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Extended Data Fig.1| Sample preparation diagram and representative flow cytometry plots of cell purity following magnetic cell enrichment. a. Blood and
dLN samples from BNT162b2 mRNA vaccinated cohort. b. Peripheral blood mononuclear cell enrichment strategy for BNT162b2 mRNA vaccinated or SARS-CoV-2

infected donors.
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Extended Data Fig. 2| Reference-based T cell annotations for UMAP in Fig. 1b. a. Density plots showing the relative distribution of ProjecTIL-based CD4" T cell
labels. b. Density plots showing the relative distribution of ProjecTIL-based CD8" T cell labels. Individual gray dots indicate individual cells matching the label.
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Extended Data Fig. 3 | Performance metrics for Trex autoencoder models dimensions (left panel) and batch size (right panel) with different learning rates.
by approach and chain. For the given hyperparameter, models were trained c. Evaluations of fidelity of models to return unique values using novel sequences
on2e5random sequences with 10 epochs for minimal Kullback-Leibler for TRA and TRB chains across allmodels in Trex. Novel sequences were randomly
divergence value. a. Mean square error of models after training varying thelatent ~ sampled and bootstrapped a total of 10 times. d. Distribution of computational
dimensions (left panel) and batch size (right panel) with different learning rates. time for model application across the models, chains, and bootstraps.

b. Kullback-Leibler divergence values of models after training varying the latent
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Extended Data Fig. 4 | Comparison of Trex co-embedding approach with
clonotype neighbor graph analysis (CONGA). a. Schematic representation of
the CONGA pipeline that generates nearest neighbors of clones using both edit-
distance-based TCR networks and gene expression (GEX) networks. b. Resulting
UMAPs for CONGA-based dimensional reduction using gene expression or
edit-distance-based TCR with denoted locations of previously identified spike-
specific clones. c. Nearest-neighbor overlap using the Dice (left) and Jaccard
(right) index of the 10 nearest neighbors defined by CONGA and by the co-
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f. Distribution and relative size of the candidate TCRs and related sequences
(editdistance <2) selected in Fig. 3 for both the CONGA-based TCR clusters
(upper panel) and Trex-based clusters (lower panel).
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Extended DataFig. 5| Confirmation of TCR candidates’ specificity for
SARS-CoV-2spike. Each TCR candidate’s variable gene regions were cloned with
murine T cell receptor (MTCR) constant regions into a retroviral transduction
vector and resultant retroviruses were used to transduce primary human CD4"

cytokine expression, positive control phorbol 12-myristate 13-acetate (PMA)
and lonomycin cytokine expression, and top cytokine expression to individual
17-mer peptides used for total spike proteome mapping are shown for each TCR
candidate (a-e). Representative surface stain of unstimulated TCR2-transduced

T cells. Positive results from intracellular cytokine stain mapping of the spike
protein with overlapping peptides are shown. Gating was first performed on
total live single cells, then on CD3°CD4" T cells, and finally on mTCR beta chain
(mTCRDb) positive candidate TCR-transduced cells. Unstimulated background

CD4' T cells with the S50 DPB1*04:01 HLA-class Il tetramer is shown (right
panelinb). Each experiment shown is representative of two independent TCR
transduction and mapping experiments.
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Extended Data Fig. 6 | Confirmation of TCR candidate HLA restriction. NFAT-
GFPreporter Jurkat T cells transduced with candidate TCR expressing retrovirus
were sort purified and maintained as clonal cell lines. a. Reporter Jurkat lines or
b. Transduced primary human CD4" T cells were co-cultured with spike peptides
identified in Extended Data Fig. 5 presented in the context of various K562-based
aAPC cell lines expressing single HLA class Il alleles. Cells were gated on total

IFN gamma-PE

live single cells, then on CD3" cells. Inb. the top panels show the frequency of

TCR2

TCR3

TCR4

TCR5

TCR5

retrovirally transduced (murine TCR beta constant region expressing, mTCR")
primary human CD4" T cells that were gated on prior to evaluation of intracellular
cytokine staining in the bottom panels. Red asterisks denote positive responses
foreach TCRline.
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Extended Data Fig. 7 | Circulating blood spike-specific CD4' T cellsinduced
early after primary SARS-CoV-2 infection were similar regardless of illness
severity. Comparison of circulating blood spike-specific CD4" T cells during

acute (day 18 to 36 post-onset of disease symptoms) infection between donors
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permutation test p-value < 0.05.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Flow cytometry data were acquired using SpectroFlo software v.2.2

Data analysis Flow cytometry data were analyzed using FlowJo v.10. HLA-typing data were analyzed using Athlon2 or TypeStream Visual v.3.0. Sequencing
data were analyzed using Cell Ranger v6.0, R v4.1, Seurat v4.1.0, Trex v0.99.7, mumosa v1.4.0, PhateR v1.0.7, bluster 1.6.0, leidenAl v1.0.3,
msa v1.28.0, ggseqlogo v0.1, Nebulosa v1.6.0, harmony v0.1.0, scRepertoire v1.7.0, Singler v1.6.1, ProjectTIL v2.0.3, scDblFinder v1.6.0, INEXT
v3.0.0, escape v1.4.2

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
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All single-cell sequencing data in the manuscript including transcriptomes and T cell receptor sequencing are available through the GEO Datasets using accession
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numbers GSE195673 and GSE249313. Processed data and code from the analysis can be found at 10.5281/zenodo.11395445. Code is also available at https:://
github.com/ncborcherding/COVID_TCR

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Biological sex was not considered in study design given the limited sample size and the greater consideration that was given
to including subjects with the HLA-DPBI *04-allele, but biological sex is reported for all included subjects in Supplemental
Table 1.

