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CD4+ T cells exhibit distinct transcriptional 
phenotypes in the lymph nodes and blood 
following mRNA vaccination in humans
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection 
and mRNA vaccination induce robust CD4+ T cell responses. Using 
single-cell transcriptomics, here, we evaluated CD4+ T cells specific for 
the SARS-CoV-2 spike protein in the blood and draining lymph nodes 
(dLNs) of individuals 3 months and 6 months after vaccination with the 
BNT162b2 mRNA vaccine. We analyzed 1,277 spike-specific CD4+ T cells, 
including 238 defined using Trex, a deep learning-based reverse epitope 
mapping method to predict antigen specificity. Human dLN spike-specific 
CD4+ follicular helper T (TFH) cells exhibited heterogeneous phenotypes, 
including germinal center CD4+ TFH cells and CD4+IL-10+ TFH cells. Analysis 
of an independent cohort of SARS-CoV-2-infected individuals 3 months and 
6 months after infection found spike-specific CD4+ T cell profiles in blood 
that were distinct from those detected in blood 3 months and 6 months after 
BNT162b2 vaccination. Our findings provide an atlas of human spike-specific 
CD4+ T cell transcriptional phenotypes in the dLNs and blood following 
SARS-CoV-2 vaccination or infection.

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
pandemic provided a unique opportunity to study primary human 
immune responses to a new pathogen and the immunodominant 
SARS-CoV-2 spike antigen incorporated into various vaccine platforms. 
mRNA vaccines engender strong immune responses to the SARS-CoV-2 
spike antigen, including high-frequency circulating spike-specific 
CD4+ T cells1,2 and spike-specific CD4+ follicular helper T (TFH) cells in 
the draining lymph nodes (dLNs)3. CD4+ TFH cells support the develop-
ment and maintenance of germinal center (GC) B cells in secondary 
lymphoid organs by providing appropriate co-stimulation and cytokine 
survival signals throughout antibody class switch, affinity maturation, 

long-lived plasma cell development and memory B cell development4–6. 
In mouse models, functional CD4+ TFH cells are absolutely required for 
productive GC responses and the development of memory B cells and 
long-lived plasma cells7–11.

Due to limitations in sampling human secondary lymphoid organs, 
GC and CD4+ TFH cell responses have been studied in easily accessible 
tissue compartments, including blood and discarded clinical tonsil-
lectomy tissue12–14. Biopsies or autopsy samples have yielded insights 
into the phenotype of human CD4+ TFH cells in the LNs15,16 but have 
been limited to the exploration of phenotypes at steady state. The 
evaluation of human antigen-specific CD4+ TFH cells in the secondary 
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published spike-specific TCR α-chain (TRA) and TCR β-chain (TRB) 
CDR3 sequences3,20,21 found in our dataset identified dominant polar 
amino acid signatures at positions 11, 12 and 13 of the TRA CDR3 and 
positions 10 and 13 of the TRB CDR3 and similarities in amino acids 
found at other key CDR3 residues (Fig. 1g). As such, our analysis of more 
than 200,000 T cells found in the blood and dLNs in the first 6 months 
following primary BNT162b2 mRNA vaccination revealed diverse T cell 
transcriptional profiles enriched for spike-specific CD4+ TFH cells.

dLNs contain transcriptionally diverse CD4+ TFH cells
To analyze the phenotypic dynamics of human CD4+ TFH cells in the 
dLNs after vaccination, we generated a new UMAP of all dLN CD4+ TFH 
cells and CD4+ TFM cells found in clusters C1, C10 and C15, which iden-
tified 12 distinct phenotypic subclusters (denoted c0–c11; Fig. 2a–c; 
https://cellpilot.emed.wustl.edu). These were principally classified as 
the well-described4,22 CXCL13+CXCR5+BCL6+CD4+ GC TFH cells (c3), the 
previously described15,23 CD4+interleukin-10+ (CD4+IL-10+) TFH cells (c8), 
cytotoxic GZMA+GZMK+CD4+ TFH (TFH C) cells (c9), effector IRF4+CD4+ 
TFH (TFH EFF) cells (c6), proliferating MKI67+CD4+ TFH (TFH Pro) cells (c11), 
follicular regulatory FOXP3+CD4+ T cells (c4) and memory KLF2+CD4+ 
TFM cells (c0, c1, c2, c7 and c10). A single distinct cluster (c5) represented 
CD8+ T cells and was not considered further. CD4+ GC TFH and CD4+IL-10+ 
TFH cells clustered together in hierarchical clustering analysis of gene 
sets (Fig. 2d) and shared many characteristics, including the highest 
expression of canonical CD4+ GC TFH markers like CXCR5, PDCD1 and 
BCL6 (Fig. 2b,c); the highest expression of genes related to TCR signal-
ing, helper T cell pathways, activation pathways, cell adhesion signaling 
and antigen presentation in gene set enrichment analysis (Fig. 2d) and 
high expression of genes related to increased metabolic activity, with 
elevated expression levels of genes involved in oxidative phospho-
rylation, glycolysis and PI3K–AKT signaling (Fig. 2d). CD4+ GC TFH and 
CD4+IL-10+ TFH cells maintained a relatively consistent expression of the 
distinguishing gene sets throughout the duration of the GC response 
from days 28 to 201 (Fig. 2e) and shared the largest number of identi-
cal paired TCR clonotypes among all 12 dLN TFH cell clusters (Fig. 2f), 
suggesting substantial overlap in the clonal populations recruited to 
these effector CD4+ TFH cell subsets. Despite the close relationship 
between CD4+ GC TFH and CD4+IL-10+ TFH cells, they exhibited differ-
ences in cytokine gene expression, with exclusive expression of IL10 
and much higher expression of IL21 in CD4+IL-10+ TFH cells (c8) and much 
higher expression of IL4 in CD4+ GC TFH cells (c3; Fig. 2b).

Both CD4+ TFH EFF cells and CD4+ TFH C cells expressed much less 
CXCR5, PDCD1 and BCL6 than CD4+ GC TFH cells and CD4+IL-10+ TFH cells 
but segregated with CD4+ GC TFH and CD4+IL-10+ TFH cells in hierarchical 
clustering analysis (Fig. 2d), although the functional importance of 
these two TFH populations was not clear. CD4+ TFH EFF cells showed high 
expression of the microRNA MIR155HG (Fig. 2c), a transcript associated 
with increased inflammation through inhibition of SOCS1 and many 
other genes24 that also encodes the short functional peptide miPEP155 
that modulates class II antigen presentation25, had the highest expres-
sion of the T cell transcriptional regulators IRF4 and NFKBID (Fig. 2c), 
suggesting a transitional phenotype and that they may ultimately 
develop into other CD4+ T cell subsets, and had the highest frequency 
of clonotypic overlap with CD4+ GC TFH cells (Fig. 2f), suggesting a 
relationship between these two subsets. CD4+ TFH C cells exhibited 
clonal overlap with CD4+ TFM cells (c1) at days 28, 60, 110 and 201 and 
had minimal clonal overlap with the other clusters (Fig. 2f), suggesting 
a unique lineage distinct from CD4+ GC TFH cells that may be related to 
previously identified ‘cytotoxic’ TFH cells13.

