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The SARS-CoV-2-specific T-cell epitope repertoire has been 
studied in some detail1–6 (reviewed in Grifoni et al.7); how-
ever, comparative in-depth studies of the epitope repertoire 

targeted by infection- versus vaccine-induced T-cell responses are 
lacking thus far. Thus, precise prediction of the immune escape 
potential of emerging VOCs including Omicron/B.1.1.529 from 
the T-cell response in convalescent individuals compared to vac-
cinees is hardly possible. In this study, we evaluated SARS-CoV-
2-specific T-cell responses in convalescent individuals recovered 
from SARS-CoV-2 infection (n = 19) as well as individuals after 2 
(n = 16) and 3 (n = 7) doses of SARS-CoV-2 vaccination (Pfizer/
BioNTech messenger RNA vaccine) (Supplementary Table 1).

Results
SARS-CoV-2-specific T-cell epitope repertoire. We first mapped 
the overall SARS-CoV-2-specific CD8+ T-cell response against a set 
of 43 previously described immunodominant SARS-CoV-2-specific 
CD8+ T-cell epitopes (Supplementary Table 2) restricted by common 
human leukocyte antigen (HLA) class I alleles1–6 in epitope-specific 

T-cell cultures followed by interferon-γ (IFN-γ) staining. In agree-
ment with their association with a mild COVID-19 course, CD8+ 
T-cell responses in convalescent individuals targeted most epitopes 
distributed over all viral proteins, with spike-specific epitopes not 
being dominant (Fig. 1a, left column). In vaccinees, in contrast and 
as expected, CD8+ T-cell responses were predominantly directed 
against spike epitopes (Fig. 1a, right column and Extended Data 
Fig. 1a). Few CD8+ T-cell responses targeted non-spike epitopes, 
with the HLA-B*07/N105–113 epitope being the main target. For this 
epitope, cross-recognition by T cells against common cold corona-
viruses has been suggested previously8–10. Individual spike-specific 
CD8+ T-cell epitopes were more often targeted in vaccinees com-
pared to convalescent individuals; the spike-specific CD8+ T-cell 
repertoire also appeared broader in vaccinees compared to con-
valescent individuals. When we compared the corresponding viral 
sequences between wild-type (WT) SARS-CoV-2 variant B and 
Omicron/B.1.1.529, only a single tested optimal CD8+ T-cell epi-
tope was affected by viral variation in subvariants BA.1 and BA.2 
(Fig. 1a, red and Supplementary Table 3).
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Spike-specific T-cell epitope repertoire. To analyse the 
spike-specific CD8+ T-cell response in convalescent individuals 
versus vaccinees in more detail, we assessed these responses using 
overlapping peptides (OLPs) spanning the whole spike protein. For 
all positive responses, we evaluated the OLP for the described opti-
mal epitopes restricted by the HLA class I alleles expressed by the 
respective individual. If no matching optimal epitopes were previ-
ously described, we performed an in silico analysis to predict the 
most likely HLA class I restriction and optimal epitope. Using this 
comprehensive approach, we identified an overall substantially 
broader repertoire of spike-specific CD8+ T-cell responses in vac-
cinees (Fig. 1b (second panel) and Extended Data Fig. 1b (sec-
ond panel)) compared to convalescent individuals (Fig. 1b (first 
panel) and Extended Data Fig. 1b (first panel)). Indeed, in conva-
lescent individuals, no HLA class I allele restricted more than two 
spike-specific CD8+ T-cell epitopes, while several HLA class I alleles 

restricted five or more spike-specific CD8+ T-cell epitopes in vac-
cinees. In addition, we detected more spike-specific CD8+ T-cell 
responses per individual in vaccinees compared to convalescent 
individuals (Extended Data Fig. 1c). Hence, the increased breadth 
of the spike-specific CD8+ T-cell response in vaccinees was evident 
at the individual and population levels.

