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T cells can contribute to clearance of respiratory viruses that 
cause acute-resolving infections such as SARS-CoV-2, helping 
to provide long-lived protection against disease. Recent stud-
ies have suggested an additional role for T cells in resisting 
overt infection: pre-existing cross-reactive responses were 
preferentially enriched in healthcare workers who had abor-
tive infections1, and in household contacts protected from 
infection2. We hypothesize that such early viral control would 
require pre-existing cross-reactive memory T cells already res-
ident at the site of infection; such airway-resident responses 
have been shown to be critical for mediating protection after 
intranasal vaccination in a murine model of SARS-CoV3. 
Bronchoalveolar lavage samples from the lower respiratory 
tract of healthy donors obtained before the COVID-19 pan-
demic revealed airway-resident, SARS-CoV-2-cross-reactive 
T cells, which correlated with the strength of human sea-
sonal coronavirus immunity. We therefore demonstrate the 
potential to harness functional airway-resident SARS-CoV-
2-reactive T cells in next-generation mucosal vaccines.

To examine for severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) cross-reactive T cells in the lower respiratory tract 
airways, we used cryopreserved BAL samples taken during bron-
choscopy of ten healthy donors in 2016–2018, before the onset of 
the pandemic. Cryopreserved peripheral blood mononuclear cells 
(PBMCs) from paired blood samples were also analyzed. Donors 
had been challenged with Streptococcus pneumoniae and influenza 
vaccine 6–19 weeks before bronchoscopy. Oropharyngeal swabs or 
nasosorption samples used for PCR screening of multiple respira-
tory viruses were negative in all subjects, apart from rhinovirus in 
one (patient cohort details in Methods and Supplementary Table 1).  
Mononuclear cells from BAL were stimulated with pools of 
SARS-CoV-2 peptides of specificities previously associated with 
protective pre-existing T cells1,4: three pools of overlapping peptides 
spanning the core replication transcription complex (RTC) non-
structural proteins (NSPs) NSP7, NSP12 and NSP13 from ORF1ab 
and a pool of predicted epitopes from the structural protein spike. 
After overnight peptide stimulation, antigen-specific T cells with 
antiviral functional potential were enumerated by intracellular 
cytokine staining for interferon (IFN)-γ and/or tumor necrosis fac-
tor (TNF) (CD8+ and CD4+) and CD40L (CD4+), after subtract-
ing the background effector function seen in the donor-matched 
unstimulated control well (<0.6% background cytokine production 
in all cases, gating strategy, example FACS plots and all background 
values in Extended Data Fig. 1a,b).

SARS-CoV-2 peptide-reactive CD4+ and CD8+ T cells were 
detected in six of ten of the pre-pandemic BAL samples (Fig. 1a,b 
and Extended Data Fig. 1c). Responses were detectable against each 
of the RTC regions, including the highly conserved RNA polymerase 
(NSP12)5,6 that we found to be most strongly associated with abor-
tive infection, as well as spike. SARS-CoV-2 cross-reactive CD4+ 
T cells were present in BAL at higher frequencies than CD8+ T cells 
(Fig. 1c), as noted in previous studies of the periphery1,7–10. However, 
CD4+ and CD8+ T cell responses were correlated in frequency 
within the same donor BALs (Extended Data Fig. 1d), indicating a 
coordinated response. Lung CD4+ and CD8+ T cells responded to 
SARS-CoV-2 peptides with induction of TNF and IFN-γ, with TNF 
being more abundantly produced than IFN-γ (Fig. 1d). Co-staining 
showed that some responding cells were multifunctional, with 
most IFN-γ-producing CD4+ and CD8+ T cells also producing 
TNF and a proportion of IFN-γ- and TNF-producing CD4+ T cells 
co-expressing CD40L (Extended Data Fig. 1e–h). The proportion 
of CD4+ T cells producing TNF was particularly high in some 
donors, but they were proportional to IFN-γ+CD4+ T cell and mul-
tifunctional (TNF/IFN-γ or TNF/CD40L CD4+ T cell) responses 
(Extended Data Fig. 1h and Fig. 1e), supporting antigen-specific 
triggering, perhaps amplified by a bystander TNF response11.

