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Although 2018 marked the 100th anniversary of the cata-
strophic Spanish influenza pandemic, influenza viruses 
remain a constant, global health threat. Three types of 

influenza viruses infect humans: type A (influenza A virus; IAV), 
type B (IBV) and type C (ICV). Two IAV subtypes (A/H3N2 and  
A/H1N1pdm09) and two IBV lineages (B/Yamagata/16/88-like 
and B/Victoria/2/87-like) co-circulate annually, causing seasonal 
epidemics of mild, severe or fatal respiratory disease, whereas ICV 
causes severe disease in children1–5. Antigenically novel IAVs gen-
erated by reassortment of the segmented genome and derived from 
animal reservoirs can also infect humans with high rates of mor-
bidity and mortality1.

The search for a long-lasting, universal, broadly protective 
vaccine against influenza viruses is ongoing. Immune protection 
against influenza is mainly mediated by adaptive humoral and cel-
lular responses1,2. Antibodies induced by seasonal inactivated influ-
enza vaccine typically provide strain-specific immunity by targeting 
the variable head domain of the surface glycoprotein hemagglu-
tinin. Although these antibodies can provide neutralizing immu-
nity, the constant antigenic drift of hemagglutinin makes them 
poor targets for cross-protection. Broadly cross-reactive antibodies 
predominantly targeted to the conserved stem of hemagglutinin 
or at neuraminidase6 can provide heterosubtypic cross-reactivity 
across multiple IAV subtypes7 or across IBVs, but not heterotypic 
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cross-reactivity across IAVs and IBVs, with the exception of one 
rare antibody clone (CR9114)8. Conversely, cytotoxic CD8+ T cells 
provide cross-protection across seasonal IAVs9,10 or IBVs11 and 
pandemic12–15 and avian16–18 IAVs by recognizing conserved virus-
derived peptides presented by major histocompatibility complex 
class-1 (MHC-I) glycoproteins (human leukocyte antigens; HLAs) 
on the surface of infected cells. So far, 195 CD8+ T cell epitopes 
restricted by 24 different HLA allotypes have been identified for 
IAVs, 7 epitopes (restricted by HLA-A*02:01 or HLA-B*08:01) for 
IBV and no T cell epitopes for ICV (Immune Epitope Database; 
accessed 2 January 2018). After recognition of the peptide–MHC-I 
complex, CD8+ T cells kill virally infected cells and release antiviral 
cytokines (interferon-γ (IFN-γ) and tumor necrosis factor (TNF)). 
The breadth of CD8+ T cell cross-reactivity across antigenically 
novel viruses renders these cells promising targets for a universal 
vaccine. However, the current inactivated influenza vaccine formu-
lation does not boost CD8+ T cells19. Thus, new vaccines are needed 
to harness the potential of cross-protective CD8+ T cells.

The establishment of universal immune memory against influ-
enza viruses requires prior knowledge of conserved antigenic 
regions to facilitate immunogen design and assessment of immune 
responses. Although antibodies can be first isolated from serum and 
used to map the epitopes, identification of antigen-specific CD8+ 
T cells requires prior knowledge of the antigenic epitopes, includ-
ing both peptides and restricting HLAs. This can inform the anti-
genic composition of T cell–based vaccines to focus the immune 
response towards conserved and protective epitopes. Here, we 
defined the CD8+ T cell cross-reactome against influenza A, B and 
C viruses, and identified novel IBV CD8+ T cells using immunopep-
tidomics20,21. We demonstrated that CD8+ T cells confer previously 
unrecognized, broad heterotypic cross-reactivity and characterized 
these responses in depth. Our data provide new insights into uni-
versal CD8+ T cells across IAVs, IBVs and ICVs, and suggest that 
combining universal CD8+ T cells with B cell–based vaccines might 
lead to a broadly protective influenza vaccine that does not require 
annual reformulation.

Results
Universal CD8+ T cell epitopes across IAV, IBV and ICV. To inves-
tigate the breadth of CD8+ T cell cross-reactivity across IAVs, IBVs 
and ICVs, we first assessed the conservation of previously identified 
IAV-specific CD8+ T cell epitopes across IAVs, IBVs and ICVs (Fig. 
1a and Supplementary Fig. 1), as IAV-specific CD8+ T cells have been 
our the research focus so far. Our conservation analysis of >67,000 
influenza segment sequences identified 31 conserved epitopes 
(with >70% amino acid identity) across IAV and IBV, and 8 epit-
opes across IAV, IBV and ICV types (Supplementary Table 1). Based 
on the prevalence of HLA-restricting molecules in the population 
and the nature of alterations within the peptide variants, we selected 
nine epitopes across both HLA-A (HLA-A*01:01, HLA-A*02:01  
and HLA-A*03:01/A*11:01/*31:01/A*68:02) and HLA-B (HLA-
B*07:02, HLA-B*44:02 and HLA-B*37:01) alleles (Table 1) for fur-
ther investigation.

To determine CD8+ T cell immunogenicity towards these epi-
topes, we probed memory CD8+ T cells within peripheral blood 
mononuclear cells (PBMCs) obtained from healthy adults using 
in vitro peptide expansion and measured IFN-γ after peptide re-
stimulation. Three (A1-PB1591, n = 3; A2-PB1413, n = 5; B37-NP338, 
n = 3) of nine conserved CD8+ T cell epitopes recalled memory 
responses across multiple donors (Fig. 1b). These conserved CD8+ 
T cell peptides (PB1591–599, PB1413–421 and NP338–345) are restricted by 
three prominent HLA molecules (HLA-A*01:01, HLA-A*02:01 and 
HLA-B*37:01, respectively), providing broad global coverage as 
~54% of the population carry at least one of these alleles.

The NMLSTVLGV PB1413–421 peptide in IAV (positioned as 
PB1414–422 in IBV and ICV; referred to as PB1413 hereafter) was 

universally (>98% of sequences) conserved (>99.9%) across IAV, 
IBV and ICV, but not in influenza D viruses, where a L7F altera-
tion was found, or in other genera of the Orthomyxoviridae fam-
ily (Fig. 1c). The PB1413–421 peptide has been reported as an IAV 
epitope22,23 shared in sequence with IBV24, however CD8+ T cell 
cross-reactivity has not been shown. To demonstrate the ability 
of HLA-A2-PB1413-specific CD8+ T cells to confer cross-reactivity 
across IAV, IBV and ICV, PBMCs obtained from HLA-A*02:01-
expressing donors were stimulated in vitro with autologous 
PBMCs infected with IAV, IBV or ICV, followed by measurement 
of A2-PB1413

+CD8+ T cells by IFN-γ on day 10 (n = 5) (Fig. 1d). 
In contrast to minimal IFN-γ production toward PB1413 directly 
ex vivo (Fig. 1d), ten-day culture with IAV-, IBV- or ICV-infected 
targets markedly increased the magnitude of A2-PB1413-specific 
CD8+ T cells (Fig. 1d), owing to expansion of A2-PB1413

+CD8+  
T cells towards all IAV, IBV and ICV. Our data thus provide evi-
dence that memory A2-PB1413

+CD8+ T cells are activated after 
stimulation with IAV-, IBV- or ICV-infected targets, suggesting 
that CD8+ T cells can exhibit universal cross-reactivity across IAV, 
IBV and ICV, and hence have a much broader cross-reactivity 
potential than has been previously thought.

Analysis of the remaining two conserved and immunogenic pep-
tides (PB1591–599 and NP338–345 in IAV; BPB1590–598 and BNP394–401 in 
IBV) revealed variations at 1–2 amino acids (S2A and L8I for PB1591 
and F1Y within NP338) between IAV and IBV, and a lack of con-
servation in ICV (Table 1). In vitro expansion with either IAV- or 
IBV-derived peptides showed unidirectional cross-reactivity, with 
IAV-expanded CD8+ T cells recognizing both IAV- and IBV-derived 
peptides. However, the IBV variants could not expand the number 
of CD8+ T cells directed at the cognate peptides, suggesting lower 
immunogenicity of these variants (Fig. 1e,f).

Collectively, our data demonstrate that human CD8+ T cells can 
confer heterotypic cross-reactivity across IAV, IBV and ICV. As the 
findings are based on the currently known IAV-derived epitopes 
and thus limited to IAV peptides, such universal cross-reactivity 
might be broader than defined here. Furthermore, our data suggest 
a need for identification of novel CD8+ T cell epitopes recognizing 
both IAV- and IBV-derived peptides that are restricted by a broad 
range of HLAs represented across different ethnicities.