We also analysed the CD4+ T-cell response using spike-spanning 
OLPs as described above. In contrast to the CD8+ T-cell response, 
the spike-specific CD4+ T-cell response showed a more limited rep-
ertoire of targeted epitopes after vaccination compared to infection 
(Fig. 1b, bottom). In particular, fewer spike-specific CD4+ T-cell 
epitopes were restricted by single HLA class II alleles (Fig. 1b, bot-
tom) and fewer CD4+ T-cell responses were detectable per individ-
ual (Extended Data Fig. 1d) in vaccinees compared to convalescent 
individuals. Therefore, the spike-specific CD4+ T-cell repertoire 
was limited with regard to the individual- and population-based 
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Fig. 1 | CD8+ and CD4+ T-cell responses targeting conserved and mutated epitopes in Omicron/B.1.1.529, BA.1. a, Percentages of CD8+ T-cell responses 
to previously described optimal CD8+ T-cell epitopes within the complete WT SARS-CoV-2 variant B proteome normalized to the HLA allotype. b, Number 
and location of spike-specific CD8+ (top) and CD4+ (bottom) T-cell responses to OLPs of the spike protein detectable in SARS-CoV-2 convalescent 
individuals and vaccinees after two doses of Pfizer/BioNTech mRNA vaccine are depicted. The heatmaps depict the compiled data of tested individuals. 
Epitopes with amino acid sequence variations in Omicron/B.1.1.529, BA.1 are marked in red. The number of tested individuals (per HLA allotype and in 
total) and percentage of total T-cell responses targeting variant epitopes are indicated. WT: epitope conserved between WT SARS-CoV-2 variant B and 
Omicron/B.1.1.529; Mut: epitope mutated in Omicron/B.1.1.529 compared to WT variant B SARS-CoV-2.
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CD4+ T-cell response in vaccinees. Of note, the CD4+ and CD8+ 
spike-specific T-cell epitope repertoire was relatively stable over 
time in both vaccinees and convalescent individuals (Extended 
Data Fig. 2). Importantly, the fewer targeted spike-specific CD4+ 
T-cell epitopes in vaccinees exhibited high conservation between 
WT variant B and Omicron/B.1.1.529 SARS-CoV-2 (subvariants 
BA.1 and BA.2) as it is also the case for most targeted epitopes in 
convalescent individuals, similar to spike-specific CD8+ T-cell epit-
opes (Fig. 1b, variant epitopes in BA.1 in red, Extended Data Fig. 1b,  
variant epitopes in BA.2 in blue and Supplementary Table 3). While 
the differential responsiveness of CD4+ versus CD8+ T cells to pep-
tide stimulation may limit comparison between the two T-cell sub-
sets, mRNA vaccination appears to particularly broaden and thus 
increase a CD8+ T-cell response that targets conserved spike epit-
opes (Extended Data Fig. 1e).

Booster effect on spike-specific T-cell epitope repertoire. Next, 
to assess the effect of boosting vaccination- or infection-induced 
T-cell responses by mRNA vaccination on the spike-specific 
CD8+ T-cell repertoire, we again used overlapping spike pep-
tides to map spike-specific CD8+ and CD4+ T-cell responses 
in longitudinally followed vaccinees getting their third vaccine 
dose (Pfizer/BioNTech mRNA vaccine; n = 7; Supplementary 
Table 1) and convalescent individuals who received an mRNA 
booster vaccination (n = 3; Supplementary Table 1). After the 
third mRNA vaccination, we observed a similarly broad and spike 
cross-recognizing CD8+ T-cell response and similarly limited but 

still spike cross-recognizing CD4+ T-cell response compared to the 
completed initial immunization with two vaccine doses (Fig. 2a 
and Extended Data Fig. 3a). Interestingly, we detected CD4+ and 
CD8+ T-cell responses targeting more OLPs after the mRNA boost 
vaccination in convalescent individuals, representing a broader 
spike-specific T-cell repertoire (Fig. 2b and Extended Data Fig. 3b).  
Again, the identified CD8+ and CD4+ T-cell responses targeted 
epitopes that are conserved in Omicron/B.1.1.529. Thus, mRNA 
booster vaccination increased SARS-CoV-2-specific T-cell 
responses targeting conserved regions within the spike protein of 
Omicron/B.1.1.529 in convalescent individuals.