CD4+ TFH Pro cells (c11) expressed the proliferation marker MKI67 
(Fig. 2c) and expressed PDCD1 and CXCR5 (Fig. 2c). Although a spa-
tiotemporal relationship between CD4+ TFH Pro cells and the other 
effector TFH cells could not be established from these data alone, 
unique paired TCR clonotypes were shared specifically between CD4+ 
TFH Pro, CD4+ GC TFH and CD4+IL-10+ TFH cells at days 28, 60, 110 and 

lymphoid organs after acute infection or vaccination is even more 
limited3,13,17 and rarely includes analysis of antigen-specific responses 
at the single-cell level.

Serial fine needle aspiration (FNA) of ultrasound-localized dLNs 
has been used to probe human GC responses in the axillary dLNs after 
deltoid intramuscular vaccination in a cohort of infection-naive indi-
viduals vaccinated with SARS-CoV-2 mRNA vaccines3,18 and detected 
strong induction of spike-specific CD4+ TFH cell responses in the dLNs, 
including CD4+ T cells that recognize the HLA-DPB1*04-restricted 
immunodominant epitope S167–180 (ref. 3) and persist for 6 months 
after vaccination3. Here, we performed single-cell RNA-sequencing 
(RNA-seq) to obtain matched transcriptome and T cell antigen receptor 
(TCR) sequencing from >200,000 T cells from the blood and dLNs of 
six SARS-CoV-2-naive, HLA-DPB1*04+ individuals on days 28–201 after 
vaccination with the first dose of a primary two-dose BNT162b2 mRNA 
vaccine series, with the second dose delivered exactly 21 days after the 
first dose. Using a reverse epitope discovery technique developed to 
integrate biochemical properties of TCR complementarity determin-
ing region 3 (CDR3) amino acids and transcriptional profiles in single 
cells to predict antigen specificity, we expanded the number of known 
spike-specific TCRs in our dataset, confirmed that these paired TCRs 
were spike-specific and analyzed the transcriptional dynamics of mul-
tiple lineages of spike-specific CD4+ T cells restricted by multiple class 
II HLA alleles in the blood and dLNs at days 110 and 201 after vaccina-
tion. We also incorporated the analysis of spike-specific CD4+ T cells 
from the blood of a cohort of six HLA-DPB1*04+ individuals after pri-
mary infection with SARS-CoV-2 and compared these responses to the 
spike-specific memory CD4+ T cells found after vaccination. Our data 
provide an atlas of total and spike-specific transcriptional phenotypes 
in CD4+ T cells found in blood and the dLNs following initial exposure 
to the SARS-CoV-2 spike antigen.

Results
mRNA vaccination induces diverse T cell phenotypes
We performed single-cell RNA-seq and paired TCR sequencing on total 
dLN cells from FNA samples obtained on days 28, 60, 110 and 201 after 
the first BNT162b2 vaccine dose from six 34- to 48-year-old female 
(n = 2) and male (n = 4) HLA-DPB1*04+ individuals and magnetically 
enriched total CD4+ cells from temporally matched blood samples 
from four of the six individuals obtained at days 110 and 201 after 
the first dose of the two-dose BNT162b2 vaccination3,19 (Fig. 1a and 
Extended Data Tables 1 and 2). At all time points, all participants had 
detectable spike-specific GC B cells in the evaluated dLN19. A total of 
219,283 individual T cells passed all transcriptional quality metrics 
and contained a paired TCR sequence (Fig. 1b; https://cellpilot.emed.
wustl.edu). Because we did not select for CD4+ T cells during dLN 
sample preparation and because of a low level of contamination with 
CD8+ T cells during the magnetic separation step in the blood samples 
(Extended Data Fig. 1), CD8+ T cells were included in the dataset. Based 
on uniform manifold approximation and projection (UMAP) analysis, 
we identified 19 transcriptional T cell clusters (Fig. 1b). Following anno-
tation using granular cell types with canonical markers and reference 
atlases (Extended Data Fig. 2), we identified two CD4+ TFH cell clusters 
(C10 and C15) and one CD4+ follicular memory T (TFM) cell cluster (C1) 
that colocalized in the same region of the UMAP (Fig. 1b). Common 
T cell markers, such as CD4, CD8A, CXCR5, ICOS and PDCD1, separated 
clearly in the UMAP projection (Fig. 1c). All 19 T cell clusters were pre-
sent at all time points (Fig. 1d) and in both the blood and dLNs (Fig. 1e). 
Throughout the UMAP projection, we found individual T cells with 
published SARS-CoV-2-specific TCR CDR3 sequences3,20,21, including 
the immunodominant HLA-DPB1*04-restricted CD4+ T cell epitope 
S167–180 (ref. 3; Fig. 1f). S167–180-specific TCRs were primarily localized 
in the two CD4+ TFH cell clusters (C10 and C15; Fig. 1b,f), consistent 
with an enrichment of dLN tissue from HLA-DPB1*04+ individuals dur-
ing an ongoing GC response in our dataset. Alignment of previously 
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201 (Fig. 2f), suggesting that CD4+ GC TFH and CD4+IL-10+ TFH clones 
entered proliferation cycles throughout the 6-month timeline rather 
than a burst of proliferation early and maintenance of the cluster 
size over time.

dLN CD4+ TFM cells (c0, c1, c2, c7 and c10) had relatively low expres-
sion of genes involved in oxidative and glycolytic metabolism pathways 
and TCR signaling and cell adhesion signaling compared to the effector 
TFH populations (Fig. 2d) and expressed transcription factors involved 
in maintaining long-term T cell responsiveness and homeostasis, such 
as KLF2 (refs. 26,27), JUN28, JUNB29 and KLF6 (refs. 27; Fig. 2c). Cluster 
c7 and cluster c1 CD4+ TFM cells exhibited clonal overlap with CD4+ GC 
TFH cells (Fig. 2f), suggesting a close relationship between CD4+ GC TFH 
cells and the CD4+ TFM populations found in c7 and c1. TCR sequences 
specific for the S167–180 epitope3 were found primarily in the CD4+ GC TFH 
cell cluster at every evaluated time point (Fig. 2g) and were found in the 
CD4+IL-10+ TFH, CD4+ TFH Pro and CD4+ TFM cell clusters in small numbers at 
at least one time point (Fig. 2g). Thus, CD4+ TFH cell populations found in 
the dLNs following BNT162b2 mRNA vaccination were transcriptionally 
diverse and included effector, memory, proliferating and regulatory 
populations and spike-specific CD4+ GC TFH cells.