Identification of novel HLA-A*02:01-restricted IBV epitopes. As 
there is a general lack of CD8+ T cell epitopes for clinically relevant 
and understudied IBVs, we identified novel CD8+ T cell epitopes 
derived from IBV viruses and presented by HLA-A*02:01, owing 
to the high global prevalence of this allele. We used immunopepti-
domics to define peptides naturally processed and presented on the 
surface of IBV-infected cells. Epstein Barr virus-transformed B lym-
phoblastoid class I–reduced (C1R) cell lines stably expressing high 
levels of HLA-A*02:01 were used, together with parental C1R cells 
expressing background levels of HLA-B*35:01 and HLA-C*04:01 
(ref. 25), to exclude peptides derived from these HLAs. Infection of 
C1R cells with the B/Malaysia strain resulted in high infection rates 
(~70% BNP+ cells) and cell viability (~93%) (Supplementary Fig. 2a). 
Liquid chromatography–tandem mass spectrometry (LC–MS/MS) 
analysis of peptides isolated from HLA-A*02:01 revealed predomi-
nantly 9-mer (n = 1,490) peptides, followed by 11-mer (n = 695) 
and 10-mer (n = 589) peptides (Fig. 2a,b and Supplementary  
Fig. 2b). These peptides exhibited canonical anchor residues of 
HLA-A*02:01 ligands (leucine at P2 and leucine or valine at the C 
terminus26; Fig. 2b). Length distributions were similar for human 
peptides from uninfected cells and human or viral peptides from 
infected cells (Fig. 2c and Supplementary Fig. 2c). Analyses from 
two experiments yielded 73 potential HLA-A*02:01-presented 
IBV-derived peptides, with ~64% overlap between experiments 
(Supplementary Table 2). The IBV-derived peptides originated 
from hemagglutinin (BHA) (22.3%), followed by BNP (16.4%) 
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and BM1 (11.9%), with all IBV proteins contributing to the  
HLA-A*02:01 immunopeptidome, except BM2 and NB (Fig. 2d). In 
contrast, peptides from BM2 were identified with high confidence 

as HLA-II ligands (Supplementary Fig. 2d and Supplementary  
Table 2). Of 73 HLA-A2-binding IBV peptides, 67 were synthesized 
for further investigation.
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Fig. 1 | CD8+ T cell cross-reactivity across influenza A, B and C viruses. a, Conservation of known IAV epitopes in IBV and ICV. Bars indicate percentage 
conservation (average amino acid identity) of each peptide across the three types of viruses in the indicated number of sequences. IEDB, Immune Epitope 
Database. b, Immunogenicity of memory CD8+ T cells directed at conserved peptides in healthy adults. PBMCs were cultured with the peptides (as outlined 
in B) for ~10 d and responses were assessed in an IFN-γ ICS. Frequency of IFN-γ+CD8+ T cells after subtracting ‘no peptide’ control and responding donors 
are shown. Dots indicate individual donors (n = 3, except for A1-PB1591, n = 5, A2-PB1407, n = 4 and A2-PB1413, n = 6; different donors were assessed over at 
least two independent experiments), median and interquartile range (IQR) shown; ND, not detected. c, Conservation of PB1413–421 in orthomyxoviruses. 
Alignment of PB1 sequences derived from viruses representing each genus is shown. Box indicates the PB1413–421 peptide. d, A2-PB1413–421-mediated cross-
reactivity across IAV, IBV and ICV. PBMCs were stimulated with one of the viruses for ~10 d and responses to the peptide were assessed in an ICS.  
A2-PB1413–421

+CD8+ T cell responses measured directly ex vivo by ICS are shown for comparison. Representative concatenated FACS plots for IFN-γ production  
are shown. Data points indicate individual donors, median and IQR (n = 6 from two independent experiments). Statistical significance was determined using 
two-tailed Wilcoxon matched-pairs signed-rank test, *P < 0.05, **P < 0.005. e,f, B37-NP338–345-mediated (e) and A1-PB1591–599-mediated (f) cross-reactivity 
across IAV and IBV. On about day 10 of peptide culture, CD8+ T cell responses to either IAV or IBV variants were assessed by ICS. Dots indicate individual 
donors (n = 3 for B37-NP338 and n = 4 for A1-PB1591 from one experiment). d–f, ‘No peptide’ control was subtracted. d, *P = 0.049, **P = 0.0099.
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Novel IBV BHA543
+ and BNS1266

+CD8+ T cell epitopes in humans. 
To dissect IBV-specific CD8+ T cells toward the 67 LC–MS/
MS-identified IBV peptides, we probed memory CD8+ T cell pools 
in HLA-A*02:01-expressing individuals. We assigned peptides to six 
pools of 10–12 peptides, avoiding overlapping peptides in the same 
pool. We established CD8+ T cell lines for each of the six peptide 
pools, and then re-stimulated each T cell line with the cognate pool 
in an IFN-γ and ΤΝF intracellular cytokine staining (ICS) assay  
(Fig. 2e,f). CD8+ T cell responses were predominantly targeted 
towards pool 2 (80% of donors, n = 11), with smaller responses 
detected for pools 1, 3, 4 and 6 (Fig. 2e and Supplementary Fig. 3a).  
Dissection of pool 2 identified A2-BHA543–551 as the prominent 
epitope among HLA-A*02:01+ donors (n = 6) (Fig. 2g). Smaller 
responses towards A2-BHA538–551, A2-NS1266–274, A2-BNS1264–274 and 
BM1132–140 were detected in some donors (Supplementary Fig. 3b). 
To validate these responses independently, we established CD8+  
T cell lines towards individual immunogenic peptides. CD8+ T cell 
responses to A2-BHA543–551 were of the greatest magnitude (median 
7.35%; n = 6) and more frequent among donors (6 of 6) than 
A2-NS1266–274 and A2-BM1132–140 (0.035% and 0.025%, respectively) 
(Fig. 2h and Supplementary Fig. 3b). Thus, our analysis identified 
five novel peptides recognized by CD8+ T cells in complex with 
HLA-A*02:01, with BHA543–551 being most prominent.

Having identified novel IBV CD8+ T cell epitopes, we deter-
mined the conservation of the most prominent peptides, BHA543–551 
and BNS1266–274, across IBVs. Both peptides were highly conserved 
at >98% in >14,000 sequences per segment, spanning both lin-
eages and 77 years (1940–2017) (Supplementary Fig. 3c). Although 
peptides identified by immunopeptidomics were highly conserved 
(>70%) in IAV (n = 6 peptides) or in ICV (n = 1) (Supplementary 
Fig. 3d), these were not immunogenic.

Overall, immunopeptidomics identified 73 novel IBV-derived 
HLA-A*02:01 peptide ligands. We tested 67 for immunogenicity; 
CD8+ T cell responses were targeted predominantly to BHA543–551, 
and highly conserved across IBV, but not IAV or ICV.

Universal PB1413
+CD8+ dominate over BHA543

+CD8+ T cells in 
IBV infection. Our data described so far identified three conserved 
HLA-A*02:01-restricted epitopes for IBV: the universal A2-PB1413 
and two IBV-specific epitopes (A2-BHA543–551 and A2-NS1266–274, 
hereafter called A2-BHA543 and A2-BNS1266). To understand the 
immunodominance hierarchy of the universal A2-PB1413

+CD8+  
T cells after IAV or IBV infection, we established IAV- or IBV-specific 
CD8+ T cell lines in vitro from PBMCs of healthy adults (n = 11) and 
assessed tetramer-specific CD8+ T cells against IAV epitopes (A2-
M158–66 (A2-M158), A2-PA46–54 (A2-PA64) and A2-PB1413) and IBV 
epitopes (A2-BHA543, A2-BNS1266 and A2-PB1413). Consistent with 
IFN-γ staining (Fig. 1d), A2-PB1413-tetramer detected universal  

A2-PB1413
+CD8+ T cells within both IAV- or IBV-specific CD8+ 

T cell lines, although these cells displayed differential immuno-
dominance hierarchies after either IAV or IBV infection (Fig. 2i,j). 
Within IAV-specific CD8+ T cell lines, A2-M158-tetramer+CD8+  
T cells were significantly dominant (median 3.9% tetramer+CD8+ 
T cells; detected in all 11 donors) over universal A2-PB1413

+ (0.12%; 
detected in 10 of 11 donors) and subdominant A2-PA46

+CD8+  
T cells (0.05%) (Fig. 2i). Conversely, the universal A2-PB1413 epitope 
within IBV-specific lines was immunodominant (0.3%; detected in 
8 of 11 donors) over the IBV-specific A2-BHA543 (0.11%; detected in 
10 of 11 donors) and A2-BNS1266 epitopes (0.01%) (Fig. 2j). These 
data demonstrate that (1) the universal A2-PB1413 and the newly 
identified IBV-specific A2-BHA543 and A2-BNS1266 CD8+ T cells 
can be expanded in number after virus stimulation in vitro, and (2) 
immunodominance of the universal A2-PB1413 epitope depends on 
influenza type.