Conservation of spike-specific T-cell epitopes. To investigate 
whether the observed broader spike-specific CD8+ T-cell reper-
toire after mRNA vaccination may also be beneficial for potentially 
emerging future SARS-CoV-2 VOCs beyond Omicron/B.1.1.529, 
we analysed the T-cell response targeting highly conserved selective 
sweep regions in SARS-CoV-2 that were identified by Kang et al.11  
in convalescent individuals versus vaccinees. Selective sweep 
regions mediate per definition an evolutionary advantage; there-
fore, it is very likely that newly emerging SARS-CoV-2 VOCs 
also harbour high conservation within these regions. Four differ-
ent selective sweep regions have so far been described in the spike 
protein of SARS-CoV-2 (ref. 11) that also exhibit, as expected, a 
high degree of amino acid homology among the already evolved 
SARS-CoV-2 VOCs. For example, complete homology is pres-
ent in VOC Delta, only one point mutation is present in VOC 
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Fig. 2 | Boosted vaccine- and infection-induced spike-specific CD8+ and CD4+ T-cell responses. a,b, Number, location and percentages of spike-specific 
CD8+ and CD4+ T-cell responses to OLPs that are detectable in SARS-CoV-2 vaccinees after the second versus after the third dose of Pfizer/BioNTech 
mRNA vaccine (bnt162b2, measured 2–4 weeks after vaccination) (a) and in SARS-CoV-2 convalescent individuals who subsequently received a 
single dose of Pfizer/BioNTech mRNA boost vaccination (bnt162b2, measured 2 weeks after vaccination) (b). The heatmaps depict the data of one 
representative individual each. Targeted epitopes with sequence variations in Omicron/B.1.1.529, BA.1 are marked in red. c,d, Vaccinees and convalescent 
individuals with CD8+ (c) and CD4+ (d) T-cell responses within and outside highly conserved selective sweep regions in the spike protein are shown. 
Statistical analysis was performed with a two-sided Wilcoxon matched-pairs signed-rank test.
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Alpha or Beta, two mutations in VOC Gamma, seven point muta-
tions in VOC Omicron/B.1.1.529, BA.1 and nine point mutations 
in VOC Omicron/B.1.1.529, BA.2 (Extended Data Fig. 4a,b). 
Importantly, compared to convalescent individuals more vaccin-
ees showed spike-specific CD8+ T-cell responses targeting epitopes 
within the highly conserved selective sweep regions indicating a 
spike-specific CD8+ T-cell response with focused targeting of highly 
conserved regions after vaccination (Fig. 2c). A similarly focused 
spike-specific CD4+ T-cell response was not evident after vaccina-
tion (Fig. 2d). Hence, a broadly spike cross-recognizing CD8+ T-cell 
response is induced after mRNA vaccination that may be also reac-
tive towards emerging SARS-CoV-2 VOCs in the future beyond 
Omicron/B.1.1.529.

Discussion
In conclusion, our data indicate that (1) convalescent individuals 
target a variety of SARS-CoV-2-specific CD8+ T-cell epitopes over 
the complete SARS-CoV-2 proteome with spike-specific CD8+ 
T-cell responses being non-dominant; (2) in contrast to the CD4+ 
T-cell response, CD8+ T-cell responses in vaccinees are focused 
on a broader repertoire of highly conserved spike-specific CD8+ 
T-cell epitopes leading to an increased cross-recognizing poten-
tial; (3) boosting convalescent individuals with mRNA vaccination 
results in a broader spike-specific CD8+ T-cell response; and (4) 
CD8+ and CD4+ T-cell responses in both convalescent individu-
als and vaccinees target epitopes that are highly conserved between 
WT SARS-CoV-2 variant B, Omicron/B.1.1.529 and potentially 
future emerging SARS-CoV-2 variants and thus cross-recognize 
these variants. Hence, our data emphasize the relevance of mRNA 
vaccine-induced spike-specific CD8+ T-cell responses in combating 
emerging SARS-CoV-2 VOCs including Omicron/B.1.1.529 and 
support the benefit of also boosting convalescent individuals with 
mRNA vaccines.

Methods
Ethics. Patients were recruited at the Freiburg University Medical Center between 
August 2019 and January 2022. Written informed consent was obtained from all 
participants. The study was conducted according to federal guidelines and local 
ethics committee regulations and the Declaration of Helsinki (first revision). The 
study was approved by the ethics committee of the University of Freiburg (nos. 
21-1135 and 21-1372).

Study cohort and clinical definitions. Nineteen convalescent individuals after 
a mild course of COVID-19 were analysed (Supplementary Table 1). All patients 
were confirmed to have tested positive for SARS-CoV-2 using PCR with reverse 
transcription from an upper respiratory tract (nose and throat) swab tested 
at an accredited laboratory. The degree of COVID-19 severity was identified 
according to recommendations from the World Health Organization. Moreover, 
16 individuals (all testing negative for anti-N-IgGs, (Mikrogen)) were screened 
2–4 weeks after the second dose of mRNA vaccination (Pfizer/BioNTech BNT162) 
and 7 of the same individuals 2–4 weeks after the third mRNA vaccination (Pfizer/
BioNTech BNT162). Three additional individuals were analysed who had a mild 
course of COVID-19 and were vaccinated once with the mRNA vaccine (Pfizer/
BioNTech BNT162). The median age of vaccinated donors (n = 16) was 36 years; 
the median age of donors with a history of natural SARS-CoV-2 infection (n = 19) 
was also 36 years. The sex ratio of vaccinated donors was M/F 10/6; in donors with 
a history of natural SARS-CoV-2 infection, it was M/F 11/8. Participants did not 
receive any compensation for participating in the study.

