172.19  

 b = 95.56° 
168.088 79.468 172.173  

 b = 95.53° 
78.58 192.162 252.82   78.988 190.209 250.43   

149.269 46.155 161.964  
 b = 101.4°  

Total reflections 131468 (12936) 312868 (30013) 401920 (39893) 224005 (22146) 295899 (29146) 127751 (12561) 

Unique reflections 65736 (6466) 156773 (15158) 201262 (20019) 112003 (11071) 147969 (14575) 63927 (6281) 

Multiplicity 2.0 (2.0) 2.0 (2.0) 2.0 (2.0) 2.0 (2.0) 2.0 (2.0) 2.0 (2.0) 

Completeness (%) 1.00 (1.00) 1.00 (0.97) 1.00 (1.00) 1.00 (1.00) 1.00 (1.00) 1.00 (1.00) 

Mean I/sigma(I) 13.93 (1.97) 13.49 (2.68) 13.09 (2.88) 10.05 (2.47) 12.64 (2.06) 8.59 (2.39) 

Wilson B-factor 46.09 41.33 33.64 34.95 36.35 30.40 

R-merge 0.05087 (0.4143) 0.03737 (0.287) 0.03995 (0.2803) 0.05045 (0.2729) 0.04402 (0.3912) 0.03697 (0.2798) 

R-meas 0.07195 (0.5859) 0.05286 (0.4059) 0.0565 (0.3964) 0.07134 (0.3859) 0.06225 (0.5533) 0.05228 (0.3957) 

CC1/2 0.993 (0.702) 0.998 (0.811) 0.998 (0.817) 0.997 (0.87) 0.999 (0.784) 0.999 (0.8) 

R-work 0.2207 (0.2856) 0.1985 (0.2595) 0.1917 (0.2485) 0.2288 (0.2870) 0.2529 (0.3310) 0.2262 (0.2743) 

R-free 0.2514 (0.3450) 0.2393 (0.3022) 0.2307 (0.2905) 0.2636 (0.3197) 0.2656 (0.3347) 0.2495 (0.2885) 

RMS (bonds, Å) 0.011 0.013 0.014 0.010 0.010 0.011 

RMS (angles, °) 1.69 1.63 1.75 1.56 1.52 1.66 

Ramachandran 
favored (%) 

96 97 97 96 96 96 

Ramachandran 
allowed (%) 

4.2 2.9 3.3 4.3 4.3 4.1 

Ramachandran 
outliers (%) 

0.25 0.12 0.19 0.22 0.19 0.12 

Statistics for the highest-resolution shell are shown in parentheses. PDB codes: 8EN8 for 3180-HLA-B*3501-NP4; 8ENH for 3180-HLA-B*3501-NP7; 8EO8 for 3180-
HLA-B*3501-NP8; 8V50 for D1-HLA-B*3501-NP6; 8V4Z for D1-HLA-B*3501-NP7; 8V51 for D1-HLA-B*3501-NP10. 
 

 
  



Table S5. Contribution to buried surface area of TCR: peptide-MHC complexes. 

TCR  peptide BSA Va Vb peptide 1a 2a 3a Fwa 1b 2b 3b Fwb angle sc 

3180 NP4 1920 45.3 54.7 18.8 7.3 19.8 12.3 5.9 13.3 2.8 34.1 4.44 63 0.64 

  NP7 2040 47.8 52.2 17.2 9.6 18.7 13.9 5.6 11.9 4.6 32.7 3.0 63 0.66 

  NP8 19670 46.1 53.9 18.9 7.7 18.6 13.8 6.0 12.6 4.2 33.3 3.8 64 0.62 

  average 1980 46.4 53.6 18.3 8.2 19.0 13.3 5.8 12.6 3.9 33.4 3.7 63 0.64 

D1 NP6 1910 49.3 50.7 18.4 16.5 12.2 12.5 8.1 3.5 17.0 23.7 6.5 76 0.70 

  NP7 1990 47.6 52.4 19.2 17.2 11.4 11.3 7.7 3.4 18.2 22.9 7.9 77 0.70 

  NP10 2000 50.7 49.3 17.2 18.9 12.4 12.1 7.3 2.8 17.1 22.3 7.0 73 0.66 

  average 1970 49.2 50.8 18.3 17.5 12.0 12.0 7.7 3.2 17.4 23.0 7.1 75 0.68 
Literature Average 

value  1910 52.0 47.5 28.9 16.0 11.6 20.3  7.2 11.9 23.9  63 0.65 

  
Smallest 
value  1240 33.0 22.0 17.0 3.5 5.1 4.6  0 0 8.3  37 0.41 

  
Largest 
value  2400 78.0 67.0 48.6 28.7 19.7 34.7  19.2 33.3 42  90 0.80 

BSA: Buried Surface Area (Å2) total calculated with AreaIMol (CCP4), Vα: contribution of the α-chain to the TCR BSA in %, Vβ 
contribution of the β-chain to the TCR BSA in %, 1α represent the BSA contribution of the CDR1α loop as a % of the TCR BSA 
(same for the 2α: CDR2α, 3α: CDR3α, 1β: CDR1β, 2β: CDR2β and 3β: CDR3β). Angle represents the docking of the variable 
domains angle in degrees, sc represent the shape complementarity between the TCR and the pMHC-I. The average, lowest and 
highest values from the literature (65) are represented in the grey section at the bottom of the table for an easy comparison. 
 