Trex can identify antigen-specific CD4+ TFH cells
To expand the number of spike-specific TCR sequences in the present 
dataset, we developed a method (referred to as Trex (T cell receptor 

and expression)) that used coembedding of the RNA transcriptome 
and the latent dimensional embeddings of both the TRA and TRB 
CDR3 sequences for each clonotype to identify antigen-specific CD4+ 
T cells that integrated the biochemical properties of the TCR amino 
acids and the transcriptional signatures of specific cells (Fig. 3a). 
Model hyperparameters were empirically based using a bootstrap 
approach (Extended Data Fig. 3a,b). Each model in Trex showed 
high fidelity in the return of unique latent dimensional embeddings 
across sequences (Extended Data Fig. 3c) and runtimes less than 
20 s for 50,000 unique TCR sequences (Extended Data Fig. 3d). The 
latent dimensional embeddings were based on the output of neural 
network-based models called variational autoencoders, which trans-
form the amino acid sequence of each clonotype into a matrix based 
on Kidera factors before encoding (Fig. 3a). For a given clonotype, 
a centroid-like approach was used to select the best representative 
cell to use for RNA expression based on the minimal Euclidean dis-
tance across the calculated principal components (Fig. 3a), similar 
to clonotype neighbor graph analysis (CoNGA)30. For a given clono-
type, the TRA, TRB and RNA vectors were then coembedded, and 
a nonlinear dimensional reduction was calculated to represent an 
immune response at both the transcriptional and repertoire levels 
simultaneously (Fig. 3a).

We used Trex to examine all dLN CD4+ TFH cells (clusters 
c0–c11) and generated a PHATE-based manifold of the resulting 
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Fig. 1 | BNT162b2 mRNA vaccination induces spike-specific CD4+ T cells with 
diverse transcriptional phenotypes in the blood and dLNs. a, Schematic 
showing sample collection time points for dLN FNA and peripheral blood 
collection from six donors (368-01a, 368-04, 368-13, 368-16, 368-20 and 368-22) 
at days 28, 60, 110 and 201 after the first dose of the BNT162b2 vaccine (left) and 
graph showing the number of cells isolated from each donor from the dLNs or 
blood (right). For each sample collection, a technical replicate was performed 
and sequenced. b, UMAP of 219,283 dLN and blood CD3+ T cells with paired 
TRA–TRB sequences that passed quality control filtering. Cluster annotation was 
based on canonical subtype markers and automated annotation using SingleR 

and ProjecTIL; TN, naive T cells; TH1, type 1 helper T cells; Tpre-Ex, pre-exhausted T 
cells; TC, cytotoxic T cells; TIFN, IFN expressing T cells; TEFF, effector T cells; TPro, 
proliferating T cells; THLA, high HLA/MHC expression T cells; TCM, central memory 
T cells. c, Gene-weighted density estimates overlaid on the UMAP coordinates 
for the T cell markers CD4, CD8A, CCR7, SELL, CXCR5, ICOS, FOXP3, IL2RA, CTLA4 
and PDCD1. d,e, Relative cellular density at days 28, 60 110 and 201 (d) and in the 
blood and dLNs (e) in CD3+ T cells, as in b. f, Localization of spike-specific TCRs 
identified in refs. 3,21 along the UMAP. S167–180-specific TCRs are highlighted in 
blue, and other spike-specific TCRs are in red. g, Alignment of TRA and TRB CDR3 
motifs for S167–180-specific3 and other spike-specific21 TCRs.
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data that contained six independent clusters denoted Trex-C0–
Trex-C5 (Fig. 3b; https://cellpilot.emed.wustl.edu). Transcripts 
of various CD4+ TFH cell genes partitioned throughout the mani-
fold (Fig. 3c), consistent with the inclusion of both transcriptional 
and TRA–TRB properties in the model. We found that previously 
known spike-specific TCR clonotypes colocalized into unique and 

very focal areas within clusters Trex-C0, Trex-C1 and Trex-C3 of 
the PHATE-based manifold (Fig. 3d). TRA and TRB CDR3 in these 
three clusters shared related amino acid biochemical proper-
ties (Fig. 3e) that were similar to those observed in published 
spike-specific clonotypes. Comparison of the overlap of the near-
est neighbors between the Trex- and CoNGA-derived TCR vectors 
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eight or fewer differentially expressed genes in clusters c0–c11 based on UMAP 
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c6–c11, as in a. K1–K4 represent k-means clustering of gene sets with general 
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(Extended Data Fig. 4a,b) indicated distinct vectors but an over-
lap in the nearest neighbor clusters that contained spike-specific 
CD4+ TFH cell clones (Extended Data Fig. 4c). CoNGA TCR-based 
clustering centralized spike-specific CD4+ TFH cell clones into a 
single cluster, whereas Trex-based clusters exhibited multiple small 
spike-specific-predominant clusters (Extended Data Fig. 4d,e).

To test whether clonally expanded dLN CD4+ TFH cells with at least 
one public TRA or TRB shared in two or more donors located within 
clusters Trex-C0, Trex-C1 and Trex-C3 and found in proximity to other 
known spike-specific CD4+ T cell clonotypes in the Trex PHATE-based 
manifold had a high probability of being spike-specific, we chose five 
TCR candidates that fitted these criteria (Fig. 3f) and were distributed 
uniquely into multiple CoNGA TCR-based clusters and Trex-based 
clusters (Extended Data Fig. 4f). We synthesized the five TCRs, cloned 
them into a retroviral transduction system31 and transduced them into 
primary human CD4+ T cells or Jurkat cells expressing an NFAT–green 

fluorescent protein (NFAT–GFP) reporter. To determine epitope speci-
ficity, we mapped the responsiveness of each transduced TCR (TCR1–
TCR5) to overlapping spike peptides in vitro. All five candidate TCRs 
were spike-specific (Extended Data Fig. 5). TCR2 mapped to S167–180 and 
bound the HLA-DPB1*04:01–S167–180 tetramer (Extended Data Fig. 5) 
but did not share the TRA CDR3 motif previously characterized as 
S167–180 specific3. The spike-specific epitopes for TCR3, TCR4 and TCR5 
were restricted by HLA-DRB5*02:02, DRB1*07:01 and DPB1*02:01, 
respectively (Extended Data Fig. 6). Next, we selected all members of 
the TRA–TRB families with highly related TCRs to the five index TCR 
candidates that were experimentally determined to be spike-specific. 
This expanded the total number of analyzed spike-specific dLN CD4+ 
TFH cells from 164 to 238 (Supplementary Table 1). Thus, Trex, along 
with in vitro validation of potential antigen-specific TCRs, expanded 
the total number of analyzed spike-specific dLN CD4+ TFH cells in our 
single-cell dataset by nearly 50%.
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Spike-specific dLN CD4+ TFH cell gene expression varies  
over time
We next explored the phenotypic dynamics of the expanded dataset of 
238 spike-specific dLN CD4+ TFH cells on days 28, 60 and 201 following 
mRNA vaccination (Fig. 4). dLN CD4+ TFH cells from day 110 after vaccina-
tion included significantly fewer spike-specific cells (10) than cells from 
days 28 (94), 60 (64) and 201 (70) and were therefore excluded from the 
analysis. Gene set enrichment analysis revealed elevated T cell activa-
tion, interleukin signaling, cytokine signaling, infection response, IL-12 
signaling, GATA3 signaling, NKT pathway genes, P38–MAPK signaling 
and TGFβ signaling pathways at day 60, the peak of the GC response 
(Fig. 4a). Gene sets representing CXCR4 signaling and cell cycle pro-
gression were significantly enriched in spike-specific CD4+ TFH cells at 
day 201 at the end of the GC response (Fig. 4a).