Peripheral blood mononuclear cell isolation. Peripheral blood mononuclear cells 
(PBMCs) were isolated from blood samples anticoagulated with density gradient 
centrifugation (Pancoll Separation Medium; PAN Biotech) and subsequently stored 
at −80 °C. Frozen PBMCs were thawed in Roswell Park Memorial Institute (RPMI) 
1640 medium supplemented with 10% fetal calf serum, 1% penicillin/streptomycin 
and 1.5% HEPES buffer 1 mol l−1 (complete medium; all additives from Thermo 
Fisher Scientific) until further usage.

Peptides. A total of 180 OLPs spanning the SARS-CoV-2 spike sequence 
(GenBank accession no. MN908947.3) were synthesized as 18-mer sliding by 
7 amino acids and thus overlapping by 11 amino acids with a free amine NH2 
terminus and a free acid COOH terminus with standard Fmoc chemistry and 
a purity of >70% (Genaxxon Bioscience). Since two OLPs contained the two 

amino acid residues with sequence modification in the ‘stabilized’ mRNA spike 
vaccine (K986P, V987P), these peptide variants were also synthesized and used, 
resulting in a total of 182 OLPs. In addition, 60 predescribed SARS-CoV-2-specific 
optimal CD8+ T-cell epitopes were synthesized. In the figures and Supplementary 
Table 2, we display only those 43 optimal epitopes that were tested in at least 3 
HLA-matched individuals of each cohort (convalescent and vaccinated).

In vitro expansion and intracellular IFN-γ staining using overlapping peptides 
or predescribed optimal CD8+ T-cell epitopes. In vitro expansion with OLPs or 
optimal epitopes was performed as follows: 20% of the PBMCs were stimulated 
with a pool of all 182 SARS-CoV-2 spike OLPs or all 60 optimal epitopes 
(10 μg ml−1) for 1 h at 37 °C, washed and cocultured with the remaining PBMCs 
in RPMI medium supplemented with 20 U ml−1 recombinant interleukin-2 (IL-
2). On day 10, intracellular IFN-γ staining was performed with pooled OLPs 
(45 pools with 4 OLPs each). Therefore, cells were restimulated with OLP pools 
(50 μM), dimethyl sulfoxide as negative control or phorbol 12-myristate 13-acetate 
and ionomycin as positive control in the presence of brefeldin A and IL-2. After 
5 h of incubation at 37 °C, cells were stained for surface markers (CD8+, CD4+; 
Via-Probe) and intracellular markers (IFN-γ). Subsequently, on days 12–14 single 
OLPs of positive pools and HLA-matched optimal CD8+ T-cell epitopes were 
tested by intracellular cytokine staining. Viral amino acid sequences of positive 
individual OLPs were analysed for predescribed minimal epitopes3,5,6,12–14 or the 
best HLA-matched predicted candidate using the Immune Epitope Database 
(IEDB, https://www.iedb.org/; we used two prediction algorithms, ANN 4.0 and 
NetMHCpan EL 4.123, for 8-mer, 9-mer and 10-mer peptides with a half maximal 
inhibitory concentration of <500 nM). The major histocompatibility complex class 
I (MHC class I) binding predictions were made using the IEDB analysis resource 
ANN aka NetMHC v4.0 tool or the IEDB analysis resource NetMHCpan v.4.0 tool. 
The MHC class II binding predictions were made using the IEDB recommended 
2.22 analysis resource consensus tool (smm/nn/sturniolo).

Multiparametric flow cytometry. The following antibodies were used for the 
flow cytometry analysis: anti-CD8-APC (1:200, SK-1 clone); anti-CD4 eFluor 450 
(1:250, RPA-T4 clone); anti-IFN-γ-FITC (1:8, 25723.11 clone); and fixable viability 
dye (1:200, 1:400, eFluor 506 clone). After cell fixation 2% paraformaldehyde/
PBS (Sigma-Aldrich); acquisition was performed on a FACSCanto system (BD 
Biosciences). Data were collected with the FACSDiva software v.10.6.2 (BD 
Biosciences) and analysed with FlowJo v.10.0.7r2 (FlowJo LLC). The gating strategy 
is depicted in Extended Data Fig. 5.