 
 
 
 
 
 
 
 
 



Table S6. D1 TCR contacts with HLA-B*35:01 presenting variants NP6, NP7 and NP10. 

TCR gene TCR residues 
NP6 NP7 NP10 Bond type 

NP residues  

CDR1a Y 37 OH F 3, D 4N F 3, E 4N F 3, E 4N HB, VdW 

CDR3a G 109 D 4 E 4 E 4 VdW 

CDR3a G 110 N D 4 O E 4 O E 4 O HB, VdW 

CDR1b V 37 V 8 I 8 V 8 VdW 

CDR2b Q 57  I 8  VdW 

CDR3b T 109 O S 6, T 7, V 8 N S 6, T 7, I 8 N S 6, T 7, V 8 N HB, VdW 

CDR3b G 110 S 6 S 6 S 6 VdW 

CDR3b G 111 O L 5 NZ, S 6 L 5 NZ, S 6 L 5 NZ, S 6 HB, VdW 

CDR3b Q 112 O D 4, L 5 NZ E 4, L 5 NZ E 4, L 5 NZ HB, VdW 

CDR3b E 113 L 5, T 7 L 5, T 7 L 5, T 7 VdW 

TCR gene TCR residues HLA-B:35*01 residues Bond type 

CDR1a S 28   L 163 VdW 

CDR1a Y 37 O Q 155 NE2, Y 159, L 163 Q 155 NE2, Y 159, L 163 Q 155 NE2, Y 159, L 163 HB, VdW 

Fwa F 52 R 151 R 151 R 151 VdW 

Fwa Y 55 OH R 151, Q 155 NE2 R 151, Q 155 NE2 R 151, Q 155 NE2 HB, VdW 

CDR2a A 57 E 154, Q 155 E 154, Q 155 E 154, Q 155 VdW 

CDR2a L 58 E 154, A 158 E 154 E 154, R 157 VdW 

Fwa R 82 A 158 A 158 A 158 VdW 

CDR3a T 108 O R 62 R 62 NH1  HB, VdW 

CDR3a G 109 R 62   VdW 

CDR3a F 111 Q 65 Q 65, T 69 Q 65, T 69 VdW 

CDR1b V 37 E 76 E 76  VdW 

CDR2b Q 57-O-NE2 T 69, Q 72-OE1, T 73-OG1 T 69, T 73-OG1 T 69, T 73-OG1 HB, VdW 

CDR2b N 58-ND2-OD1-ND2 Q 72-OE1, E 76-OE1-OE2 Q 72-OE1, E 76-OE2 Q 72-OE1, E 76-OE2 HB, VdW 

CDR2b E 63-OE1-OE2 R 75 R 75-NH1-NH2  SB, VdW 

CDR2b A 64 Q 72  Q 72 VdW 

Fwb L 66 T 69 L 68, T 69 L 68 VdW 

Fwb D 67-OD2  Q 65-NE2 Q 65 HB, VdW 

CDR3b T 109 O L 146, A 150 L 146, A 150 L 146, A 150 VdW 

CDR3b Q 112 O Q 155-OE1 Q 155 Q 155 VdW 

CDR3b E 113 A 150 A 150 A 150 VdW 

CDR3b T 114-OG1 R 151-NH1-NH2 R 151-NH1-NH2 R 151-NH1-NH2 HB, VdW 

VdW: Van der Waals interaction (cut-off at 4 Å), HB: hydrogen bond (cut-off at 3.5 Å), SB: salt bridge (cut-off at 5 Å). 



Table S7. 3180 TCR contacts with HLA-B:35*01 presenting variants NP4, NP7 and NP8. 
TCR 
gene  