We detected several genes that were differentially expressed 
between day 28 and day 201, the beginning and end of the GC reac-
tion (Fig. 4b and Supplementary Table 2). Early spike-specific dLN 
CD4+ TFH cells (day 28) showed higher expression of ICAM1 (Fig. 4b), 
suggesting enhanced activation and clustering of CD4+ TFH cells dur-
ing the early GC response, and higher expression of ZBTB14 (Fig. 4b), a 
poorly characterized member of the zinc finger and BTB domain family 
of transcription factors, which also includes Bcl-6 (ZBTB27)32. Genes 
involved in cholesterol metabolism (RELCH), ubiquitination (GID4) 
and intracellular signaling (MAP4K4 and ANXA1) were upregulated in 

spike-specific CD4+ TFH cells at day 201 (Fig. 4b). To evaluate the paired 
TCR clonotypes found in the dLN spike-specific CD4+ TFH cells at various 
time points, we tracked 21 identical paired TCR clonotypes observed 
at more than one time point during the ongoing GC response (Fig. 4c). 
These TCR clonotypes accounted for between 5% and 28% of the total 
number of sequenced cells (Fig. 4c), indicating persistence or prolif-
eration of clonally identical spike-specific CD4+ TFH cells within the GC 
over time. These observations indicated that spike-specific CD4+ TFH 
cells in the dLN had distinct transcriptional signatures early (day 28), 
at peak (day 60) and late (day 201) in the GC response and that clonally 
identical spike-specific CD4+ TFH cell populations persisted throughout 
the course of the human GC response.

Circulating and dLN T cells show minimal overlap
To determine if clonally identical populations of spike-specific CD4+ 
T cells could be found in the blood during the ongoing GC reaction, 
we assessed our dataset for identical paired TRA–TRB sequences in all 
the sequenced dLN and blood T cells from three of the six individuals 
vaccinated with BNT162b2 that had matched blood and dLN samples at 
day 110 (368-01a, 368-13 and 368-22) and a paired blood and dLN sample 
from donor 368-01a at day 201 after vaccination, for which the analysis 
included all CD4+ T cells and CD8+ T cells. Despite 415 spike-specific 
CD4+ TCR clonotypes identified in the three donors in both the dLNs (91 
spike-specific clonotypes) and blood (324 spike-specific clonotypes) 
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Fig. 4 | Spike-specific CD4+ TFH cell transcriptional phenotypes detected 
in the dLNs change over time. a, Median gene set enrichment heat map 
showing immune-related gene sets in dLN CD4+ TFH cells at days 28, 60 and 201 
after the first dose of the BNT162b2 vaccine with five distinct clusters defined 
by k-means (K1–K5). b, Volcano plot of differential gene expression in dLN 
spike-specific CD4+ TFH cells at day 28 (n = 94) and day 201 (n = 70) after the first 
dose of the BNT162b2 vaccine. Size is based on the change in the percentage of 

cells expressing the gene at day 28 compared to at day 201. Statistical testing 
performed using two-sided MAST testing without adjustment for multiple 
comparisons. c, Clonal proportion of the spike-specific dLN CD4+ TFH cell 
repertoire at days 28, 60 and 201 after the first dose of the BNT162b2 vaccine. 
The top number on the bar plot indicates the number of clones at the specific 
time point shared across more than one time point, whereas the number on the 
bottom indicates the number of spike-specific clones unique to the time point.
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at days 110 and 201, we found no clonally identical paired TCRs in the 
blood and dLNs in these four matched samples (data not shown). Expan-
sion of the analysis found minimal overlap between the paired TCR 
repertoire in the blood and dLNs when all blood and dLN samples from 
these three donors (blood samples from all three donors on days 110 
and 201, dLN samples from 368-01a on days 28, 60, 110 and 201, dLN 
samples from 368-13 on days 60 and 110 and dLN samples from 368-22 
on days 60 and 110) were analyzed together (Fig. 5a). We found 6 over-
lapping TCRs (of 47,560 sequenced) in donor 368-01a, no overlapping 
TCRs (of 39,280 sequenced) in donor 368-13 and 58 overlapping TCRs 
(of 44,817 sequenced) in donor 368-22 (Fig. 5a). Rarefaction analysis 
suggested adequate sampling depth to fully represent the diversity of 
the TCR repertoire in both the dLN and blood compartments in these 
three donors (Fig. 5b), suggesting that these two compartments rep-
resented distinct populations of clonally diverse T cells 3–6 months 
after vaccination.

The majority of shared clonotypes between the blood and dLNs 
identified in donors 368-01a and 368-22 represented relatively infre-
quent paired TCR clonotype populations found in only one or two 
T cells in either the blood or the dLNs (Fig. 5c and Supplementary 
Tables 3 and 4) rather than clonally expanded populations, with four 
notable exceptions, all of which were CD8+ T cell populations found in 
13–19 CD8+ T cells (Fig. 5c and Supplementary Tables 3 and 4). Based on 
transcriptional profiles, 48% of the populations with overlapping TCR 
clonotypes were CD8+ T cells (Supplementary Tables 3 and 4), despite 
the magnetic enrichment of the blood samples for CD4+ T cells (>97% 
purity before sequencing), suggesting that the frequency of overlap-
ping blood and dLN clonal CD4+ T cell populations was substantially 
less than that observed for CD8+ T cells. None of the 58 overlapping 
TCR clonotypes in donor 368-22 contained CDR3 sequences of known 

SARS-CoV-2 spike-specific CD4+ T cells, including those determined to 
be spike-specific here (Supplementary Table 4). Three of the six overlap-
ping clonotypes in donor 368-01a were SARS-CoV-2 spike-specific CD4+ 
T cells (Supplementary Table 3), two were S167–180 specific and a third was 
S120–136 specific (TCR5; Supplementary Table 3). The three overlapping 
spike-specific CD4+ T cell clonotypes were found at days 28 and 60 in 
the dLN and at days 110 and 201 in the blood (Supplementary Table 3), 
perhaps indicating the emergence of memory TFH cells from the dLN to 
the blood late in the course of the GC response. In summary, we found 
that 3 to 6 months following mRNA vaccination, the blood and dLNs 
contain distinct clonotypic populations of spike-specific CD4+ T cells.