BAL samples from the lower respiratory tract would be expected 
to contain some tissue-resident memory T cells (TRM) that are spe-
cialized for long-lived sentinel pathogen defence12; to examine this 
we compared the residency profile (CD69/CD103 expression) of 
global T cells in BAL with paired PBMCs from the same donors. 
The t-distributed stochastic neighbor embedding (t-SNE) analy-
sis confirmed differential segregation of cells within PBMCs and 
BAL expressing residency markers, particularly for CD69+CD103+ 
co-expression in the global CD8+ pool and single-positive 
CD69+CD103− in the CD4+ compartment (Fig. 2a,b). Among PBMCs, 
only 7.6% of global CD4+ T cells expressed CD69 compared with 
66.7% in BAL (Fig. 2c,d). As previously reported, only a small popu-
lation of airway CD69+CD4+ T cells co-expressed CD103 (ref. 13).  
Circulating CD8 +T cells were predominantly CD69−CD103−, 
whereas CD8+ T cells with the residency phenotypes CD69+CD103− 
and CD69+CD103+ dominated in BAL samples (Fig. 2c,d).

In four BAL donors we detected virus-specific T cells of suffi-
cient magnitude to assess their residency phenotype; SARS-CoV-2 
RTC and spike-specific CD4+ T cells tended to have even higher 
frequencies of CD69 expression than global BAL T cells, espe-
cially among the IFN-γ+ population, where ~90% expressed CD69  
(Fig. 2e and Extended Data Fig. 2a). Similarly, a high proportion of 
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SARS-CoV-2-specific CD8+ T cells had a residency signature (mean 
70.6% CD69+CD103+, 97% CD69+; Fig. 2f). In this limited sample 
size, the expression of residency markers was comparable across all 
antigen specificities examined (Extended Data Fig. 2a,b). Overall, 
the frequencies of SARS-CoV-2-specific T cells were significantly 
enriched within the CD4+ and CD8+ TRM cell subsets compared 
with the non-TRM cell pools in the airways (Fig. 2g,h and Extended  
Data Fig. 2a,b).

Tissue-residency provides a mechanism to retain an enriched fre-
quency of virus-specific memory T cells at the site of antigen encoun-
ter. Having identified SARS-CoV-2 RTC and spike-cross-reactive 
T cells with a TRM cell phenotype in the lower airways, we postu-
lated that they would be selectively enriched at this site compared 
with the circulation. To examine whether pre-existing SARS-CoV-
2-cross-reactive T cells were selectively enriched at the site of 
infection, we compared their frequencies after overnight stimula-
tion of paired blood and BAL samples from the same donors. The 
percentage of CD4+ and CD8+ T cells producing TNF or IFN-γ  
(Fig. 3a,b) in response to the four SARS-CoV-2 peptide pools tested 
was substantially higher within BAL than PBMCs. CD4+ and CD8+ 
T cells tended to have broader specificity (responding to more pep-
tide pools) in BAL compared with PBMCs (Fig. 3c,d). In addition, 
a higher proportion of donors had a detectable response to each 
peptide pool in their airway than in their blood sample (Fig. 3e,f). 
Overnight stimulation did not result in high expression of CD69 
among peptide-responsive populations in the periphery (Extended 
Data Fig. 3a,b). This contrasted with the high CD69 expression of 
peptide-specific T cells described above in the airway, reinforcing 
the latter being a feature of TRM cells rather than simply a result of 
peptide activation.

Next we examined whether circulating SARS-COV-2-reactive 
T cells identified after either overnight stimulation or in vitro expan-
sion correlated with BAL responses. RTC and spike-cross-reactive 
T cells were detectable in more PBMC samples after short-term 
(10 d) in vitro expansion than overnight, consistent with these 
low-magnitude responses being below the threshold of detection 
rather than completely absent from the circulation (Extended Data 
Fig. 3c,d). Generally, overnight or in vitro expanded SARS-CoV-
2-reactive T cell frequencies did not correlate significantly with 
those in matched BAL (Extended Data Fig. 3e–h), which may reflect 
the small sample size, but suggests that the magnitude of circulat-
ing T cells is not fully representative of the pool compartmentalized 
within the lung. Notably, the only responses to significantly corre-
late between blood and BAL were overnight IFN-γ+CD4+ T cells 
specific for RNA polymerase (NSP12; Extended Data Fig. 3f), the 
region most highly conserved across human coronaviruses, sup-
porting our previous association of this specificity in the circula-
tion with protection from overt infection in healthcare workers1. 
Moreover, overnight peptide stimulation of PBMCs revealed signif-
icantly increased CD4+ and a trend to higher frequencies of CD8+ 
T cell responses in individuals with a detectable BAL response to 
SARS-CoV-2 (Fig. 3g,h).