Reporting on race, ethnicity, or | Race, ethnicity and other socially relevant groupings were not considered in the study design. Race and ethnicity of the larger
other socially relevant studies from which the selected subjects were chosen are reported in (Kim and Zhou et al. 2022. Nature. 604:141-145) and

groupings (Mudd et al. 2020. Sci Advances. 6(50):eabe3024).

Population characteristics Vaccine recipients were primarily white race subjects in their 30's and 40's. Infected subjects were primarily black race
subjects with ages between 53-75. Notably, the vaccine recipients included 33% biologically female subjects and the
infection subjects were all biologically male.

Recruitment Study participants were recruited from the St. Louis metropolitan area by the Washington University Emergency Care and
Research Core and by the Infectious Disease Clinical Research Unit. Recruitment for the vaccine study included all eligible
adults who were receiving the two-dose initial Pfizer-BioNTech SARS-CoV-2 mRNA vaccine (BNT162b2). All subjects provided
written informed consent before participation. Infected subjects were all SARS-CoV-2 PCR testing positive individuals
diagnosed at Barnes Jewish Hospital in St. Louis, MO, USA during the initial wave of infections in the late spring until early fall
of 2020. Verbal informed consent was obtained from each subject or their legally-authorized representative. Self-selection
and recruiting biases are unlikely to affect parameters measured and reported in the current study. Study subjects were
financially compensated to provide samples.

Ethics oversight The included studies were approved by the Washington University IRB.

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

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was determined by study participation and HLA status and not apriori by statistical methods, but gave sufficient statistics of the
effect sizes of interest.

Data exclusions  There were no pre-defined exclusion criteria. We excluded only the analysis of spike antigen-specific dLN Tfh cells at the day 110 time-point in
Figure 4 due to only 10 cells being obtained at that time point from all vaccine subjects which did not provide sufficient power to analyze
transcriptional differences at that time point.

Replication Technical replicates were performed for each of the single-cell RNA sequencing samples which showed good agreement. TCR transduction
and mapping experiments to confirm TCR specificity were completed in two independent replicates with consistent mapping of the resultant
TCR transductants to the indicated region of SARS-CoV-2 spike in each experiment.

Randomization  Randomization was not employed or applicable to this study.

Blinding Blinding was not employed or applicable in this observational study.

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.
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Materials & experimental systems Methods
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Antibodies

Antibodies used CD3 APC Fire 810; SK7; BioLegend; cat# 344858; 2 ulL
CD4 PerCP; OKT4; BiolLegend; cat# 317432; 1 uL
3) CD8 BV421; RPA-TS; BioLegend; cat# 301036; 1.25 ulL
4) CD16 BV570; 3G8; BioLegend; cat# 302036; 2 uL
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6) CD19 BV750; HIB19; BioLegend; cat# 302262; 1 uL

7) anti-murine TCR beta chain BV510; H57-597; BiolLegend; cat# 109234; 2 uL

8) CD28 and CD49d costimulatory antibodies, unconjugated; BD Biosciences; cat# 347690; 1 uL
9) CD3 PE-Cy7; UCHT1; BioLegend; cat# 300420; 0.5 uL

10) CD4 APC-Cy7; SK3; BioLegend; cat# 344616; 0.5 ul

11) CD69 BV711; FN50; BioLegend; cat# 310944; 1 ul

12) anti-interferon gamma PE; B27; BioLegend; cat# 506507; 1 uL

13) anti-tumor necrosis factor alpha PerCP-Cy5.5; MAb11; BioLegend; cat# 502926; 2 uL

14) anti-IL-2 APC; 5344.111; BD Biosciences; cat# 341116; 2 uL

Validation All commercial antibodies were validated by their manufacturers as detailed in their product information page on each
manufacturer's website and titrated in the prior to use in the indicated assays by serial dilution.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) 293Vec-RD114 retroviral packaging cell line obtained from BioVec Pharma, Quebec, Canada
Human Jurkat clone E6-1 T cell line obtained from ATCC

Authentication Cells obtained directly from company or ATCC that makes or curates the indicated cell lines.
Mycoplasma contamination Cell lines were not tested for mycoplasma contamination. Growth rates were consistent with manufacturer's data.

Commonly misidentified lines  no commonly misidentified cell lines were used.
(See ICLAC register)

Flow Cytometry

Plots

Confirm that:
|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| 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).
|Z| 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 Frozen PBMC after magnetic enrichment for CD4+ cells (Figure 1) or CD3+ cells (Figure 7) were prepared as described in the
methods. TCR transductants were prepared as described in methods. These cells were magnetically-enriched CD4+ frozen
PBMC that were activated in culture for 2 days with T cell activating beads (Miltenyi Biotec) prior to ficoll purification and
retroviral transduction as described in the detailed methods.
Instrument Cytek Aurora

Software Cytek SpectroFlo was used for acquisition, FlowJo v10 was used for analysis.




Cell population abundance Purity of post-magnetic enriched populations were determined by flow cytometry and reported in the manuscript.

Gating strategy Gating strategies are shown in Extended Data Figure 1, Extended Data Figure 5 and Extended Data Figure 6 and in each
relevant panel including flow cytometry data. Initial gating was performed using forward and side scatter parameters (FSC-A/
H/W, SSC-A/H/W), and Zombie NIR dye (BioLegend) to select live singlet lymphocytes. In Extended Data Figure 1 Extended
Data Figure 5 and Extended Data Figure 6b, cells were then gated on CD3+ events before the presented analyses.

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