Universal PB1413
+CD8+ T cells recruited during human IAV and 

IBV infection. To evaluate the recruitment and activation of uni-
versal A2-PB1413–421

+CD8+ T cells during influenza virus infection, 
we analyzed PBMCs from three clinical cohorts of PCR-confirmed 
IAV- or IBV-infected pediatric and adult individuals (Fig. 3). Using 
tetramer-associated magnetic enrichment (TAME), we detected 
influenza-specific CD8+ T cells directly ex vivo in IAV- and IBV-
infected pediatric and adult subjects (Fig. 3a,b)27–29. A healthy adult 
cohort and HLA-A*02:01-positive subjects hospitalized with a non-
influenza respiratory illness (influenza-PCR negative) were ana-
lyzed for comparison (Fig. 3b). A2-M158- and A2-PB1413-specific 
CD8+ T cells were detected in 100% and 50% of IAV+ individuals 
(n = 16), respectively, whereas A2-BHA543- and A2-PB1413-specific 
CD8+ T cells were detected in 75% and 87.5% of IBV+ individu-
als, respectively (n = 8). The frequency of A2-M158- and A2-PB1413-
specific CD8+ T cells in the blood was significantly increased 
(4.3- and 6-fold increase, respectively) in IAV-infected subjects 
as compared to memory CD8+ T cells in healthy donors (Fig. 3c). 
The numbers of A2-BHA543- and A2-PB1413-specific CD8+ T cells 
in IBV-infected subjects increased 2.2- and 2.6-fold, respectively, 
above the healthy donors, however these increases did not reach 
statistical significance, most probably owing to the differential age 
distribution in IBV-infected, but not IAV-infected, subjects com-
pared to healthy controls. In influenza-negative hospitalized sub-
jects, CD8+ T cells for three specificities were in the same range as 
for the healthy donors (Fig. 3c). Notably, tetramer+CD8+ T cells for 
all specificities were detected across all age groups (Fig. 3d).

Tetramer-positive A2-PB1413
+CD8+, IBV-A2-BHA543

+ and IAV-
A2-M158

+ CD8+ T cells detected in IAV- or IBV-infected sub-
jects displayed increased CD38+ and Ki-67+ expression (Fig. 3e 
and Supplementary Fig. 4), representing an activated phenotype 

Table 1 | Highly conserved peptides across IAV, IBV and ICV types selected for dissection of cross-reactive CD8+ T cell responses

FluA epitope HLA restriction IAV sequence IBV sequence ICV sequence

PB1591–599 A1 VSDGGPNLY VADGGPNIY Too low to identify

PB130–38 A1 YSHGTGTGY YSHGTGTGY MSHGSSTKY

PB1407–415 A2 MMMGMFNML MMMGMFNML MLMGMFNML

PB1412–421 A2 FNMLSTVLGV FNMLSTVLGV FNMLSTVLGV

PB1413–421 A2 NMLSTVLGV NMLSTVLGV NMLSTVLGV

PB1471–480 A3/A11/A31/A68 KLVGINMSKK KLLGINMSKK KLIGINMSLE
PB1540–548 B7 GPATAQMAL GPATAQTAI SPSTALMAL

PB1490–497 B44 FEFTSFFY FEFTSMFY FEFTSMFF

NP338–346 B37 FEDLRVLSF YEDLRVLSA Too low to identify

Boldface indicates non-conserved residues across IAV, IBV, ICV.
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during human viral infections30–32. This suggests that they are 
recruited during influenza virus infection. This was not observed 
in the influenza-negative cohort, indicating that this activation is 

influenza-specific. Upregulation of additional activation markers, 
HLA-DR and PD-1, was also increased on tetramer+CD8+ T cells 
(Supplementary Fig. 5). The observed variability in numbers and 

Cohort Age (median)
Days after

ILI onset (median)

Healthy (n = 14–24) 22–60 (45) N/A
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phenotype is probably due to (1) the donors’ age range and expo-
sure history and (2) varying times of sampling after influenza virus 
infection (Fig. 3b). Indeed, CD8+ T cell responses after human 
influenza A pandemic H1N1 infection peak within 7 d and then 
contract rapidly33. Additionally, the magnitude and activation status 
of peripheral CD8+ T cells can underrepresent virus-specific cells at 
the site of respiratory infections31.

These data show that A2-PB1413
+CD8+ T cells are universal and 

can be detected with an activated phenotype in HLA-A*02:01-
expressing influenza-infected subjects following either IAV or IBV. 
Additionally, activated CD8+ T cells specific for A2-BHA543–551, the 
epitope identified by immunopeptidomics, can be detected during 
IBV infection, illustrating the ability of mass spectrometry to iden-
tify novel peptide ligands.

Tissue-resident memory universal PB1413
+CD8+ T cells in 

human lungs. As human memory CD8+ T cells also reside outside 
the blood circulation34–36, we used rare human lung samples from 
deceased HLA-A*02:01-expressing organ donors (n = 5) to assess 
the presence of universal A2-PB1413

+CD8+ T cells at the site of infec-
tion. We also used human spleens (n = 11), tonsils (n = 4) and lymph 
nodes (n = 4) to assess the presence of influenza-specific CD8+ T 
cells in the secondary lymphoid organs (SLOs), where memory 
CD8+ T cells are enriched. CD8+ T cells specific for A2-M158  
(4 of 5), A2-PB1413 (2 of 5), and A2-BHA543 (1 of 5) were detected 

within human lung (Fig. 4a). Similarly, CD8+ T cells directed at 
A2-M158 (17 of 19), A2-PB1413 (6 of 19) and A2-BHA543 (4 of 19) 
were detected within human SLOs. Importantly, the majority of 
A2-PB1413

+ and A2-BHA543 CD8+ T cells exhibited a tissue-resident 
memory (TRM) CD69+CD103+CD45RO+ phenotype in human lung 
but not in SLOs (Fig. 4b), with central (CD27+CD45RA–) or effec-
tor (CD27–CD45RA–) memory-like phenotype dominating in SLOs 
(Fig. 4c). This indicates the presence of universal A2-PB1413

+ tissue-
resident memory CD8+ T cells in human lung and memory pools 
in human SLOs.

Overall, effector and memory IAV-A2-M158
+, IBV-A2-BHA543

+ 
and universal A2-PB1413

+ CD8+ T cells can be detected directly ex 
vivo in blood and SLOs of healthy individuals, and tissue-resident 
IAV-A2-M158-specific and universal A2-PB1413-specific memory 
CD8+ T cells can be detected in human lung.

Single-cell RNA analysis of universal and IBV CD8+ T cells. To 
further understand the recruitment and activation of universal 
and novel IBV-specific CD8+ T cells during influenza virus infec-
tion, we used single-cell RNA sequencing (scRNA-seq) to assess 
the transcriptome of ex vivo–isolated tetramer+CD8+ T cells from 
longitudinal PBMC samples obtained from an IBV-infected HLA-
A*02:01-expressing individual. Infection with a B/Victoria strain 
was confirmed by PCR37 and serological analysis (Supplementary 
Fig. 6a,b). Blood samples were obtained at baseline (~3 months 
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Fig. 4 | Universal CD8+ T cells with a tissue-resident phenotype in the human lung. a, Ex vivo detection of universal CD8+ T cells in human lung and 
secondary lymphoid organ (SLO; spleen, tonsils and lymph nodes) samples. Frequency of tetramer+CD8+ T cells (n = 8, lungs; n = 11, spleens; n = 4, 
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before infection), and on 14 days, 3 months and 1.5 years after IBV 
infection (Fig. 5a). A2-PB1413

+CD8+ T cells were detected at base-
line at 19 tetramer+ per 106 CD8+ T cells, then increased 19-fold 

to 367 tetramer+ per 106 CD8+ T cells on day 14 and remained at a 
similar level (327 tetramer+ per 106 CD8+ T cells) for up to 1.5 years 
after infection (Fig. 5b). Conversely, A2-BHA543

+CD8+ T cells were 
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undetectable at baseline, suggesting that this was the first IBV 
infection for this donor, despite a previous immunization against 
the B/Yamagata strain with inactivated vaccine not eliciting CD8+ 
T cells19. A2-BHA543

+CD8+ T cells increased to 73.4 tetramer+ per 
106 CD8+ T cells on day 14 after infection; this was five-fold lower 
than for universal A2-PB1413

+CD8+ T cells, and close to the detec-
tion level at 1.5 years. Thus, A2-PB1413

+CD8+ T cells were assessed at 
all time points, whereas IBV-specific A2-BHA543

+CD8+ T cells were 
analyzed on day 14.