Finally, we investigated the postulate that seasonal human 
coronaviruses (HCoVs) represent one probable stimulus for 
pre-existing SARS-CoV-2-reactive airway T cells. As insuffi-
cient BAL remained, we used residual paired PBMCs and sera 
to test for pre-existing T cell and humoral immunity to sea-
sonal HCoVs. We have shown that 15-mer peptides spanning 
the nonstructural RTC region are highly conserved between 
HCoV and SARS-CoV-2 (ref. 1). To assess the crossreactiv-
ity of the pre-existing SARS-CoV-2-reactive T cells to HCoVs, 
we therefore focused on spike, constructing a mapped epitope 
pool of peptides from the HCoV spike (OC43, 229E and NL63; 
BEI Resources, peptide arrays, 17-mers), equivalent to the pool 
we had used to assess SARS-CoV-2 spike-reactive T cells. Both 
overnight and in vitro expanded CD4+ and CD8+ T cell responses 

to the seasonal HCoV spike tended to be higher frequency  
(significantly so for IFN-γ+CD8+ T cells) in those pre-pandemic 
donors with SARS-CoV-2-reactive T cells in their BAL (Fig. 4a,b).  
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Fig. 1 | Crossreactive SARS-CoV-2-specific T cells are present 
in pre-pandemic BAL samples. a,b, Frequency of TNF- (a) and 
IFN-γ-producing (b) CD4+ and CD8+ T cells in bAL for each peptide pool. 
Doughnut plots at the top show the percentage of detectable responses.  
c, Percentage of TNF- or IFN-γ-producing CD4+ or CD8+ T cells in bAL.  
d, Frequencies of Sars-CoV-2-specific CD4+ and CD8+ T cells producing 
TNF or IFN-γ. e, Correlation of TNF+ CD4 T cells versus TNF+IFN-γ+ 
(left) and CD40L+TNF+ (right) CD4 T cells in bAL (n = 10 biologically 
independent samples examined over one independent experiment). bars at 
median (a–d), with gray area representing mean + 2 s.d. of DMSO control; 
Kruskal–Wallis one-way ANOVA test and Dunn’s multiple comparison  
(a and b); Wilcoxon’s paired test (c and d); Spearman’s correlation (e).
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Immunoglobulin (Ig)G antibody titers against HCoVs were also 
higher in donors with SARS-CoV-2-reactive BAL T cells (sig-
nificant for 229E, trends for NL63, OC43, HKU1; Fig. 4c), cor-
roborating the evidence for more recent/stronger HCoV exposure  

being associated with cross-reactive airway T cells. In contrast to 
the cross-reactive T cells we had observed, no antibodies able to 
crossreact with SARS-CoV-2 spike or nucleoprotein were detect-
able in these pre-pandemic sera (Fig. 4d).
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Fig. 2 | Enrichment of resident phenotype in global and antigen-specific T cells in BAL. a, The t-SNE plots of concatenated PbMCs and bAL CD4+ (top) 
or CD8+ T cells (bottom) highlighting sample tissue origin. b, The t-SNE plots of concatenated PbMCs and bAL CD4+ (top) or CD8+ T cells (bottom) 
highlighting expression of CD69 and CD103. c, Example plot and percentage of CD69 expression on CD4+ T cells from PbMCs or bAL. d, Example plot 
and percentage of CD103 and CD69 expression on CD8+ T cells from PbMCs or bAL. e, Example plots of TNF- or IFN-γ-producing CD4+ T cells (top) 
and CD69 expression on total, TNF+ or IFN-γ+CD4+ T cells (bottom) using NSP12 peptide pool. f, Example plots of TNF- or IFN-γ-producing CD8+ T cells 
(top) and CD103 versus CD69 expression on total, TNF+ or IFN-γ+ CD8+ T cells (bottom) using NSP12 peptide pool. g, Comparison of CD4+CD69+ and 
CD69− cells in bAL producing TNF (left) or IFN-γ (right) per peptide pool. h, Comparison of CD8+CD69+CD103+, CD69+CD103− and CD69− cells in 
bAL producing TNF (left) or IFN-γ (right) per peptide pool. a–h, Four biologically independent samples with the highest frequencies of IFN-γ production 
examined over one independent experiment. bars at median (c, d, g and h); floating bars indicating the mean, minimum and maximum values within the 
dataset (e and f); Kruskal–Wallis one-way ANOVA test and Dunn’s multiple comparison (c–f and h); Wilcoxon’s paired test (g).
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A potential confounder for this cohort is the influenza vaccina-
tion and pneumococcal challenge that donors had received before 
BAL sampling, although these are ‘real-world’ physiological expo-
sures, with >10% of the general population being pneumococcal 
carriers14 and many receiving annual influenza vaccines. In most 
cases these had been administered >4 months before BAL; the two 
cases with a 6-week interval were not outliers in their SARS-CoV-2 
reactivity (Extended Data Fig. 4a). We have previously noted that 
pneumococcal and influenza-specific memory responses account 
for ~1% of BAL T cells15 (Extended Data Fig. 4b), whereas sponta-
neous T cell TNF release decays over time after pneumococcal chal-
lenge to become minimal >1 month post-challenge (Extended Data 
Fig. 4c), in line with the low levels of background cytokine produc-
tion seen without peptide stimulation in this cohort. However, it 
remains possible that previous inflammatory exposures such as 
these increased the recruitment of SARS-CoV-2-reactive lung TRM 
cell specificities16. Previous challenge could also have activated 
global lung T cells, but BAL from a donor without pneumococcal 
challenge or influenza vaccine still had high expression of CD69 on 
CD4+ T cells, many of which co-expressed the additional TRM cell 
marker CD49a (Extended Data Fig. 4d).