Enzyme-linked immunosorbent assay. Spike-binding antibodies were assessed 
by anti-SARS-CoV-2 QuantiVac ELISA (IgG) (EUROIMMUN) detecting 
S1 IgG (<25.6 BAU ml−1: negative; 25.6-35.1 BAU ml−1: marginally positive; 
≥35.2 BAU ml−1: positive) according to the manufacturer’s instructions. The 
SparkControl Magellan software v.2.2 was used for data collection.

Sequence alignment. Sequence homology analyses were performed in Geneious 
v.11.0.5 (https://www.geneious.com/) using Clustal Omega v.1.2.2 alignment with 
default settings. The reference genome of human SARS-CoV-2 (MN908947.3; 
Wuhan-Hu-1 isolate, WT variant B) was downloaded from the National Center for 
Biotechnology Information database (https://www.ncbi.nlm.nih.gov/). SARS-CoV-2 
epitopes were then mapped to the corresponding protein alignment. SARS-CoV-2 
VOCs (and subvariants) were identified via CoVariants (https://covariants.org/). 
Selective sweep regions were marked as described by Kang et al.11. Briefly, Kang 
et al. analysed a total of 136,114 complete SARS-CoV-2 genomes from the human 
host. Subsequently to alignment with MAFFT version 7, sweep regions were 
detected by using OmegaPlus and RAiSD, with the original SARS-CoV-2 isolate 
Wuhan-Hu-1 genome (NC_045512.2) as an outgroup. Common outliers were 
manually grouped into 8 regions of at least 50 base pairs; 4 of these were located in 
open reading frame 1ab (ORF1ab) and 4 in the S region. Selective sweep 1 S323–434, 
selective sweep 2 S524–545, selective sweep 3 S888–919 and selective sweep 4 S965–1,050 were 
identified by this method11. The SARS-CoV-2 VOC amino acid sequences were 
aligned to selective sweep regions and peptides were mapped to the spike protein to 
identify peptides that localize to the selective sweep regions.

Statistics. Statistical analysis was performed with Prism 9 (GraphPad Software). 
Statistical significance was assessed by two-tailed Mann–Whitney U-test, 
two-sided Wilcoxon matched-pairs signed-rank test and Spearman correlation; 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

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

Data availability
Sequences of the tested epitopes, sequences of the spike overlapping peptides used 
as well as a list summarizing all CD8+ and CD4+ T-cell responses to overlapping 
peptides are available at the community repository Open Science Framework 
(https://www.cos.io/products/osf) and can be found via https://osf.io/zbk6q/. 
All requests for additional raw and analysed data and materials will be promptly 
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reviewed by the University of Freiburg Center for Technology Transfer to verify 
if the request is subject to any intellectual property or confidentiality obligations. 
Patient-related data not included in the paper were generated as part of clinical 
examination and may be subject to patient confidentiality. Any data and materials 
that can be shared will be released via a material transfer agreement. Source data 
are provided with this paper.

Code availability
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Received: 17 January 2022; Accepted: 15 March 2022;  
Published online: 28 April 2022

References
	1.	 Ferretti, A. P. et al. Unbiased screens show CD8+ T cells of COVID-19 

patients recognize shared epitopes in SARS-CoV-2 that largely reside outside 
the spike protein. Immunity 53, 1095–1107.e3 (2020).

	2.	 Hu, C. et al. Identification of cross-reactive CD8+ T cell receptors with high 
functional avidity to a SARS-CoV-2 immunodominant epitope and its natural 
mutant variants. Genes Dis. 9, 216–229 (2022).

	3.	 Kared, H. et al. SARS-CoV-2-specific CD8+ T cell responses in convalescent 
COVID-19 individuals. J. Clin. Invest. 131, e145476 (2021).

	4.	 Nelde, A. et al. SARS-CoV-2-derived peptides define heterologous  
and COVID-19-induced T cell recognition. Nat. Immunol. 22,  
74–85 (2021).

	5.	 Saini, S. K. et al. SARS-CoV-2 genome-wide T cell epitope mapping reveals 
immunodominance and substantial CD8+ T cell activation in COVID-19 
patients. Sci. Immunol. 6, eabf7550 (2021).

	6.	 Schulien, I. et al. Characterization of pre-existing and induced SARS-CoV-
2-specific CD8+ T cells. Nat. Med. 27, 78–85 (2021).