A total of 209 tetramer+CD8+ T cells were analyzed using scRNA-
seq, with ~1,201 expressed genes identified per cell. Principal com-
ponent analysis revealed clear segregation of A2-PB1413

+CD8+  
T cells by time point but no segregation between the two antigenic 
specificities on day 14 (Fig. 5c). Notably, differential expression 
analysis identified distinct gene expression signatures across time 
points (Fig. 5d). Gene-set enrichment analysis showed that signa-
tures of T cell activation and differentiation, cell division, immune 
cell migration and chemotaxis were enriched in day 14 cells as com-
pared to those from baseline or 1.5 years (Fig. 5e,f).

We next analyzed the expression of specific genes associated 
with T cell differentiation, activation, cytotoxicity and effector func-
tion (Supplementary Fig. 6c,d). Importantly, effector CD8+ T cells 
across both IBV specificities isolated from day-14 upregulated genes  

associated with activation, cytotoxic molecules, cytotoxic receptors 
and effector cytokines. The expression profiles for selected genes 
associated with differentiation and activation were confirmed by 
flow cytometry (Supplementary Fig. 6c,d).

Although single-cell RNA-seq data were obtained from one 
subject naturally infected with IBV, this experiment provided 
a rare opportunity to examine baseline PBMC samples from a  
HLA-A*0201-expressing subject before natural IBV infection, at the  
acute (day 14), short-term memory (3 months) and long-term mem-
ory (1.5 years) time points after IBV. Our results provide evidence  
of transcriptome changes associated with differentiation and activa-
tion of A2-PB1413

+CD8+ and A2-BHA543
+CD8+ T cells during IBV 

infection. To the best of our knowledge, these are the first data on 
transcriptome changes within tetramer-specific CD8+ T cells at 
the single-cell level from the baseline to long-term memory CD8+ 
T cells in humans. Thus, through the flow cytometric analysis of 
IBV-infected subjects and longitudinal scRNA-seq analysis of a 
naturally infected individual, we demonstrate that A2-PB1413

+CD8+ 
and A2-BHA543

+CD8+ T cells are recruited to the immune response 
during IBV infection.

BHA543
+ and BNS1266

+CD8+ T cells in IBV-infected mice. Having 
shown recruitment of activated CD8+ T cells against universal 
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(A2-PB1413) and novel IBV-specific (A2-BHA543) epitopes during 
influenza in humans, we subsequently investigated the protective 
efficacy of these cells, especially as the role of CD8+ T cells in IBV 

infection remains unclear. To achieve this, we used HLA-A2.1-
expressing transgenic (HHD-A2) mice previously used for IAV 
infection38, and established a HHD-A2 mouse model of IBV and 
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ICV infection. HHD-A2 mice express a chimeric MHC-I mono-
chain comprising human β2-microglobulin covalently linked to 
the HLA-A*02:01 α1 and α2 domains, and murine α3 and trans-
membrane domains39, and thus can respond to many human 
HLA-A*02:01-restricted epitopes, including IAV-derived A2-M158 
(ref. 38) and cancer-derived A2-WT1A neoantigen40. These mice 
are not confounded by infection history or coexpression of other 
MHC-I molecules and provide a tool for understanding influenza-
specific CD8+ T cells in vivo and determining their protective role 
in influenza.

To verify the immunogenicity of novel IBV-derived peptides, 
we infected HHD-A2 mice intranasally with B/Malaysia. On day 
10 after infection, we stimulated splenocytes with the 67 novel IBV 
peptides individually and measured IFN-γ and ΤΝF production. As 
in humans (Fig. 2h), CD8+ T cell responses were targeted towards 
A2-BHA543–551 (mean 5% of CD8+ T cells) and A2-BNS1266–274 (mean 
1.8%), with smaller responses observed for A2-BHA538–551 and 
A2-BNS1264–274 (mean <0.5%), which overlap with A2-BHA543–551 
and A2-BNS1266–274, respectively (Fig. 6a,b). We also assayed six 
pools of 10–12 peptides, as for humans (Supplementary Table 2), 
and assessed CD8+ T cells to those at the site of infection (bron-
choalveolar lavage, BAL). CD8+ T cell responses were targeted 
to pools 2 and 3, which contained the BHA543–551, BNS1266–274 and 
BNS1264–274 peptides, as confirmed separately (Fig. 6c,d).

To compare primary CD8+ T cells directed at BHA543–551 and 
BNS1266–274 epitopes with secondary responses, we primed HHD-
A2 mice intranasally with B/Malaysia, and then intranasally 
infected them with the heterologous strain B/Phuket 6 weeks later 
(Supplementary Fig. 7b,c). Assessment of CD8+ T cell responses 
against the main A2-BHA543–551 and A2-BNS1266–274 epitopes on 
day 8 after challenge showed that the number of secondary IFN-
γ+TNF+CD8+ T cells in the spleen was ~27-fold higher than that 
after primary infection (Supplementary Fig. 7a). Additionally, 
CD8+ T cells for both specificities showed increased polyfunc-
tionality (IFN-γ+TNF+IL-2+) after challenge (0.14 and 2.14%, 
respectively, for BHA543) (Supplementary Fig. 7d). Thus, using 
our model of IBV in HHD-A2 mice, we verified the novel (iden-
tified by immunopeptidomics) immunodominant IBV-specific 
A2-BHA543–551 and A2-BNS1266–274 epitopes in both primary and 
secondary IBV infections.

Lack of A2-PB1413
+CD8+ T cells in HHD-A2 mice. As universal 

A2-PB1413
+CD8+ T cells can be detected in both IAV- and IBV-

infected subjects, we assessed A2-PB1413
+CD8+ T cells after IAV (A/

X31), IBV (B/Malaysia) or ICV (C/Perth) infection of HHD-A2 
mice. To our surprise, CD8+ T cells specific for the A2-PB1413 epit-
ope were not detected after (1) primary IAV, IBV or ICV infection 
(Supplementary Fig. 8a), (2) secondary infection with a heterolo-
gous virus (for example, A/X31→A/PR8) or a heterotypic virus (for 
example, A/X31→B/Mal) in all four possible combinations (A→A, 
A→B, B→B and B→A) (Supplementary Fig. 8b) or (3) tertiary 
(A→B→A, B→A→B) (Supplementary Fig. 8c) influenza infections 
(Supplementary Results). Additionally, A2-PB1413

+CD8+ T cells in 
HHD-A2 mice were not detected after lipopeptide (Supplementary 
Fig. 8d) or peptide (Supplementary Fig. 8f) vaccination or with 
tetramer enrichment in naive mice. Thus, the above experiments 
(Supplementary Fig. 8) provide strong evidence for a lack of naive 
A2-PB1413-specific precursors in HHD-A2 mice, probably owing to 
a T cell antigen receptor (TCR) repertoire hole in HHD-A2 mice 
toward the A2-PB1413 epitope. Hence, the protective role of uni-
versal A2-PB1413

+CD8+ T cells toward IAV, IBV and ICV infection 
could not be assessed in HHD-A2 mice (Supplementary Note).