We demonstrate that SARS-CoV-2-cross-reactive T cells can 
reside in the human airways, a key site for frontline protection 
against inhaled pathogens such as coronaviruses. SARS-CoV-
2-reactive T cells were more frequent in the CD4+ than the CD8+ 
T cell fraction of pre-pandemic lower respiratory mucosa, but both 

were capable of co-producing IFN-γ and TNF. Although this obser-
vational study could not examine their protective role, we speculate 
that airway memory T cells capable of such rapid, robust cytokine 
production would provide vital sentinel function, based on in vivo 
depletion studies in animal models. CD4+ T cell responses local-
ized within the airway, rather than those in the lung parenchyma 
or vasculature, have been shown to be critical for protection against 
SARS-CoV; depletion of the airway fraction specifically abrogated 
the efficacy of mucosal vaccination3. Airway coronavirus-specific 
CD4+ T cells have been shown to mediate rapid IFN-γ-dependent 
induction of antiviral pathways such as STAT-1 (ref. 3), consistent 
with our previous observation of healthcare workers aborting infec-
tion before PCR or antibody positivity1. The response by airway 
CD4+ T cells could include a cytotoxic component and might also 
initiate the production of CXCR3 chemokines to recruit migratory 
dendritic cells, able to amplify the CD8+ T cell response for final 
clearance of infected cells3,17; in line with this we found that frequen-
cies of SARS-CoV-2-specific CD4+ and CD8+ T cells were corre-
lated in donor BALs.