	7.	 Grifoni, A. et al. SARS-CoV-2 human T cell epitopes: adaptive immune 
response against COVID-19. Cell Host Microbe 29, 1076–1092 (2021).

	8.	 Lineburg, K. E. et al. CD8+ T cells specific for an immunodominant 
SARS-CoV-2 nucleocapsid epitope cross-react with selective seasonal 
coronaviruses. Immunity 54, 1055–1065.e5 (2021).

	9.	 Nguyen, T. H. O. et al. CD8+ T cells specific for an immunodominant 
SARS-CoV-2 nucleocapsid epitope display high naive precursor frequency 
and TCR promiscuity. Immunity 54, 1066–1082.e5 (2021).

	10.	Peng, Y. et al. An immunodominant NP105–113-B*07:02 cytotoxic T cell 
response controls viral replication and is associated with less severe 
COVID-19 disease. Nat. Immunol. 23, 50–61 (2022).

	11.	Kang, L. et al. A selective sweep in the Spike gene has driven SARS-CoV-2 
human adaptation. Cell 184, 4392–4400.e4 (2021).

	12.	Grifoni, A. et al. A sequence homology and bioinformatic approach can 
predict candidate targets for immune responses to SARS-CoV-2. Cell Host 
Microbe 27, 671–680.e2 (2020).

	13.	Shomuradova, A. S. et al. SARS-CoV-2 epitopes are recognized by a  
public and diverse repertoire of human T cell receptors. Immunity 53, 
1245–1257.e5 (2020).

	14.	Tarke, A. et al. Comprehensive analysis of T cell immunodominance and 
immunoprevalence of SARS-CoV-2 epitopes in COVID-19 cases. Cell Rep. 
Med. 2, 100204 (2021).

Acknowledgements
We thank all donors for participating in the current study and the 
FREEZE-biobank-Center for Biobanking of the Freiburg University Medical Center 
and Medical Faculty for support. This study was supported by grants from the German 
Federal Ministry of Education and Research (no. 01KI2077 to G.K., M.S., M.H. and 
R.T.) and the German Research Foundation (no. 272983813 to B.B., T.B., R.T., M.H. 
and C.N.-H.; grant no. 256073931 to B.B., M.S., R.T., M.H. and C.N.-H.; and grant no. 
413517907 to H.L. and J.L.-M.). This work was also supported by the project ‘Virological 
and immunological determinants of COVID-19 pathogenesis—lessons to get prepared 
for future pandemics (no. KA1-Co-02 ‘COVIPA’)’ and a grant from the Helmholtz 
Association Initiative and Networking Fund (to R.T. and M.H.). M.H. is also supported 
by the Margarete von Wrangell Fellowship (State of Baden-Württemberg).

Author contributions
J.L.-M., H.L., K.W., V.K. and V.O. planned, performed and analysed the experiments with 
help from E.S.A., A.G., D.B.R., D.H. and M.R. H.L., N.R., V.G., D.A., S.R., T.W., D.S. and 
C.F.W. were responsible for donor recruitment. F.E. performed the four-digit HLA typing 
by next-generation sequencing. S.G., K.C., M.S. and G.K. provided virological expertise. 
B.B. and T.B. contributed to data interpretation. T.B. supervised the CD4+ T-cell analysis 
and interpreted the data. R.T., M.H. and C.N.-H. designed the study and contributed to 
experimental design and planning. J.L.-M., H.L., V.O., R.T., M.H. and C.N.-H. interpreted 
the data and wrote the manuscript. T.B., C.N.-H., M.H. and R.T. are the shared last authors.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/s41564-022-01106-y.

Supplementary information The online version contains supplementary material 
available at https://doi.org/10.1038/s41564-022-01106-y.

Correspondence and requests for materials should be addressed to Robert Thimme,  
Maike Hofmann or Christoph Neumann-Haefelin.