Protective capacity of BHA543
+ and BNS1266

+CD8+ T cells in 
HHD-A2 mice. Previous studies using CD8+ T cell depletion 
in mice lacking antibodies have demonstrated a role for CD8+  

T cells during IBV infection41. To determine the protective capac-
ity of novel IBV-derived CD8+ T cell epitopes in HHD-A2 mice, 
we vaccinated mice with the BHA543 and BNS1266 peptides using a 
prime-boost approach, then infected mice intranasally with 5 × 103 
plaque-forming units (p.f.u.) B/Malaysia (Fig. 7a). On day 6 after 
boosting and before vaccination, numbers of innate cells (neutro-
phils, macrophages and γδ T cells) were comparable between mock 
(adjuvant alone) and peptide-adjuvant-vaccinated groups in blood 
(data not shown). Thus, any nonspecific inflammatory or innate 
effects of vaccination are controlled for in mock animals.

Vaccination with peptides led to significantly higher num-
bers of total A2-BHA543- and A2-BNS1266-tetramer+CD8+ T cells 
in the spleen on days 6 and 7 after IBV infection when compared 
to mock-vaccinated (adjuvant alone) mice (~5.6-fold) (Fig. 7b,c). 
A2-BHA543

+CD8+ and A2-BNS1266
+CD8+ T cell numbers were com-

parable (P > 0.05) in the BAL (about two-fold increase in immu-
nized mice). After immunization, however, there was an increase 
in recruitment of A2-BHA543

+CD8+ T cells to the site of infection 
between days 6 and 7 (Fig. 7d). Importantly, peptide-vaccinated 
mice exhibited significant protection against IBV, as shown by a sig-
nificant ~65% reduction in viral titers in the lung and nose on day 
6 and 100% clearance in the lung on day 7 after IBV infection when 
compared to the mock-immunized group (Fig. 7e). Additionally, 
there was a significant decrease in inflammatory cytokines (MIP-1β, 
IL-6, IL-1β and IFN-γ) in day 7 BAL of peptide-vaccinated mice in 
comparison to mock-immunized animals (Fig. 7f,g). Thus, CD8+ T 
cells directed at our novel HLA-A2.1-restricted IBV-specific epit-
opes are protective, as they can markedly accelerate viral clearance 
and reduce the cytokine storm at the site of infection.

Discussion
Cytotoxic CD8+ T cells have a crucial role in protection from severe 
influenza disease in humans and animal models of influenza virus 
infection1,2. CD8+ T cells limit viral replication and promote clear-
ance of infected cells whose recognition depends on presentation 
of viral peptides by MHC-I molecules. High conservation of these 
peptides allows cross-recognition of distinct IAV strains, including 
pandemic and avian IAV viruses1,2. Our study examines two levels 
of cross-reactivity by influenza-specific CD8+ T cells: (1) hetero-
typic cross-reactivity across IAV and IBV, and in some instances 
ICV, by CD8+ T cells recognizing peptides derived from conserved 
influenza regions, and (2) IBV-wide cross-reactivity by CD8+ T cells 
recognizing conserved IBV regions.

Broadly neutralizing antibodies to the IAV and/or IBV hemag-
glutinin stem are the focus of recent research. However, so far, such 
broadly cross-reactive antibodies are rare and immuno-subdom-
inant compared to strain-specific antibodies to the variable hem-
agglutinin head7. Conversely, broadly cross-reactive CD8+ T cells 
are abundant at the population level, can be recruited in ~50% and 
~80% of HLA-A*02:01-expressing individuals infected with IAV or 
IBV, respectively, and can account for substantial immune responses 
towards influenza. Thus, combining broadly neutralizing antibodies 
with broadly cross-reactive and abundant CD8+ T cells is important 
for optimal universal protection against distinct influenza strains. 
Cross-reactivity across IAV and IBV is unprecedented for CD8+ T 
cells and atypical for influenza-specific CD4+ T cells and antibod-
ies. Only one rare antibody (CR9114) cross-recognizing conserved 
IAV and IBV hemagglutinin stem regions has been reported8 and 
its contribution to human infection remains unknown. Similarly, a 
highly conserved CD4+ T cell epitope containing a peptide from the 
hemagglutinin fusion peptide has been identified although it has 
been poorly characterized42. Universal memory A2-PB1413 CD8+ 
T cells, however, are prominent in human blood and lung tissues, 
and emerge as activated effectors during human IAV and IBV. 
Additionally, such CD8+ T cells were found in the majority (80%) 
of donors we tested, and thus are abundant across HLA-A*02:01+ 
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donors. Furthermore, our reported heterotypic cross-reactivity, 
restricted by HLA-A*02:01, HLA-A*01:01 and HLA-B*37:01, cov-
ers ~54% of the world population.

The IBV-wide cross-reactivity resembles IAV-wide cross-reac-
tivity provided by well-characterized CD8+ T cells, exemplified by 
A2-M158 (ref. 38). Although the ability of CD8+ T cells to cross-react 
across IBV lineages has been reported11, the antigenic specificity 
underpinning such cross-reactivity has been unknown. We identi-
fied CD8+ T cell targets from BHA and BNS1 proteins and show 
that these responses are protective in mice. The observation that 
IBV-wide cross-reactivity can occur towards peptides derived from 
BHA is intriguing, as it contests the belief that CD8+ T cell cross-
reactivity is conferred by peptides from internal influenza proteins. 
Given the high prevalence of HLA-A*02:01 and the clinical signifi-
cance of IBV, our work implies that CD8+ T cell–targeting vaccines 
should be formulated with broader antigenic specificity not limited 
to NP and M1.

Here, we provide direct evidence for the role of CD8+ T cells in 
protection against IBVs, as demonstrated by immunization with 
our newly identified IBV peptides. After IBV infection, peptide-
immunized mice displayed significant reduction in viral titers and 
inflammation when compared to mock-immunized animals. To 
our surprise, A2-PB1413

+CD8+ T cells were undetectable in HHD-
A2 mice, irrespective of the infection or immunization protocol. 
This indicates that HHD-A2 mice lack naive A2-PB1413

+CD8+ TCR 
precursors, probably resulting from a TCR repertoire hole, con-
sistent with previous studies in HHD-A2-DRB1 mice43. Although 
HHD-A2 mice express a chimeric MHC-I monochain comprising 
the human β2-microglobulin covalently linked to HLA-A*02:01 α1 
and α2 domains and the murine α3 and transmembrane domains, 
TCRs remain murine. Thus, although HHD-A2.1-expressing mice 
respond to several human HLA-A*02:01-restricted epitopes38,40,44 
TCRs for others might be lacking. Although these mice are useful 
for screening peptides, such results should be validated in human 
samples. HHD mice are, however, important in assessing the pro-
tective capacity of HLA-A2-restricted CD8+ T cells. By vaccinating 
HHD-A2 mice and challenging them with IBV, we provide evidence 
for a protective role of CD8+ T cells in IBV infection after peptide 
vaccination, consistent with CD8+ T cell depletion in mice lacking 
B cells41. In conjunction with the activation of these CD8+ T cells 
in subjects and the presence of TRM cells in the human lung, our 
studies suggest that vaccinating against these epitopes could provide 
protection in humans.

The antigenic origin of broadly cross-reactive epitopes is of 
interest. PB1 is the most conserved protein across IAV and IBV, 
with ~60% amino acid identity, in contrast with 30% for other pro-
teins4,24. The PB1413 peptide is derived from the most conserved pro-
tein region, motif B (residues 406–422 of IAV-PB1 protein), a core 
motif present in viral RNA-dependent polymerases. Genome-wide 
mutational analysis has demonstrated that IAV cannot tolerate sub-
stitutions in these motifs45. Notably, the IBV-wide cross-reactivity 
is conferred by the BHA543 peptide, which is derived from the BHA 
stalk, which shows considerably higher conservation than the hem-
agglutinin head46. Mutagenesis screens have revealed limited toler-
ance to 15-nucleotide insertions in BHA, particularly in the stalk 
domain46. Thus, universally cross-reactive CD8+ T cells target epi-
topes with little sequence flexibility, making them ideal targets for 
universal and IBV-wide influenza vaccines.