Spike-specific CD4+ T cells are detected in the blood and dLNs
We next explored the transcriptional signatures of SARS-CoV-2 
spike-specific CD4+ T cells found in the blood and dLN samples col-
lected at days 110 and 201 and included both CD4+ TFH cells and 
non-CD4+ TFH cells from all sequenced dLN and blood samples at these 
time points, including TCRs that were S167–180 specific, previously pub-
lished spike-specific TCRs and the five new clonotype families identi-
fied using Trex. A broad evaluation of the transcriptional differences 
between the blood and dLN compartments identified the upregulation 
of PDCD1 and CXCL13 in dLN spike-specific CD4+ T cells compared to in 
blood spike-specific CD4+ T cells at both days 110 and 201 (Fig. 6a and 
Supplementary Table 5). REL and RELB, which are involved in canoni-
cal and non-canonical NF-κB signaling, respectively, and CST7, which 
encodes a cysteine protease inhibitor, were significantly upregulated 
in blood spike-specific CD4+ T cells compared to in dLN spike-specific 
CD4+ T cells (Fig. 6a and Supplementary Table 5).

Gene set enrichment analysis of these data indicated substantial 
similarity between the spike-specific CD4+ T cells in the peripheral 
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blood and some differences between the dLN spike-specific CD4+ 
transcriptional profiles at days 110 and 201 (Fig. 6b). Spike-specific 
CD4+ T cells in the blood had less DNA repair and glycolipid metabo-
lism signaling than the dLN samples at days 110 and 201 (Fig. 6b). We 
observed enrichment of TCR signaling, T cell activation and cytokine 
signaling pathways in the dLN samples at day 201, whereas the dLN 
samples at day 110 had significantly elevated amino acid metabolism 
and Notch signaling compared to the dLN samples at day 201 (Fig. 6b). 
Thus, evaluation of all spike-specific CD4+ T cells in both the blood and 
the dLNs agnostic to TFH cell markers found signatures of the ongoing 
CD4+ GC TFH cell response in the dLNs and evidence of upregulated 
NF-κB signaling in spike-specific CD4+ T cells in the blood.

Infection induces a distinct spike-specific CD4+ T cell 
phenotype
We next leveraged our ability to detect large numbers of spike-specific 
CD4+ T cells in HLA-DPB1*04:01+ individuals to compare the transcrip-
tional phenotype of peripheral blood spike-specific CD4+ T cells in 
BNT162b2-vaccinated individuals to the phenotype of peripheral blood 
spike-specific CD4+ T cells from individuals after acute symptomatic 
primary infection with SARS-CoV-2. We generated a new dataset that 
included single-cell RNA-seq and TCR sequencing data from peripheral 
blood mononuclear cells (PBMCs) collected at days 110 (3 months) and 
201 (6 months) after the first dose from four BNT162b2-vaccinated indi-
viduals (three men and one woman, age range of 34–38) and magneti-
cally enriched (>97% purity) CD3+ T cells from PBMCs collected 1 month, 
3 months and 6 months after infection from six HLA-DPB1*04:01+ indi-
viduals hospitalized with moderate (n = 3, all men, age range of 53–75, 
WHO severity scale of 3–4) or severe (n = 3, all men, age range of 53–73, 
WHO severity scale range of 6–8, one of which died) coronavirus disease 
2019 (COVID-19) during the first wave of the pandemic (April to August 
of 2020) before the introduction of vaccines33 (Fig. 7a and Extended Data 
Tables 1 and 2). All ten donors were exposed to the SARS-CoV-2 spike 

antigen for the first time, either through the two-dose BNT162b2 vac-
cine or through natural infection. UMAP projection of all spike-specific 
CD4+ T cells identified nine clusters: CD4+ central memory (TCM) cells 
(0), TCM cells expressing SLC2A3 that encodes the glucose transporter 
3 protein GLUT3 (CD4+GLUT3+ TCM cells; 1), CD4+ effector memory T 
(TEM) cells (2), CD4+GLUT3+ TEM cells (3), a population of CD4+ TCM cells 
expressing the antiapoptotic transcripts BCL2 and GIMAP5 (CD4+Bcl-2+ 
TCM cells; 4), two clusters of cytotoxic CD4+ TEM cells (TEM C; 5 and 8), 
FOXP3+CD4+ regulatory T (Treg) cells (6) and a population of CD4+CD52+ 
Treg cells34 (7; Fig. 7b; https://cellpilot.emed.wustl.edu). All clusters were 
found in both infected and vaccinated individuals at the matched 3- to 
6-month time points (Fig. 7c). CD4+Bcl-2+ TCM cells, CD4+GLUT3+ TEM 
cells and CD4+CD52+ Treg cells represented a significantly higher propor-
tion of the spike-specific CD4+ T cells at months 3 and 6 after antigen 
exposure in vaccinated compared to infected individuals (Fig. 7c). CD4+ 
TCM cells and CD4+ TEM cells were a significantly higher proportion of 
spike-specific CD4+ T cells at months 3 and 6 after antigen exposure 
in infected donors (Fig. 7c). Relatively small increases in the total pro-
portion of CD4+ TCM cells and CD4+ TEM cells and a slight decrease in the 
total proportion of CD4+ TEM C cells were detected between infected 
individuals with moderate or severe COVID-19 at the acute (day 18–36) 
time point (Extended Data Fig. 7). The two populations of CD4+ TEM C cells 
(5 and 8) were characterized by high expression of cytotoxic cytokines 
(CCL4 and CCL5) and granzymes (GZMA, GZMK and GZMH; Fig. 7d). We 
also observed distinct populations of circulating FOXP3+CD4+ Treg cells 
(6) and FOXP3loCD52hiCD4+ T cells (7; Fig. 7d), which were reported to 
suppress antigen-specific T cell responses through soluble CD52 liga-
tion of Siglec-10 on target cells34.

Expanded clonotypes of spike-specific TCRs with highly related 
TCRs suggestive of clonal groups were found in all clusters except the 
small CD4+ TEM C cluster 8 and in every individual donor (Fig. 7e). Most 
of the spike-specific TCR clonal groups were found in the CD4+ TCM, 
CD4+GLUT3+ TCM and CD4+Bcl-2+ TCM cell clusters (Fig. 7e). CD4+ TCM 
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cells from infected individuals comprised a larger proportion of total 
spike-specific CD4+ T cells at days 18–36 after infection than at months 
3–6 after infection (Fig. 7f). CD4+ TEM C cells comprised a higher propor-
tion of circulating spike-specific CD4+ T cells in infected individuals at 
months 3–6 after infection than at days 18–36 after infection (Fig. 7f). 
Thus, circulating spike-specific CD4+ T cells exhibit distinct phenotypes 
following primary induction by either infection or vaccination.

Discussion
Using previously published spike-specific TCR sequences and Trex as 
a tool to assist with additional reverse epitope discovery30,35, here, we 
longitudinally tracked the evolution of large numbers of SARS-CoV-2 
spike-specific CD4+ T cells in human blood and dLNs in the first 6 
months after SARS-CoV-2 mRNA vaccination or infection. An interac-
tive online data portal, CellPilot (https://cellpilot.emed.wustl.edu), 
allows for rapid and detailed interrogation of our dataset.