TCR residues  NP4 NP7 NP8 Bond type 

NP residues 
 

CDR3a D 107-OD2 L 5-NZ L 5-NZ L 5-NZ HB, VdW 

CDR1b Q 29 I 8 I 8 I 8 VdW 

CDR1b T 37 I 8 I 8 I 8 VdW 

CDR3b P 108 T 7 T 7 T 7 VdW 

CDR3b T 109-OG1 L 5, S 6, T 7-OG1 L 5, S 6, T 7-OG1 L 5, A 6, T 7-OG1 HB, VdW 

CDR3b S 110-O-N-OG L 5, S 6-N-O L 5, S 6-N-O L 5, A 6-N-O HB, VdW 

CDR3b G 111 D 4 E 4 D 4 VdW 

CDR3b R 112-N-NH2-NE-O D 4-O-OD2, L 5-NZ E 4-O-OE2, L 5-NZ D 4-O-OD2, L 5-NZ HB, VdW 

CDR3b T 113-O L 5-NZ L 5-NZ L 5-NZ HB, VdW 

CDR3b D 114-OD1 L 5-NZ L 5-NZ L 5-NZ HB, VdW 

TCR 
gene 

TCR residues HLA-B:35*01 residues Bond type 

CDR1a A 29 
 

R 62 R 62 VdW 

CDR1a N 37 L 163 L 163 L 163 VdW 

CDR1a Y 38-OH R 151 R 151-NH2 
 

HB, VdW 

Fwa D 55-OD1-OD2 R 151-NH1-NH2 R 151-NH2 R 151-NH1-NH2 SB, VdW 

CDR2a R 57-NH2-NE R 151, E 154-OE2, Q 155 R 151-NH2, E 154-OE2, Q 155 R 151, E 154-OE2, Q 155, A 158 HB, VdW 

CDR2a S 58 
 

A 158 
 

VdW 

CDR2a N 59-ND2 R 157, A 158, E 161-OE1 R 157, A 158, E 161 R 157, A 158, E 161-OE1 HB, VdW 

CDR3a A 110 
  

E 58 VdW 

CDR3a G 111-O Q 65-NE2 Q 65-NE2 Q 65-NE2 HB, VdW 

CDR3a Y 113 Q 65, I 66, T 69 Q 65, I 66, T 69 Q 65, I 66, T 69 VdW 

CDR1b Q 29-OE1 N 80-ND2 N 80-ND2 N 80-ND2 HB, VdW 

CDR1b T 37 Q 72 Q 72 Q 72 VdW 

CDR2b E 58-O-OE1 Q 72-OE1 Q 72-OE1, R 75-NH2 Q 72, R 75-NH2 HB, VdW 

FWb L 84 E 76, R 79 E 76 E 76 VdW 

CDR3b P 108 A 150 A 150 A 150 VdW 

CDR3b T 109-OG1 A 150, Q 155-NE2 A 150, Q 155-NE2 A 150, Q 155-NE2 HB, VdW 

CDR3b S 110 T 69, T 73 T 69, T 73 T 73 VdW 

CDR3b G 111 T 69 T 69 T 69 VdW 

CDR3b R 112 R 62 
  

VdW 

CDR3b D 114-OD2 Q 155-NE2 A 150, Q 155-NE2 Q 155-NE2 HB, VdW 

CDR3b T 115-OG1 R 151-NH2 R 151-NH1-NH2 R 151-NH1 HB, VdW 

VDW: Van der Waals interaction (cut-off at 4 Å), HB: hydrogen bond (cut-off at 3.5 Å), SB: salt bridge (cut-off at 5 Å). 
 



Table S8. Healthy buffy pack donor age, sex and HLA typing. 
Donor Age (years) Sex HLA-A HLA-B Year of blood 

collection 
d1 35 ND 01:01, 03:01 35:01, 57:01 2012 
d2 66 ND 01:01, 32:01 08:01, 35:01 2013 
d3 49 Male 03:01 18:01; 35:01 2016 
d4 36 Male 11:01, 32:01 27:05, 35:01 2021 
d5 57 Female 01:01, 03:01 18:01, 35:01 2022 
d6 44 Female 02:01, 24:02 35:01, 44:02 2021 
d7 30 Male 02:01, 11:01 35:01, 40:01 2021 
d8 33 Male 02:01, 11:01 18:01, 35:01 2021 

ND: not determined 
 
  



Table S9. List of anti-human monoclonal antibodies used for flow cytometry. 

Antibody Fluorochrome Species Clone Manufacturer Catalogue # 
CD3 PE Mouse UCHT1 eBioscience 12-0038-42 
CD4 AF700 Mouse RPA-T4 BD Pharmingen 557922 
CD8a PerCP-Cy5.5 Mouse SK1 BD 565310 
CD8a BV650 Mouse SK1 Biolegend 344730 
CD8b APC Mouse 2ST8.5H7 BD Fastimmune 641058 
CD14 APC-H7 Mouse MΦP9 BD 641394 
CD19 APC-Cy7 Mouse SJ25C1 BD Pharmingen 557791 
CD69 APC Mouse L78 BD 340560 
CD107a AF488 Mouse eBioH4A3 eBioscience 53-1079-42 
IFN-g V450 Mouse B27 BD Horizon 560371 
MIP-1b PE Mouse D21-1351 BD Pharmigen 550078 
TNF-a AF700 Mouse MAb11 BD Pharmingen 557996 

 