The ability of CD8+ T cells to confer heterotypic cross-reactivity 
across IAV and IBV and the knowledge of cross-reactive epitopes 
across IAV and IBV types and within IBV strains have implications 
for the design of universal influenza vaccines that do not require 
annual reformulation. Pre-emptive influenza vaccines eliciting 
broadly cross-reactive and long-lasting CD8+ T cells would reduce 
annual rates of IAV- and IBV-induced morbidity and mortality 
globally. Additionally, influenza vaccines eliciting immunity across 

IAV, IBV and ICV could protect children from severe ICV disease5. 
Furthermore, T cell–targeted vaccines would augment numbers of 
universal IAV-, IBV- and ICV-specific CD8+ T cells and IAV- and 
IBV-specific CD8+ T cells in individuals with previous viral expo-
sures and thus confer stronger protective immunity after infection14. 
It is important to consider universal CD8+ T cells alongside univer-
sal antibodies for the design of universally cross-reactive influenza 
vaccines, especially as current inactivated influenza vaccines do not 
elicit influenza-specific CD8+ T cell responses19.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
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Methods
Cell lines, viruses and reagents. C1R cells (parental or stable transfectants 
expressing specific HLA alleles; a gift from W. Chen, La Trobe University) were 
maintained in RF10 medium (RPMI-1640 with 10% heat-inactivated FCS, 1 mM 
MEM sodium pyruvate, 2 mM l-glutamine, 100 mM MEM nonessential amino 
acids, 5 mM HEPES buffer solution, 55 mM 2-mercaptoethanol, 100 U ml–1 
penicillin and 100 mg ml–1 streptomycin; purchased from Gibco (Thermo Fisher 
Scientific)). Influenza A (A/Switzerland/9715293/2013, A/X31 and A/PR8) and B 
(B/Malaysia/2506/04 and B/Phuket/3073/2013) viruses were grown in the allantoic 
cavity of day 10–embryonated chicken eggs for 3 d at 35 oC and viral titers were 
determined by plaque assay on MDCK cells (American Type Culture Collection). 
Influenza B viruses were provided by Seqirus. Influenza C viral isolates (C/
Perth/08/2012) were provided by the World Health Organization Collaborating 
Centre for Reference and Research on Influenza (Melbourne, Australia). The BNP-
FITC (1:200, H89B, ThermoFisher) antibody was used to assess infection levels 
with IBV. Synthetic peptides were purchased from GenScript and reconstituted in 
10–100% DMSO Hank’s Balanced Salt Solution. Tetramers were generated by first 
producing soluble HLA α-heavy chain-BirA and β2-microglobulin (β2-m) before 
refolding with peptide to generate monomers. Monomers were conjugated to 
fluorescent-labeled streptavidins (SA) such as PE-SA, APC-SA or BV421-SA (BD 
Biosciences), at an 8:1 monomer to SA molar ratio to form pMHC-I tetramers. 
Cell lines were confirmed to be mycoplasma free using the MycoAlert Mycoplasma 
Detection Kit (Lonza).

Human blood and tissue samples. Human experimental work was conducted 
according to the Declaration of Helsinki Principles and according to the Australian 
National Health and Medical Research Council Code of Practice. Signed informed 
consents were obtained from all blood and tissue donors before the study. Spleen, 
lymph node and lung tissues were obtained from deceased organ donors after 
written informed consent from the next of kin. Spleen and lymph node samples 
were obtained via DonateLife Victoria. Lung samples were obtained via the Alfred 
Hospital’s Lung Tissue Biobank from individuals who did not die of immunological 
conditions or influenza infection. Tonsils were obtained from healthy individuals 
undergoing tonsillectomy (Mater Hospital, North Sydney, Australia). PBMCs 
were isolated from buffy packs obtained from the Australian Red Cross Blood 
Service (ARCBS, West Melbourne, Australia). Human blood and tissue samples 
were processed as described19. The study was approved by the University of 
Melbourne Human Ethics Committee (1443389.4 and 1545216.1), the ARCBS 
Ethics Committee (2015#8), the Alfred Hospital Ethics Committee (280/14), 
Monash Health Human Research Ethics Committee (HREC/15/MonH/64, RMH 
local reference number 2016/196), St. Jude Children’s Research Hospital (XPD12–
089 IIBANK), the University of Tennessee Health Science Center/Le Bonheur 
Children’s Hospital, and the Human Research Ethics Committee, Research and 
Ethics Governance Office of the Royal Prince Alfred Hospital, Sydney Local Health 
District (X13–0372).

Healthy donors and clinical cohorts. The characteristics of the healthy PBMC 
donors and organ donors are described in Supplementary Tables 3–7. Influenza-
infected and influenza-negative adult subjects were recruited from the Alfred 
Hospital and Royal Melbourne (Melbourne, Australia). Informed consent was 
obtained before sampling. Influenza infection was confirmed by PCR. Pediatric 
and adult subjects were recruited at St. Jude Children’s Research Hospital 
(Memphis, TN, USA), as part of the FLU09 cohort, which has been described47,48. 
Written, informed consent was acquired from participants’ parents or guardians 
and written assent from age-appropriate subjects was acquired at the time of 
enrollment. The characteristics of the influenza-infected and influenza-negative 
donors are described in Supplementary Tables 8 and 9, respectively.

HLA-A2.1 HHD mouse studies. HHD-A2 mice express a chimeric MHC-I 
monochain comprising human β2-microglobulin covalently linked to the HLA-
A*02:01 α1 and α2 domains and the murine α3 and transmembrane domains39. 
HHD-A2 mice were developed by F. Lemonnier and the parental pairs were 
provided by the Pasteur Institute. Mice aged 6–12 weeks were used. All animal 
work was conducted in accordance with guidelines set by the University of 
Melbourne Animal Ethics Committee (ethics approval numbers 1312880.4 and 
1714108.5). HHD-A2 mice were infected intranasally with 30 μl of influenza virus 
in PBS under isoflurane anesthesia. For IAV, mice were infected with 100 p.f.u. of 
X31 or PR8, IBV with 100 p.f.u. of B/Malaysia or B/Phuket, and ICV with 50 μl of 
C/Perth/8/2012 with an hemagglutinin titer of 64. Primary, secondary and ternary 
infections were performed 6–8 weeks apart. For peptide vaccination, 30 nmol of 
each peptide was mixed and emulsified in complete (for priming) or incomplete 
(for boosting) Freund’s adjuvant and delivered subcutaneously at the base of the 
tail (50 μl on either side). Mice were boosted 2 weeks after priming and challenged 
with 5 × 103 p.f.u. of B/Malaysia intranasally 7 d after boosting. Viral titers were 
determined from lung and nose homogenates using plaque assays as described49. 
Cytokines were measured on lung homogenates and BALF using a cytometric bead 
array kit (BD Biosciences) as described49. For lipopeptide vaccination, 20 nmol of 
Pam2Cys-lipoptide with the PB1413 or M158 peptides was delivered intranasally in 
50 μl of saline under isoflurane anesthesia.

Detection of naive epitope–specific CD8+ T cells was performed as described50. 
Briefly, the spleen and major lymph nodes (auxiliary, brachial, cervical, inguinal, 
mesenteric and mediastinal) were pooled and processed into single-cell 
suspensions for each mouse. Cells were stained with tetramers conjugated to PE 
or APC for 1 h at room temperature. Tetramer+ cells were enriched using anti-PE 
or anti-APC MicroBeads (Miltenyi Biotec) and an LS column (Miltenyi Biotec) 
according to the manufacturer’s instructions. Cells were then stained with Fixable 
Live/Dead AquaBlue viability dye (Life Technologies) and surface markers. 
Tetramer+CD8+ T cells were identified as CD8α+CD3e+CD11c−CD11b−F4/80−B22
0−I-Ab–NK1.1−CD4−). The whole sample was acquired by FACS.

Viral peptide conservation analysis. Unique amino acid sequences of the eight 
segments of influenza A, B and C viruses (n = 56,353, 10,235 and 456, respectively) 
were downloaded from the National Center for Biotechnology Information 
database51, using full-length sequences from any host, any location and any 
subtype. Sequences were screened for the presence of A- and B-epitopes using 
the Smith-Waterman search algorithm, which detects the best position of a query 
within a longer string while allowing for some single-amino acid differences. To 
assess conservation of a given viral peptide, we analyzed two metrics: whether or 
not a “match” was found for that epitope in the search targets, where we classified a 
match as a search result ≥70% similar to the query epitope, and the overall average 
percentage similarity of the matches returned. To analyze temporal variation 
in epitope conservation of two select epitopes (BHA543–551 and BNS1266–274), all 
influenza BHA and NS1 data from Global Initiative on Sharing All Influenza Data 
along with sample collection dates were downloaded. Minimum lengths of 550 
amino acids for the HA and 250 amino acids for the NS1 were selected, providing 
16,500 records for HA and 14,845 sequences for NS1. Similar to prior analysis, the 
Smith-Waterman algorithm at a threshold of ≥70% similarity was used to screen 
for positive hits. The code used for this analysis is available upon request.