Peer review information Nature Microbiology thanks Juliane Walz, Daniela Weiskopf 
and the other, anonymous, reviewer(s) for their contribution to the peer review of this 
work. Peer reviewer reports are available.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long 

as you give appropriate credit to the original author(s) and the source, provide a link to 
the Creative Commons license, and indicate if changes were made. The images or other 
third party material in this article are included in the article’s Creative Commons license, 
unless indicated otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons license and your intended use is not permitted by statu-
tory regulation or exceeds the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.
© The Author(s) 2022

Nature Microbiology | VOL 7 | May 2022 | 675–679 | www.nature.com/naturemicrobiology 679

https://doi.org/10.1038/s41564-022-01106-y
https://doi.org/10.1038/s41564-022-01106-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturemicrobiology


Articles NATuRE MICROBIOlOgyArticles NATuRE MICROBIOlOgy

Extended Data Fig. 1 | CD8 + and CD4 + T cell responses targeting spike-specific epitopes. (a) Intensity (sum interferon-γ production of all CD8 + T cell 
responses per patient) to optimal CD8 + T cell epitopes. (b) Number and location of spike-specific CD8 + and CD4 + T cell responses to overlapping 
peptides (OLP) in SARS-CoV-2 convalescents and vaccinees after two doses of Pfizer/BioNTech mRNA vaccine. Epitopes with amino acid sequence 
variations in omicron BA.2 are marked in blue. Number of CD8 + (c,e) and CD4 + (d,e) T cell responses targeting spike-specific epitopes per individual 
in convalescents (n = 19) and vaccinees after two doses of Pfizer/BioNTech mRNA vaccine (n = 16). Numbers of tested individuals (per HLA allotype 
and in total) and % of total T cell responses targeting variant epitopes are indicated. Median and range are depicted, statistical analysis was performed 
with two-sided Mann-Whitney-Test. NTD:N-Terminal Domain; RBD: receptor-binding domain; FCS: furin cleavage site; wt: epitope conserved between 
ancestral and omicron SARS-CoV-2; mut: epitope mutated in omicron compared to ancestral SARS-CoV-2.
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Extended Data Fig. 2 | Stable T cell repertoire after infection and mRNA vaccination. (a) Heatmaps showing percentage and location of CD4 + and 
CD8 + T cell responses targeting spike OLPs in three individuals at two different timepoints after mRNA vaccination. (b) Number of spike-specific 
CD4 + and CD8 + T cell responses to OLPs in correlation to days post symptoms onset in the first year after SARS-CoV-2 infection in the 19 convalescents. 
Spearman correlation analysis is depicted, p values are two-sided.
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Extended Data Fig. 3 | Boosted vaccine- and infection-induced spike-specific CD8 + and CD4 + T cell responses in exemplary individuals. Number, 
magnitude and location of spike-specific CD8 + and CD4 + T cell responses to overlapping peptides (OLP) that are detectable in (a) exemplary 
SARS-CoV-2 vaccinees after the 2nd versus after the 3rd dose of Pfizer/BioNTech mRNA vaccine (bnt162b2) and in (b) exemplary SARS-CoV-2 
convalescents who subsequently received a single dose of Pfizer/BioNTech mRNA boost vaccination (bnt162b2) are depicted. Epitopes with amino acid 
sequence variations in omicron BA.1 are marked in red.
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Extended Data Fig. 4 | Selective sweep regions. (a) Schematic representation of four previously identified selective sweep regions (SS1-4) within the 
spike protein of SARS-CoV-2. (b) Amino acid sequences of the selective sweep regions 1-4 in the spike protein of ancestral SARS-CoV-2 and VOC alpha, 
beta, gamma, delta and omicron (including subvariant BA.1 and BA.2).
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Extended Data Fig. 5 | Gating strategy. Lymphocytes were gated on FSC-A and SSC-A, Doublet exclusion on FSC-H and FSC-W, Exclusion of dead cells, 
Gating on CD8 + or CD4 + cells.
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Data collection All software used to perform data collection are described in the methods section of the manuscript or the supportive information. 
Multiparametric Flow cytometry data was collected by FACSDiva software version 10.6.2 (BD, Germany). ELISA data was collected by 
SparkControl magellan software version 2.2.

Data analysis Multiparametric Flow cytometry data was analyzed using FlowJo software version 10.6.2 (Treestar, Becton Dickinson).  Visualization and 
statistical analysis was performed using GraphPad 8 software. Sequence homology analyses were performed in Geneious Prime 2020.0.3 
(https://www.geneious.com/) using Clustal Omega 1.2.2 alignment with default settings.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
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- A description of any restrictions on data availability

Sequences of tested epitopes, sequences of used spike overlapping peptides as well as a list summarizing all CD8+ and CD4+ T cell responses to overlapping 
peptides are available in the community repository “Open Science Framework” and can be found via https://osf.io/zbk6q/. Additional raw and analyzed data and 
materials include pseudonymized patient data that may be subject to confidentiality. Requests of this data are promptly reviewed by the University of Freiburg 
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Sample size Patients were recruited and  patient material was banked at the University Hospital Freiburg; inclusion criteria were: (1) 16 individuals that 
received a prime and boost vaccination with the mRNA vaccine bnt162b2/Comirnaty, (2) 19 acutely infected and convalescent individuals 
following a mild course of SARS-CoV-2 infection, SARS-CoV-2 infection was confirmed by positive PCR testing from oropharyngeal swab and/or 
SARS-CoV-2 spike IgG positive antibody testing. No sample size calculations were performed. 16 vaccinated health care workers gave 
informed consent and were available to donate blood samples. Therefore, similar numbers of COVID-19 convalescents were selected.