Six of ten of the healthy donors tested had T cells capable of cross-
recognizing SARS-CoV-2 proteins within their airways before the 
SARS-CoV-2 pandemic. Although extrapolations cannot be made 
from such a small cohort to the wider population, enhanced protec-
tive immunity in this proportion is compatible with SARS-CoV-2 
challenge and household exposure studies where around half of 
those exposed resisted infection10,18–21. T cells were reactive against 
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Fig. 3 | SARS-CoV-2-specific T cells are enriched in the lungs. a,b, Frequency of TNF- (a) or IFN-γ-producing (b) CD4+ and CD8+ T cells after overnight 
stimulation of bAL and PbMCs with Sars-CoV-2 peptide pools shown as paired samples for the different peptide pools separately (left box) or all combined 
(right box). c,d, Number of viral antigens recognized ranked by response level in TNF- (c) or IFN-γ-producing (d) CD4+ and CD8+ T cells. e,f, Percentage 
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all four regions of SARS-CoV-2 tested; critically, these included 
T cells specific for the RNA-dependent polymerase (NSP12) and 
other components of the core RTC (polymerase cofactor NSP7, 
helicase NSP13) of SARS-CoV-2, which we recently found associ-
ated with abortive seronegative infection. Thus, the responses we 
previously identified in the periphery were probably a representa-
tive subset of their more protective lung mucosa-resident counter-
parts, which either had not yet acquired tissue residence or were 
‘ex-TRM cells’22,23. Consistent with this, we noted that circulating 
polymerase (NSP12)-specific T cell frequencies correlated signifi-
cantly with lung airway responses identified after overnight peptide 
re-stimulation. Pre-existing SARS-CoV-2-specific T cell frequen-
cies were enriched in the BAL compared with the circulation. BAL 
cell yields did not allow a more comprehensive analysis of T cell 
specificities, but it is likely that responses targeting other regions of 
SARS-CoV-2 would be similarly enriched in the airways compared 
with blood. The frequency of lung TRM cells with cross-reactive 
potential against SARS-CoV-2 may also be underestimated because 
lavage samples only airway (epithelial) and not interstitial TRM cells, 
with the latter typically containing more T cells capable of cytotox-
icity24,25. Although proliferating interstitial lung TRM cells can func-
tion as a reservoir of responses to seed and replenish the airway 
TRM cells26, it is the airway TRM cells that have been found to form 
a critical component of protection against animal coronaviruses3 
and other respiratory viruses24. Maintaining a large memory pool 
of pathogen-specific T cells at the site of infection entry is a key 
protective advantage of the efficient frontline immunosurveillance 
provided by TRM cells in many tissues12,27,28.

Lung TRM cells may not be as long-lived as other tissue TRM 
cells, although stable frequencies persisted for more than 1 year 
in some human lung transplant recipients12,27,29,30. We could not 
determine longevity because the timing and nature of the origi-
nal infection priming the cross-reactive lung T cells that we 
observed are unknown. Despite the small size of the cohort, 
we were able to detect differences in the strength of T cell and 
humoral immunity to seasonal HCoVs in those with or without 
detectable SARS-CoV-2-cross-reactive responses in the airways. 
This suggests that the timing and/or dose of previous HCoV expo-
sure may shape the effectiveness of airway T cell crossprotection 
against SARS-CoV-2. Although ‘common cold viruses’ do not 
typically cause lower respiratory symptoms, respiratory syncytial 
virus (RSV) has also recently been shown to induce T cells in the 
lower airways in healthy adults with only upper respiratory tract 
symptoms13. Pre-existing SARS-COV-2 TRM cells have been iden-
tified by activation assays in tonsillar lymphoid tissue extracted 
before the pandemic31, suggesting that functional responses with 

crossprotective potential may also develop in the upper airways. 
However, it is likely that some airborne virus can bypass immune 
defenses in the upper respiratory tract, underscoring the impor-
tance of the lower airway T cells, which we have identified, in pre-
venting the lung pathology that causes severe infection outcomes. 
Future studies will need to investigate whether, in addition to the 
pre-pandemic cross-reactive responses observed, airway-resident 
functional memory T cells can be formed after SARS-CoV-2 
infection. T cell receptor sequencing has provided evidence for 
SARS-CoV-2-specific CD8+ T cells in nasal samples from four 
donors after severe COVID-19 (ref. 32). Lung TRM cells have been 
shown to form either after SARS-CoV-2 infection in selected cases 
where tissue was obtained from surgical resection or post mor-
tem33,34, which did not allow airway responses to be distinguished 
from parenchymal/vascular TRM cells. It is not yet known whether 
airway or interstitial lung-resident T cell responses are induced by 
the current peripherally administered vaccines or whether muco-
sal delivery is required to achieve this.