Expansion of antigen-specific memory CD8+ T cells from human PBMCs. 
Cryopreserved PBMCs (~1–5 × 106) from healthy adults were used to expand 
antigen-specific T cells as described52. Briefly, to expand peptide-specific CD8+ 
T cells, one-third of PBMCs were pulsed with 1–10 μM of peptide in serum-free 
RPMI for 1 h at 37 °C, washed twice and then mixed with the remaining autologous 
PBMCs. To expand virus-specific CD8+ T cells, one-tenth of PBMCs were infected 
with IAV or IBV (B/Malaysia) in serum-free RPMI for 1 h at 37 °C, washed twice 
and then mixed with the remaining autologous PBMCs. Cells were then incubated 
for 9–12 d in RF10 medium with 10 U ml–1 of recombinant human IL-2 (Roche 
Diagnostics) added on day 4 and half-media changes every 2 d onward.

T cell re-stimulation and intracellular cytokine staining. To measure ex vivo 
ICS responses, PBMCs were thawed and rested overnight in RF10 medium with 
10 U ml–1 of recombinant human IL-2. Between 0.8 × 106 and 8 × 106 cells were 
stimulated with 1 μM peptide for 6 h in the presence of brefeldin A (BD GolgiPlug) 
and monensin (BD GolgiStop). For in vitro T cell lines, day 9–12 PBMC cultures 
were restimulated with 1 μM peptide for 5 h in the presence of brefeldin A (BD 
GolgiPlug) and monensin (BD GolgiStop). In some experiments, PBMCs were 
restimulated with peptide-pulsed HLA-expressing C1R cells. After stimulation, 
cells were surface and intracellularly stained as described below with panel 1 
(Supplementary Table 10).

Identification of epitope-specific CD8+ T cells by tetramer staining. PBMCs 
were incubated with pMHC-I tetramers (A2-M158–66, A2-PA46–54, A2-PB1413–421, 
A2-BHA543–551 and A2-BNS1266–274) for 1 h in MACS buffer (PBS with 0.5% BSA and 
2 mM EDTA) at room temperature. After two washes, surface antibody staining 
was performed in 50 µl MACS buffer for 20 min at 4 °C.

Immunopeptidome analysis. Cell pellets of 8 × 108 to 10 × 108 cells were lysed 
using a combination of mechanical and detergent-based lysis. The lysates 
were cleared by ultracentrifugation and MHC complexes were isolated by 
immunoaffinity purification using solid-phase-bound monoclonal antibodies  
for immunoaffinity purification as described53. Antibodies BB7.2 (anti-HLA-A2) 
and w632 (anti-pan class I) were used sequentially for purification of transfected 
HLA-A*02:01 and remaining endogenous MHC class I (marginal HLA-B*35:03 
and HLA-C*04:01) of the C1R cells. LB3.1 (anti-HLA-DR), SPV-L3 (anti-HLA- 
DQ) and B721 (anti-HLA-DP) were subsequently used to isolate MHC class II  
complexes. Peptides were eluted from the MHC with 10% acetic acid and 
fractionated on a 4.6-mm internal diameter × 100-mm monolithic reverse-phase 
C18 high-performance liquid chromatography (HPLC) column (Chromolith 
SpeedROD; Merck Millipore) using an ÄKTAmicro HPLC (GE Healthcare) 
system, running a mobile phase consisting of buffer A (0.1% trifluoroacetic acid; 
Thermo Fisher Scientific) and buffer B (80% acetonitrile, 0.1% trifluoroacetic acid; 
Thermo Fisher Scientific). MHC-peptide mixtures were loaded onto the column 
at a flow rate of 1 ml min–1 (2% buffer B, 98% buffer A) and separated at 2 ml min–1 
based on a buffer B gradient of increasing buffer B content from 2 to 15% over 
0.25 min, 15–30% over 4 min, 30–40% over 8 min and 40–45% over 10 min before 
the flow rate was reduced to 1 ml min–1 and buffer B rapidly increased 45–99% 
over 2 min. We collected 500-µl fractions throughout, and the peptide-containing 
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step was 1:400 million. Sequencing libraries were prepared using Nextera XT DNA 
Library Prep Kit and sequenced using on a NextSeq 500 platform with 150-base 
pair high-output paired-end chemistry.

Bioinformatics analysis. The scRNA-seq data were preprocessed for quality 
control. Reads had an average length of 150 base pairs and each cell had an average 
sequencing depth of 1 million paired-end reads, enough to robustly assess gene 
expression and reconstruct TCR sequences from scRNA-seq. The quality of 
scRNA-seq reads was assessed using FastQC and reads were aligned to Ensembl 
GRCh37 reference genome using TopHat2 with default parameters. Only cells that 
passed initial filtering were retained for downstream analysis. One cell with a low 
number of genes expressed (<400 genes with at least 10 fragments per kilobases 
per million (FPKM)) was excluded from the analysis. The Cufflinks suit (v2.2.1) 
was used to calculate gene expression in FPKM; with CuffQuant used to calculate 
FPKM and CuffNorm to normalize the FPKM values based on total mRNA 
content. Differential expression analysis and gene set enrichment analysis were 
performed as indicated in MAST tutorial. Heatmaps were generated with the R 
package pheatmap.

Statistical analysis. Statistical significance of nonparametric data sets was 
determined by the Mann-Whitney test for unpaired comparisons and a two-tailed 
Wilcoxon matched-pairs signed-rank test for paired comparisons. An unpaired 
t-test was used for parametric data sets. A two-way analysis of variance (Sidak’s 
multiple comparisons) was used to compare tetramer-specific responses in mice 
across groups and time points.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon request. scRNA-seq data that support the findings of 
this study have been deposited in Arrayexpress with accession code E-MTAB-7606.
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fractions were combined into nine pools, vacuum-concentrated and reconstituted 
in 12 µl 0.1% formic acid (Thermo Fisher Scientific).

Reconstituted fraction pools were analyzed by LC–MS/MS using an 
information-dependent acquisition strategy on a Q-Exactive Plus Hybrid 
Quadrupole Orbitrap (Thermo Fisher Scientific) coupled to a Dionex UltiMate 
3000 RSLCnano system (Thermo Fisher Scientific). 6 µl of concentrated material 
was loaded onto a Dionex Acclaim PepMap100 200-mm C18 Nano-Trap Column 
with 100-μm internal diameter (5-μm particle size, 300-Å pore size) in buffer 
A (2% acetonitrile, 0.1% formic acid) at a flow rate of 15 µl min–1. Peptides were 
then separated by switching a Dionex Acclaim RSLC PepMap RSLC C18 column 
(50-cm length, 75-μm internal diameter, 2-μm particle size, 100-Å pore size) in 
line and eluting the peptides (250 nl min–1) over an increasing gradient of buffer B 
(80% acetonitrile, 0.1% formic acid) of 2.5–7.5% over 1 min, 7.5–35% over 40 min, 
35–99% over 5 min, 99% over 6 min and returning to 2.5% buffer B over 1 min, 
before re-equilibration at 2% for 20 min. Data were collected in positive mode: 
MS1 resolution, 70,000; scan range, 375–1,800 m/z; MS2 resolution, 17,500; scan 
range, 200–2,000 m/z. The top 12 ions of +2 to +5 charge per cycle were chosen for 
MS/MS with a dynamic exclusion of 15 s. Raw files were converted to mgf format 
and spectra were searched against a proteome database consisting of the human 
proteome (UniProt/Swiss-Prot v2016_04), the B/Malaysia proteome and a six-
reading frame translation of the B/Malaysia genome using ProteinPilot software 
(version 5.0, SCIEX), considering biological modifications and using a decoy 
database for false discovery rate analysis. Length distribution and motif analyses 
were based on human peptides assigned at confidences greater than that required 
for a 5% false discovery rate, precursor delta mass ≤ 0.05. Peptides assigned to 
the influenza proteome at any confidence were also considered, precursor delta 
mass ≤ 0.05. Probable HLA-A*02:01 binders were determined based on appearance 
across the experiments and antibodies (BB7.2 versus w632 and class II). Of the 
73 ligands, 67 were chosen for synthesis in native form and used in subsequent 
analyses. Selected peptides met any of the following criteria: (1) identification in 
both experiments, (2) confidence of sequence assignment >50, (3) predicted half-
maximum inhibitory concentration (IC50) of binding to HLA-A*02:01 <2,500 nM. 
The 12-mers to 14-mers were synthesized regardless of meeting these criteria. The 
HLA-A*02:01 binding predictions were made on 18.07.2018 using the Immune 
Epitope Database Analysis Resource ANN, also known as NetMHC (ver. 4.0), 
tool54–56. Peptide binding motifs were visualized using Icelogo software (static 
reference method against the SWISS-PROT human proteome)57.