Recent supervised and unsupervised informatic tools for analyz-
ing TCRs and antigen specificity have been developed36–41. Trex is a 
TCR analysis platform built to combine deep variational autoencod-
ers with gene expression data at the single-cell level. Although several 

methods on the combination of TCR data and gene expression have 
been published30,40, Trex offers up to eight variational autoencoding 
models (four per TCR chain) and a generative artificial intelligence 
approach to encode TCR amino acid sequences into latent dimensional 
space. In addition, the latent dimensional space of the TCRs can be 
used adaptively to filter and cluster or can be used as a layer input for 
multimodal dimensionality reduction. In the future, the use of this 
technique to combine single-cell RNA, protein and chromatin acces-
sibility quantification with vectorized TCRs could allow for an even 
more comprehensive analysis of antigen-specific immune responses.

Despite identifying 11 CD4+ TFH and CD4+ TFM cell transcrip-
tional phenotypes in the dLNs following vaccination, the majority 
of spike-specific CD4+ TFH cells exhibited the classical CD4+ GC TFH

4,22 
and CD4+IL-10+ TFH

15,23 phenotypes. We identified a large number of 
overlapping paired TCR clonotypes between CD4+ GC TFH cells and 
CD4+IL-10+ TFH cells between days 28 and 201 after vaccination, sug-
gesting a common origin of these two effector TFH cell populations, 
despite significant transcriptional differences between the two subsets, 
which implied very different functional roles. Differential IL21 and IL4 
expression in CD4+ GC TFH and CD4+IL-10+ TFH cells was reminiscent of 
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Fig. 7 | Circulating blood spike-specific CD4+ T cells induced by infection 
are transcriptionally distinct from those induced by mRNA vaccination. 
a, Schematic showing the timeline for blood sample collection 3 months and 
6 months after the first dose of the BNT162b2 vaccine in donors (368-01a, 368-
04, 368-13 and 368-22) or following SARS-CoV-2 infection in individuals who 
developed moderate (350-041, 350-117 and 350-400) or severe (350-065, 350-084 
and 350-397) disease. b, UMAP projection of all circulating blood spike-specific 
CD4+ T cells in all donors as in a, including 693 cells from SARS-CoV-2-infected 
donors and 804 cells from BNT162b2-vaccinated donors (1,497 total cells).  
c, UMAP projection (left) and proportion breakdown (right) of cluster 
composition for circulating blood spike-specific CD4+ T cells in donors 368-01a, 

368-04, 368-13, 368-22, 350-041, 350-117 and 350-400 at 3 months and 6 months 
after either infection with SARS-CoV-2 (infected, n = 289) or vaccination with the 
BNT162b2 vaccine (vaccinated, n = 804). Statistical significance was based on 
bootstrapping 1,000 times to form a null distribution. An asterisk (*) indicates 
a corrected P value of <0.05. Two asterisks (**) indicate a corrected P value of 
<0.01. d, Top eight or fewer cluster-defining differentially expressed genes in 
clusters 0–8 as in b. e, TCR cluster assignments based on normalized Levenshtein 
distance of the CDR3 sequence across donors. Only cluster assignments with 
more than two clonotypes were retained. f, UMAP and proportion breakdown of 
circulating blood spike-specific CD4+ T cells in infected donors 350-041, 350-117 
and 350-400 at days 18 to 36 (early) and at 3–6 months (late).
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the segregation of these important functional cytokines in time and 
space within the mouse GC after infection42,43.

We did not observe substantial overlap between paired human 
spike-specific CD4+ TCR sequences found in the dLNs and those found 
in the matched blood samples at days 110 and 201 during the late GC 
response, in line with a report that found minimal clonal overlap 
between paired TCRs from CD4+ T cells in the blood and LN compart-
ments samples from deceased organ donors, but did detect overlap 
between CD8+ T cells in the blood and LN compartments44. Indeed, 
many of the overlapping clonotypes that we identified in the dLNs 
and blood in this study were contaminating CD8+ T cells. The three 
overlapping spike-specific CD4+ TCRs that we discovered in one donor 
were found at days 28 and 60 in the dLNs and at days 110 and 201 in the 
blood. These cells may represent the first emergence of circulating 
CD4+ TFM cells from the dLNs.

Our tracking and transcriptional phenotyping of large numbers 
of spike-specific CD4+ T cells allowed us to gain important insights into 
the execution of the spike-specific CD4+ TFH cell response in the dLNs 
after mRNA vaccination. Peak T cell activation, interleukin signaling 
and cytokine signaling transcriptional activity were observed at day 
60. We found upregulation of the expression of genes associated with 
CXCR4 signaling at day 201, near the end of the GC response, raising the 
possibility that this pathway may play a role in the termination of the GC 
response in humans. Notably, CXCR4 signaling is critical in localizing 
CD4+ T cells found within the GC to the dark zone45. We speculate that 
the localization of antigen-specific CD4+ GC TFH cells in the dark zone 
toward the end of the GC response may facilitate the termination and 
collapse of the ongoing GC response.

Finally, our comparison of the mRNA vaccine-induced spike-specific 
CD4+ T cells in the blood to the spike-specific CD4+ T cells from the blood 
of SARS-CoV-2-infected individuals identified a significantly higher 
proportion of spike-specific Bcl-2+CD4+ TCM cells with higher expression 
of a prosurvival/antiapoptotic transcriptional program in vaccinated 
individuals. Therefore, unique long-term transcriptional profiles were 
induced in spike-specific memory CD4+ T cells depending on the context 
of initial antigen exposure (infection or mRNA vaccination).

Our work has limitations. The present study evaluated CD4+ T cell 
responses from six mRNA-vaccinated and six SARS-CoV-2-infected 
donors. Although our results are reproducible across this cohort, their 
broad applicability across larger populations of individuals cannot be 
adjudicated at this time. Our focus on HLA-DPB1*04+ individuals, while 
necessary to obtain sufficient numbers of antigen-specific cells for the 
unique analyses that we performed, may have introduced unrecog-
nized bias into our results, and further validation of our findings would 
be required to ensure that these findings apply to individuals without 
this HLA allele. In summary, we developed a broad single-cell transcrip-
tional atlas of human spike-specific CD4+ T cells in the blood and dLNs 
in the first 6 months following primary exposure to SARS-CoV-2 spike 
protein through BNT162b2 mRNA vaccination or infection.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41590-024-01888-9.
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Methods
Participants
We included samples from two prospective observational human 
cohorts. Demographics and HLA typing of all included participants are 
reported in Extended Data Tables 1 and 2. In cohort 1, participants who 
received the primary two-dose BNT162b2 mRNA vaccine series were pro-
spectively enrolled into observational study WU-368, approved by the 
Washington University in St. Louis Institutional Review Board (approval 
number 2020-12-081). Complete details of the study cohort have been 
previously published3,18,19. Briefly, the cohort included 43 vaccinated 
individuals who provided blood samples, with an age range from 28 to 
73 years; 21 were women. Fifteen participants from the same cohort (age 
range of 28–52 years, seven women) also provided one or more dLN FNA 
samples. Written informed consent was obtained from each participant.