Next-generation vaccines are being developed with greater focus 
on regions beyond the highly variable spike and on inducing muco-
sal immunity able to provide durable protection at the site of infec-
tion35. Our recent study highlighted the potential for RTC-specific 
T cells to abort early infection before PCR positivity and antibody 
seroconversion, potentially reducing transmission as well as disease 
and targeting early expressed viral replication proteins conserved 
across SARS-CoV-2 variants and other animal and HCoVs1. The 
data presented in the present study provide an explanation for 
the observed association between cross-reactive T cells and rap-
idly aborted infection, representing an immediate response at the 
site of infection after previous priming by, for example, an HCoV. 
Our findings underscore the rationale for vaccines delivered by 
the mucosal route, to expand tissue-resident T cells in the airways, 
including broadly cross-reactive SARS-CoV-2 RTC and spike speci-
ficities, aiming to provide frontline immunosurveillance against 
future variants.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
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Methods
Study design and BAL collection. This was a cross-sectional study, using residual 
samples left after two Experimental Human Pneumococcal Carriage (EHPC) 
model studies, which were conducted in Liverpool, UK before the COVID-19 
pandemic. Briefly, ten healthy, nonsmoking, adults (aged 18–44 years), who 
had previously enrolled in two different EHPC studies from 2016 to 2018, 
underwent a one-off research bronchoscopy, as previously described36. Ten 
participants were challenged intranasally with live S. pneumoniae (serotype 
6B) as previously described37. In addition, an influenza vaccine (live attenuated 
influenza vaccine (LAIV) or trivalent influenza vaccine (TIV)) was administered 
3 d after pneumococcal challenge as part of one EHPC clinical trial in nine of 
the ten subjects in the present study (see Supplementary Table 1). BAL samples 
were obtained through research bronchoscopy between 1 month and 4 months 
post-pneumococcal challenge and influenza vaccine. Blood samples for sera and 
PBMC isolation were collected at the same day as BAL. One BAL sample obtained 
from an individual without previous pneumococcal challenge or influenza 
vaccination was used as the control.

Sample processing. BAL samples were processed as previously described38, 
cryopreserved in CTL-CryoABC medium kit (Immunospot). After thawing, 
alveolar macrophages were routinely separated from other nonadherent immune 
cell populations using an adherence step, as previously described36. Blood 
was processed for sera collection or PBMCs were isolated from heparinized 
blood samples using density-gradient sedimentation layered over Ficoll-Paque 
in SepMate tube and then cryopreserved in CTL-CryoABC medium kit 
(Immunospot).

Peptides. A full list of the peptides contained in pools spanning the whole 
SARS-CoV-2 NSP7, NSP12 and NSP13 proteins (15-mer peptides overlapping 
by 10 amino acids) or spike (15-mer peptides based on predicted epitopes) 
has been previously described1,39 (GL Biochem Shanghai Ltd, >80% purity). 
When insufficient BAL cells were available, pools were prioritized as follows: 
NSP12 (n = 10) > NSP13 (n = 9) > spike (n = 8) > NSP7 (n = 7). Assessment of 
crossreactivity in PBMCs was performed using peptide pools spanning spike 
protein from the endemic HCoVs OC43, 229E and NL63 combined based on 
equivalent, predominantly immunodominant regions of SARS-CoV-2 spike 
described above (BEI Resources, peptide arrays, 17-mers). The following reagents 
were obtained through BEI Resources, National Institute of Allergy and Infectious 
Diseases, National Institutes of Health: peptide array, HCoVs OC43, 229E, NL63 
spike (S) glycoproteins, NR-53728, NR53727 and NR53729.

Intracellular cytokine staining. Mononuclear BAL cells ((0.8–1) × 105 cells per 
well) and PBMCs (5 × 105 cells per well) were seeded in 96-well plates  
and stimulated with peptide pools (2 µg ml−1 per peptide) in R10 supplemented 
with 0.5 µg ml−1 of soluble anti-CD28, 20 U ml−1 of recombinant human 
interleukin (IL)-2 and Brefeldin A (10 µg ml−1; Sigma-Aldrich) for 16 h.  
For 10-d cultures, PMBCs were previously stained with CellTrace Violet cell 
proliferation kit following the manufacturer’s instructions (Thermo Fisher 
Scientific) and seeded at 2 × 105 cells per well. On days 3 and 6, 100 µl  
of medium was removed and replaced with R10 supplemented with  
anti-CD28 and IL-2 as above. On day 9, PBMCs were re-stimulated with  
peptide pools (2 µg ml−1 per peptide) and Brefeldin A (10 µg ml−1; 
Sigma-Aldrich). After stimulation, PBMCs were harvested and stained for 
fixable live/dead (Near infrared, Thermo Fisher Scientific), followed by 
anti-human conjugated antibodies targeting surface proteins. After fixation  
and permeabilization (Cytofix/Cytoperm, BD Biosciences), cells were 
incubated with saturating concentrations of anti-human antibodies for 
intracellular staining. Antibodies used in the present study include: TNF 
FITC (BD Biosciences, clone MAb11; 1:50), CD8α BV785 (BioLegend, clone 
RPA-T8; 1:100), IFN-γ BV605 (BD Biosciences, clone B27; 1:100), IFN-γ 
antigen-presenting cell (APC) (BioLegend, clone 4S.B3; 1:50), CD3 BUV805 
(BD Biosciences, clone UCHT1; 1:100), CD4 BUV395 or BV 421 (BD 
biosciences, clone SK3; 1:100), CD154 (CD40L) Pe-Cy7 (BioLegend, clone  
24-31; 1:100), CD103 BV711 (BioLegend, clone ber-act8; 1:100), CD69  
BV510 (BioLegend, clone fn50; 1:100) and CD49a BUV395 (BD Biosciences, 
clone SR84; 1:100). Samples were acquired on a BD LSRII flow cytometer  
using FACSDIVA v.9.0. FMOs (fluorescence minus one values) and 
unstimulated samples were used to determine gates applied across samples.  
Data were analyzed using FlowJo v.10.7 (TreeStar). An unstimulated control  
well was included for each sample and the percentage of cytokine producing 
CD4+ or CD8+ T cells was subtracted from all peptide stimulated wells. 
Reponses were considered positive when above dimethyl sulfoxide (DMSO) 
mean values + 2 s.d.