Screening of novel peptide ligands. For in vivo screening, HHD mice were 
infected with 100 p.f.u. of B/Malaysia intranasally. On day 10, spleen and BAL were 
harvested and processed into single-cell suspensions. Lymphocytes were stimulated 
with 1 μM peptide in RF10 with 10 U ml–1 of recombinant human IL-2 for 5 h 
in the presence of brefeldin A (BD GolgiPlug). Cells were stained with panel 3 
(Supplementary Table 10) and analyzed as described above. For in vitro screening, 
cryopreserved PBMCs from HLA-A*02:01+ healthy adults were expanded with 
peptide pools (final concentration of 10 μM). Responses against cognate pools were 
assessed on day 9–10. Any positive pools were further dissected by restimulating 
remaining cultures with individual peptides on day 11–12. Immunogenic peptides 
were validated by in vitro expansion with single peptide and ICS assay with the 
C1R-A2 cells pulsed with the cognate peptide.

Tetramer-associated magnetic enrichment of antigen-specific CD8+ T cells. 
TAME was performed as described29. Briefly, cryopreserved PBMCs (1 × 106 
to 50 × 106) were thawed, counted and incubated with anti-human FcR block 
(Miltenyi Biotec) before being stained with pMHC-I tetramers conjugated to 
PE-SA or APC-SA for 1 h at room temperature. Cells were washed, incubated 
with anti-PE or anti-APC MicroBeads (Miltenyi Biotec) and passed through 
a LS column (Miltenyi Biotec) according to the manufacturer’s instructions. 
After magnetic enrichment, unenriched, flow-through and enriched samples 
were stained for surface and intracellular markers as described above. A limit of 
detection for TAME analysis was set at 10–7, as determined by Alanio et al27. Panels 
4a and 4b were used (Supplementary Table 10). Lung samples were not enriched 
and were stained with panel 5.

Single-cell RNA-seq. Single tetramer+ cells were sorted into 96-well plates 
containing 0.5 μl dNTP mix (10 mM), 0.5 μl oligo-dT primer (5 μM), and 1 μl 
lysis buffer (prepared by adding 1 μl RNase inhibitor to 19 μl Triton X-100 
solution, 0.2% (v/v)). Libraries were prepared using the Smart-seq2 protocol 
as described18,58,59 with the following modifications. cDNA synthesis and 
preamplification reaction volumes were halved to 5 and 12.5 μl, respectively. The 
final concentration of the ERCC RNA Spike-In mix in the reverse-transcription 
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Data analysis FlowJo 10, Prism 7, R 3.5 (Codes are available upon request as stated in manuscript), ProteinPilot  (version 5.0, SCIEX), Cufflinks suit 
(v2.2.1) 
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Life sciences study design
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Sample size For human studies, sample size was determined by the availability of samples. 
For mouse studies, sample size was >4, as per typical experimental design, and mouse availability.

Data exclusions No data were excluded with the following exceptions: i) for scRNAseq, one cell with low number of genes expressed (less than 400 genes with 
at least 10 FPKM) was excluded from the analysis. This was a per-established criterion

Replication Mouse experiments were performed at least twice, with the exception of the recall T responses . Where PBMCs from humans were available, 
experiments were repeated at least twice. All attempts of replication were included in the analysis.

Randomization Mice were assigned into experimental groups to achieve equal distribution of age and sex across experimental groups.

Blinding The experiments were not blinded because they did not involve subjective measurements.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used CD3 UCHT1 PeCy7 BD Biosciences 

CD8 SK1 PerCP-Cy5.5 BD Pharmingen 
CD19 SJ25C1 APC-H7 BD Pharmingen 
CD14 MΦP9 APC-H7 BD Pharmingen 
IFNγ B27 V450 BD Horizon 
TNF MAb11 AF700 BD Pharmingen 
CD3 UCHT1 PECF-594 BD Biosciences 
CD3 UCHT1 APC eBioscience 
LD N/A NIR ThermoFisher 
TNF 6401.1111 APC BD Biosciences 
Ki-67 MOPC-21  FITC BD Pharmingen 
CD3 UCHT1 AF700 BD Biosciences 
CD45RA HI100 APC-H7 BD Pharmingen 
CD14 M5E2  BV510 Biolegend  
CD19 SJ25C1 BV510 BD Horizon 
HLA-DR L243 BV605 Biolegend 
CD27 L128 BV711 BD Horizon 
CD38 HIT2 BV786 BD Horizon 
CD95 DX2 PECF-594 BD Biosciences 
PD-1 EH12.1 PE-Cy7 BD Pharmingen 
CD38 HIT2 PerCP-Cy5.5 Biolegend 
CD8 SK1 APC-Cy7 Biolegend 
CD45RA HI100 BV605 Biolegend 
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HLA-DR L243 BV650 Biolegend 
CD103 Ber-ACT8 FITC BD Biosciences 
CD69 FN50 BV421 Biolegend 
CD45RO UCHL1 APC-H7 eBioscience 
CD8α 53.6.7 PerCP-Cy5.5 BD 
IFNγ XMG1.2 FITC Pharmigen 
TNF MP6-XT22 APC BD 
IL-2 JES6-5H4 PE Pharmigen

Validation All antibodies were titrated on control samples to determine the maximum dilution to achieve population separation without 
observable background.

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) C1R cells were obtained from the Department of Microbiology and Immunology, University of Melbourne. MDCK cells were 
obtained from ATCC.

Authentication C1R cells were routinely tested for HLA expression levels.

Mycoplasma contamination Cell lines were tested using the MycoAlert Mycoplasma Detection Kit (Lonza) and were mycoplasma negative.

Commonly misidentified lines
(See ICLAC register)

None used.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Male and female 6-10 week old HHD-A2 mice were used 

Wild animals the study did not involve wild animals.

Field-collected samples the study did not involve samples collected from the field.

Ethics oversight University of Melbourne Ethics Committee

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants

Population characteristics Healthy blood donors were of between 18-71 years of age, both male and female. Tissue donors were between 15-67 years old. 
Infected donors were between 6 and 77 years old. Influenza infection was confirmed by PCR. Please refer to methods, fig 3b and 
supplementary tables in the manuscript for details.

Recruitment Influenza-infected adult and pediatric patients were recruited through the Alfred Hospital and Royal Melbourne Hospital in 
Melbourne (through co-authors Allen Cheng, Tom Kotsimbos and Michael Richards) and St Jude Chidlrens' Research Hospital 
(through co-authors Paul Thomas). Signed informed consents were obtained from all blood and tissue donors prior to the study. 
Spleen, lymph node and lung tissues were obtained from deceased organ donors following written informed consent from the 
next of kin. Spleen, lung and lymph node samples were obtained from deceased organ donors. Spleen and lymph node samples 
were obtained via DonateLife Victoria.  Lung samples were obtained via the Alfred Hospital’s Lung Tissue Biobank from 
individuals who passed of non-immunological conditions nor influenza infection. Tonsils were obtained from healthy individuals 
undergoing tonsillectomy (Mater Hospital, North Sydney, NSW, Australia). 

Ethics oversight The study was approved by the University of Melbourne Human Ethics Committee (ID 1443389.4 and 1545216.1), the Australian 
Red Cross Blood Service (ARCBS) Ethics Committee (ID 2015#8), the Alfred Hospital Ethics Committee (280/14), Monash Health 
Human Research Ethics Committee (HREC/15/MonH/64, RMH local reference number 2016/196), St. Jude Children’s Research 
Hospital (XPD12-089 IIBANK) and the University of Tennessee Health Science Center/Le Bonheur Children’s Hospital, and the 
HREC, Research and Ethics Governance Office of the Royal Prince Alfred Hospital, Sydney Local Health District (X13-0372).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Samples were prepared as described in the Methods

Instrument BD LSR Fortessa was used for acquisition of data and BD FACSAria for cell sorting

Software BD FACS Diva, FlowJo

Cell population abundance Only single cell sorting was performed, which was confirmed by the presence of single TCR chains.

Gating strategy Gating as described in the supplementary figures.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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