Data exclusions No data was excluded from the analysis

Replication Analyses were performed in independent experiments. Findings were reproducible. Flow cytometry analysis: 19 convalescent individuals 
following a mild course of SARS-CoV-2 infection were analyzed up to 7 months after infection (3 outliers up to 12 months). Moreover, 16 
individuals were screened 2-4 weeks after first mRNA boost vaccination (Pfizer/BioNTech, bnt162b2) and 7 of the same individuals 2-4 weeks 
after second boost vaccination (Pfizer/BioNTech, bnt162b2) Three individuals were analyzed who had a mild course of SARS-CoV-2 infection 
and were vaccinated once with mRNA vaccine (Pfizer/BioNTech, bnt162b2).

Randomization Vaccinated donors and donors with a history of natural SARS-CoV-2 infection were selected based on availability and HLA-typing. The 
covariates age and gender are well-documented: Median age of vaccinated donors was 36 years, donors with a history of natural SARS-CoV-2 
infection was 36 years. The gender ratio of vaccinated donors was m/f: 10/6, donors with a history of natural SARS-CoV-2 infection was m/f: 
11/8.

Blinding Non-objective parameters were not included in the study design and standardized analyses were applied. Thus, blinding was not considered 
necessary since biased analysis can be excluded.
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Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Anti-CD8-APC (SK-1, 1:200), BD, Cat#345775 

anti-CD4-efluor450 (RPA-T4, 1:250), eBioscience, Cat#48-0049 
anti-IFN-γ-FITC (25723.11, 1:8), BD, Cat#340449 
fixable Viability Dye (eFluor506 1:200, 1:400), eBioscience, Cat#65-0866
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Validation All antibodies were obtained from commercial cendors and we based specificity on descriptions and information provided in 
corresponding data sheets available and provided by the manufacturers. Standardized analysis in different cohorts, antibody titration 
on PBMCs including unstained controls, comparisons of different antibody clones and conjugates and validated by publications: 
CD4: antibody titration on PBMCs; control clones SK3; using B cells as negative control 
CD8: antibody titration on PBMCs; control clone GHI/75; using B cells as negative control 
IFNɣ, clone 25723.11: antibody titration on PBMCs; control clone 4S.B3; validated with respect to differential expression of activated 
and non-activated T cell subpopulations 
Viability Dye was titrated on PBMCs; validated with respect to differential staining of live and dead cell populations

Human research participants
Policy information about studies involving human research participants

Population characteristics Median age of vaccinated donors (n=16) was 36 years, donors with a history of natural SARS-CoV-2 infection (n=19) was 36 
years. The gender ratio of vaccinated donors was m/f: 10/6, donors with a history of natural SARS-CoV-2 infection was m/f: 
11/8.

Recruitment Vaccinated donors as well as SARS-CoV-2-infected and SARS-CoV-2-convalescent patients were recruited at the University 
Hospital Freiburg; self-selection bias or other biases can be excluded since several people were included in the recruitment. 
Samples were banked and retrospectively selected. Banked samples from sex-, age- and HLA-matched vaccinated and 
convalescent individuals were retrospectively selected.

Ethics oversight Written informed consent was obtained from all participants and the study was conducted according to federal guidelines, 
local ethics committee regulations (Ethik-Kommission der Albert-Ludwigs-Universität Freiburg, Freiburg, Germany; vote #: 
322/20, #21-1135 and 315/20) and the Declaration of Helsinki (1975).

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

Sample preparation Cryopreserved isolated human PBMCs were thawed and prepared for flow cytometry or in vitro expansion described in the 
methods section

Instrument FACSCanto II

Software FlowJo_v10.6.2 (Treestar)

Cell population abundance Abundance of SARS-CoV-2-specific T cells are low (<10^-4 %)

Gating strategy Lymphocytes gated on FSC-A and SSC-A, Doublet exclusion on FSC-H and FSC-W, Exclusion of dead cells, Gating on CD8+ or 
CD4+ cells.

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