Participants in cohort 2 were infected with SARS-CoV-2 during 
the first wave of the COVID-19 pandemic (April to August of 2020). 
Participants with acute symptomatic viral respiratory illness evaluated 
at Barnes-Jewish Hospital, Saint Louis Children’s Hospital, Christian 
Hospital or affiliated Barnes-Jewish Hospital testing sites, all located in 
Saint Louis, MO, were enrolled into a prospective observational cohort 
study, WU-350. The WU-350 study was approved by the Washington 
University in St. Louis Institutional Review Board (approval number 
2020-03-085). Full details of the cohort and inclusion criteria have 
been previously published33. The six donors (age range of 53–75 years, 
all men, WHO severity scores of 3–8; Extended Data Table 1) included 
in the present manuscript tested positive for SARS-CoV-2 by a clinical 
PCR test. Informed consent was obtained from each participant or their 
legally authorized representative.

Sample preparation
Vaccinated participants underwent dLN FNA sampling as previously 
described46. Briefly, draining dominant lateral axillary LNs ipsilat-
eral to the deltoid muscle mRNA vaccination site were localized with 
ultrasound and sampled 28, 60, 110 and/or 201 days after the first vac-
cine dose with multiple passes of six separate 25-gauge needles using 
real-time ultrasound guidance. Each needle was flushed with 3 ml of 
R10 (RPMI 1640 medium containing l-glutamine supplemented with 
10% fetal bovine serum (FBS) and 100 U ml–1 penicillin–streptomycin), 
followed by three 1-ml rinses with R10. Any contaminating red blood 
cells (RBCs) were lysed with ACK hypotonic lysis buffer, dLN FNA cells 
were washed twice with P2 (1× PBS supplemented with 2% FBS and 2 mM 
EDTA), and cells were counted and cryopreserved in 90% FBS with 10% 
DMSO before storing in liquid nitrogen until analysis. Matched blood 
samples from vaccinated individuals 110 or 201 days after the first 
vaccine dose were obtained in EDTA-anticoagulated tubes, and PBMCs 
were prepared using Ficoll density gradient centrifugation. Contami-
nating RBCs were removed from PBMCs via hypotonic lysis, and PBMCs 
were washed, counted and cryopreserved in 90% FBS/10% DMSO and 
stored in liquid nitrogen until analysis. Blood samples from infected 
participants were collected 18–36 days and 3 or 6 months after the 
onset of viral respiratory illness symptoms into EDTA-anticoagulated 
tubes, and PBMCs were prepared using Ficoll density gradient centrifu-
gation. Contaminating RBCs were removed from PBMCs via hypotonic 
lysis, and PBMCs were washed, counted and cryopreserved in 90% 
FBS/10% DMSO and stored in liquid nitrogen until analysis.

HLA typing
Vaccinated individuals were HLA typed by nanopore sequencing47. 
Genomic DNA was purified using an AllPrep DNA/RNA kit (Qiagen). 
Target HLA genes were amplified by long-range PCR (NGS LR kit, One 
Lambda) and sequenced following the SQK-LSK109 protocol on R10.3 
MinION flow cells (Oxford Nanopore Technologies). High-resolution 
HLA typing was assigned using the Athlon2 program.

For HLA typing of infected individuals, we extracted DNA from 
PBMCs using Zymo Quick-DNA Plus kits for use in the AllTYpe NGS 

11-Loci Amplification kit (One Lambda). HLA libraries were sequenced 
at 150×150 base pairs (MiSeq, Illumina), and the data were analyzed 
with TypeStream Visual (v3.0; One Lambda).

dLN single-cell RNA-seq library preparation and sequencing
dLN FNA samples were thawed, washed with P2 and resuspended in 
P2. Chromium Single Cell 5′ Gene Expression Dual Index libraries and 
Chromium Single Cell V(D)J Dual Index libraries (10x Genomics) were 
prepared according to the manufacturer’s instructions without modi-
fications. Both gene expression and V(D)J libraries were sequenced on 
a Novaseq S4 (Illumina) instrument, targeting a sequencing depth of 
50,000 and 5,000 read pairs per cell, respectively.

T cell enrichment of PBMC populations for single-cell RNA-seq
Frozen PBMC samples were thawed, washed once with R10 and washed 
with P2. PBMCs were counted on a Cellometer Auto 2000 (Nexcelom) 
and resuspended to a final concentration of approximately 108 cells 
per ml in P2. Total untouched CD3+ or positively selected CD4+ T cells 
were enriched using either an EasySep Human T Cell Isolation kit or 
an EasySep Human CD4 Positive Selection kit II, respectively, with an 
EasyEights magnet (STEMCELL Technologies), all per the manufac-
turer’s instructions. Following enrichment, T cell populations were 
washed with P2, recounted and resuspended in PBS supplemented 
with 0.05% bovine serum albumin. Chromium Single Cell 5′ v2 Gene 
Expression and Chromium Single Cell V(D)J libraries (10x Genomics) 
were prepared according to the manufacturer’s instructions without 
modifications. Gene expression and V(D)J libraries were sequenced on 
a Novaseq S4 (Illumina) instrument.

The remaining T cells were stained for flow cytometry to verify 
T cell enrichment. Enriched T cells were added to a round-bottom 
96-well plate and washed twice in P2. A master mix was added to the 
cells with the following reagents for 20 min at 4 °C: CD3 APC Fire 810 
(HIT3a, Biolegend), CD4 PerCP (OKT4, Biolegend, to avoid block-
ing from positive selection), CD8 BV421 (RPA-T8, Biolegend), CD16 
BV570 (3G8, Biolegend), CD14 APC (M5E2, Biolegend), CD19 BV750 
(HIB19, Biolegend), Zombie NIR (Biolegend) diluted in Brilliant Stain-
ing buffer (50 µl per test, BD Horizon) and P2. Following staining, cells 
were washed three times in P2 and fixed with 1% paraformaldehyde 
(Electron Microscopy Sciences) for 20 min at 4 °C. Cells were washed 
once in P2, resuspended in P2 and stored at 4 °C until analysis within 
24–48 h. Flow cytometry samples were run on an Aurora spectral flow 
cytometer using SpectroFlo v.2.2 software (Cytek). Flow cytometry 
data were analyzed using FlowJo v.10 (Treestar).