Alternatively, BAL samples obtained for previous studies were stimulated 
with 1.2 μg ml−1 of influenza antigens (TIV, 2016/2017) or S. pneumoniae for 16 h 
as previously described15. Cells were stained with Violet Viability dye (Thermo 
Fisher Scientific) and antibodies CD3 APC-H7 (clone SK7; 1:100), CD4 PerCP5.5 
(clone SK3; 1:100), CD8 AF700 (clone SK1; 1:100), CD69 BV650 (clone FN5O; 
1:100), CD103 BV605 (clone Ber-ACT8; 1:100), CD49a APC (clone TS2/7; 1:100), 

IFN-γ PE (clone 4S.B3; 1:100) and TNF BV711 (clone MAb11; 1:100) (all from 
BioLegend) added.

Antibody meso-scale discovery immunoassay. A multiplexed meso-scale 
discovery immunoassay to measure IgG antibody responses to spike of  
Sars-CoV-2 and seasonal coronaviruses HKU1, OC43, 229E and NL63, and 
nucleoprotein of Sars-CoV-2 was performed as previously described40. Antibody 
concentration is presented in arbitrary units (AU) interpolated from the 
emitter-coupled logic signal of the internal standard sample using a four-parameter 
logistic curve fit.

Viral qPCR. Nucleic acids for viral quantitative PCR were extracted from 
one aliquot of 250 µl of oropharyngeal swab and/or 80–120 µl of nasosorption 
sample using the Purelink Viral RNA/DNA Mini Kit (Life Technologies Corp.) 
according to the manufacturer’s instructions. We tested for a broad panel of 
respiratory viruses, including adenoviruses, parainfluenza viruses 1–4, human 
bocavirus, human coronaviruses OC43, NL63 and 229E, RSV (A and B), human 
metapneumovirus, human rhinoviruses, enteroviruses and human influenza 
viruses A42 and B43, as previously described41.

Statistics and reproducibility. Data were assumed to have a non-Gaussian 
distribution and nonparametric tests were used throughout. For single-paired 
and unpaired comparisons Wilcoxon’s matched-pairs, signed-rank test and a 
Mann–Whitney U-test were used, respectively. For multiple unpaired comparisons, 
Kruskal–Wallis one-way analysis of variance (ANOVA) with Dunn’s correction 
was used. For correlations, Spearman’s r test was used. A P < 0.05 was considered 
significant. Prism v.7.0 and Excel v.16.16.09 were used for analysis. Details of the 
statistics are provided in the figure legends.

Ethics statement. All volunteers gave written informed consent and research was 
conducted in compliance with all relevant ethical regulations. Ethical approval 
was given by the North West National Health Service Research Ethics Committee 
(Ethics Committee reference nos. 14/NW/1460 and18/NW/0481, and Human 
Tissue Authority licensing no. 12548).

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

Data availability
All data analyzed during the present study are included in this article and its 
supporting information files. Source data are provided with this paper.
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Extended Data Fig. 1 | Detection of SARS-CoV-2-specific T cells in pre-pandemic BAL samples. a, Example gating of intracellular cytokine staining of bAL 
after overnight peptide stimulation: Lymphocytes (SSC-A vs. FSC-A), single cells (FSC-H vs. FSC-A), Live cells (fixable live/dead-), CD3+, CD4+ or CD8+. 
b, Example plot and frequencies of IFN-γ and TNF production by CD4+ and CD8+ T cells after overnight incubation of bAL samples with media containing 
DMSO (unstimulated control). c, Example plot of IFN-γ vs. TNF on CD4+ and CD8+ T cells after overnight stimulation of bAL samples with SArS-CoV-2 
peptide pools. d, Correlation of TNF (left) or IFN-γ−producing (right) CD4+ vs CD8+ T cells in bAL. e, Frequency of CD4+ and CD8+ T cells co-expressing 
IFN-γ and TNF after overnight stimulation of bAL samples with SArS-CoV-2 peptide pools. f, Correlation of CD4+ and CD8+ T cells producing TNF vs 
IFN-γ in bAL. g,h, Example plots (g) of CD40L vs. TNF (top) or IFN-γ (bottom) gated on CD4+ T cells and (h) percentage of CD4+ T cells co-expressing 
CD40L and TNF or IFN-γ. n = 10 biologically independent samples examined over one independent experiment; b,e,h, bars at median, grey area represents 
mean+2 SD of DMSO control; Kruskal-Wallis one-way ANOVA test and Dunn’s multiple comparison; d,f, Spearman correlation.
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Extended Data Fig. 2 | Enrichment of resident phenotype in global and antigen-specific T cells in BAL. a, representative histogram and percentages 
of CD69 expression on total, TNF+ or IFN-γ+ CD4+ T cells for the different peptide pools. b, Example plots and frequencies of CD103 vs. CD69 on total, 
TNF + or IFN-γ + CD8+ T cells for the different peptide pools. Analysis on 4 biologically independent samples with the highest frequencies of IFN-γ 
production examined over one independent experiment. Floating bars indicate the mean, minimum and maximum values within the dataset Kruskal-Wallis 
one-way ANOVA test and Dunn’s multiple comparison.
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Extended Data Fig. 3 | Lower frequencies of SARS-CoV-2-specific T cells are found in PBMC samples. a, CD69 expression on TNF−producing CD4+ and 
CD8+ T cells in PbMCs. b, CD69 expression on IFN-γ−producing CD4+ and CD8+ T cells in PbMCs. c,d, Percentage of TNF (c) or IFN-γ (d) production  
by CD4+ or CD8+ T cells after overnight stimulation of bAL, or overnight (ON) or 10 days (10d) expansion of PbMCs with SArS-CoV-2 peptide pools.  
e,f, Correlation of TNF (e) or IFN-γ (f) responses for CD4+ or CD8+ T cells in bAL vs PbMC after overnight peptide stimulation (ON). g,h, Correlation 
of TNF (g) or IFN-γ (h) responses for CD4+ or CD8+ T cells in bAL vs PbMC after 10 days peptide expansion (10d). a,b, floating bars indicate the mean, 
minimum and maximum values within the dataset; c,d bars at median. a,b, analysis on 4 biologically independent PbMC samples from donors that  
showed the highest frequencies of IFN-γ production in bAL; c-h, n = 10 biologically independent samples examined over one independent experiment;  
a-d, Kruskal-Wallis one-way ANOVA test and Dunn’s multiple comparison. e-h, Spearman correlation.
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Extended Data Fig. 4 | Low-level non-specific T cell responses in BAL more than 6 weeks after Spn challenge. a, Frequency of TNF-producing CD4+ 
T cells after overnight stimulation of bAL samples with Sars-CoV-2 NSP12 peptide pool. White or gray dots show bAL samples collected earlier or later 
than 6 weeks after Streptococcus pneumoniae (Spn) challenge, respectively; n = 10 biologically independent samples examined over one independent 
experiment b, Frequency of TNF or IFN-γ−producing CD4+ T cells after overnight stimulation of bAL samples with inactivated Spn (left) (n = 22) or Flu 
virus (right) (n = 19) in Spn challenged and vaccinated (LAIV) individuals. c, Frequency of TNF-producing CD4+ T cells after overnight incubation of bAL 
cells with DMSO using samples collected at different time points from 16-113 days after Spn Challenge (n = 22). d, Example plot of CD4+ and CD8+ T cells 
from bAL collected from a unchallenged individual showing expression of CD49a vs. CD69 expression. a-b, bars at median. b, Mann-Whitney test;  
c, Spearman correlation.
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