Single-cell RNA-seq processing and analysis
Filtered outputs of 10x Cell Ranger count and V(D)J pipelines were 
imported into R (v4.1) using the Seurat (v4.1.0) R package48. Filtering 
was applied on a sequencing run basis to remove cells with less than 100 
features, more than 2.5-fold the standard deviation of feature numbers 
and greater than 15% mitochondrial gene percentage. Doublets were 
estimated using the scDblFinder (v1.6.0) R package49. Individual cells 
were annotated using the ProjecTILs (v2.0.3)50,51 and SingleR (v1.6.1) R 
packages52 and the DICE annotation dataset53. Clonotypes were added 
to the integrated Seurat object using the scRepertoire (v1.7.0) R pack-
age54. T cells were isolated based on the assignment of CD4/CD8 T cell 
annotation from ProjecTIL and the presence of a productive clonotype. 
Overall T cell dimensional reduction used 2,000 variable genes with the 
TCR genes removed to prevent bias in the manifold by clonality. The 
Harmony (v0.1.0) R package55 was used in integrating multiple sequenc-
ing runs and generating the UMAP (dimensions = 1:15, epochs = 500) 
and clusters (resolution = 0.8, dimensions = 1:15, algorithm = 3). TFH cell 
UMAP embedding and clustering used dimensions of 1:20 and a resolu-
tion of 0.5. CD8+ T cell designations were based on the examination of 
the distribution of CD8 expression, and a cutoff was set for CD8A ≥ 0.4. 
Spike-specific cells from vaccinated and infected donor peripheral 
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blood were integrated using the Harmony R package, the individual 
sequencing run as the variable and dimensions = 1:30 with calculating 
UMAP (dimensions = 1:25, epochs = 500) and cluster (resolution = 0.5 
and algorithm = 3). Gene expression UMAP overlays used the Nebulosa 
(v1.6.0) R package56. Gene set enrichment analysis was performed 
using the escape (v1.4.2) R package57 with the UCell approach58 and 
the Hallmark, KEGG and BioCarta gene set libraries from GSEA59. TCR 
rarefaction and extrapolation was performed using the iNEXT (v3.0.0) 
R package60 using the abundance of combined TRA and TRB clonotypes 
by participant and tissue and default settings in terms of bootstraps, 
knots and Hill numbers. TCR clustering was performed using the scRep-
ertoire package and the clusterTCR function with the normalized edit 
distance threshold set to 0.85.

TCR sequencing analysis and visualization
Spike-specific clonotype annotations were assigned for both TRA and 
TRB and derived from previously published data3,20 and the VDJdb 
database21. TCR sequencing motifs were created with the msa (v1.28.0) 
R package set to protein alignment with the ClustalW algorithm and a 
max iteration of 30. The resulting aligned sequences were converted 
into seginer format and plotted with the ggseqlogo (v0.1) R package. 
Single-clonotype representation for single-cell analysis was performed 
similar to the previously described CoNGA30. For a given combined TRA 
and TRB, a single transcriptome was selected based on the minimal 
Euclidean distance across all cells in the individual clonotype. Vectors 
for TRA and TRB were calculated using the TCR autoencoder Trex 
(v0.99.7) R package translating the CDR3 amino acid sequence into a 
matrix based on the Kidera factors61. For the resulting RNA principal 
components and embedded TCR values, the first 15 dimensions were 
selected and rescaled using the mutual nearest neighbor approach with 
k = 100 with the mumosa (v1.4.0) R package. The resulting values were 
then subjected to the PHATE algorithm with default settings with the 
PhateR (v1.0.7) R package62. Clustering was performed by generating 
a k-nearest neighbor igraph with the bluster (v1.6.0) R package, and 
clusters were calculated using the Leiden algorithm from the leidenAlg 
(v1.0.3) R package with a resolution of 0.7 and the number of iterations 
set to 5. Putative spike-specific TCRs were derived from clusters where 
previously identified spike-specific TCRs were present. In addition, the 
putative TCRs were selected based on the fact that they were clonally 
expanded and they expressed either an α- or β-chain that appeared in 
two or more donors and had not been previously shown to bind the 
spike epitope. Related putative spike-specific clones were called by 
identifying TRA or TRB CDR3 sequences within a Levenshtein distance 
of two and shared V genes.

Development of Trex autoencoding models
TCR embedding used training variational autoencoders on TRA and 
TRB CDR3 amino acid sequences, taking the AF, KF or both converted 
numeric matrices with 0 padding to set a CDR3 length of 60. The 
matrices were transformed into a one-dimensional array, and values 
were normalized across all sequences. Values with no variation were 
transformed into 0 s. Alternatively, a one-hot autoencoding approach 
was also trained by converting the amino acid sequence to a matrix 
based on the individual amino acids along the sequence. A stacked 
autoencoder approach was used similar to the previously described 
method40 with a 128–64–30–64–128 neuron structure. The bottleneck 
layer consisted of a 30-neuron/vector embedding. Each autoencoder 
model was trained using the keras (v2.4.0) R package across 288,043 
unique CDR3 amino acid TRA and 453,111 unique CDR3 amino acid TRB 
sequences across 15 single-cell datasets and four curated TCR databases 
(McPAS-TCR63, VDJdb64, IEDB65 and PIRD66), resulting in eight models: 
TRA-AF, TRA-KF, TRA-both, TRA-OHE, TRB-AF, TRB-KF, TRB-both and 
TRB-OHE. The models were trained using a data split of 80:20, and 
hyperparameters were selected based on minimal Kullback–Leibler 
divergence value with a batch size of 128, learning rate of 0.001 and 

optimization using root mean square propagation. The TCR models 
and corresponding R package to run the embeddings with a Seurat 
or single-cell experiment object are available at https://github.com/
ncborcherding/Trex.

Putative spike-specific TCR transductants
Putative spike-specific TRA and TRB variable regions were combined 
in silico with mouse constant regions (mouse TRAC and mouse TRBC2) 
modified to include additional cysteine residues in place of serine at 
position 57 in mouse TRBC2 and threonine at position 47 in mouse 
TRAC. Using mouse constant regions prevents pairing with endog-
enous human TCRs following retroviral transduction of primary human 
T cells. The additional cysteine residues enhance α/β constant region 
binding affinity, increasing chimeric human variable/mouse constant 
TCR surface expression. Constructs containing the modified TRA and 
TRB were separated by a T2A sequence and synthesized to include 
NotI and EcoRI restriction sites at the 5′ and 3′ ends of the region of 
interest, respectively (GenScript). Synthesized constructs from Gen-
Script were double digested with NotI and EcoRI and cloned into the 
pMP71 retroviral vector31; ligation was confirmed via sequencing of 
the recombinant plasmid. Recombinant pMP71 was used to transfect 
the 293Vec-RD114 retroviral packaging cell line (provided by BioVec 
Pharma) with TransIT-LT1 (Mirus Bio) transfection reagent using the 
manufacturer’s protocol and recommended conditions. Transfection 
medium was removed after 24 h and replaced with fresh medium, and 
retrovirus-containing supernatants were collected 24 h later. Retroviral 
supernatants were stored at −80 °C until use.

Human CD4+ T cells were enriched from cryopreserved PBMCs 
using an EasySep Human CD4 Positive Selection kit II (STEMCELL 
Technologies). Isolated T cells were cultured in R10-500 (R10 supple-
mented with 500 U ml–1 recombinant human IL-2 (BioLegend)) at 37 °C 
with 5% CO2 and activated with a Miltenyi Biotec Human T Cell Activa-
tion/Expansion kit according to the manufacturer’s instructions. Two 
days after activation/expansion, activated T cells were purified from 
dead cell debris and activation beads with a Ficoll gradient. Cells were 
washed in R10, resuspended at 2 × 106 per ml in R10-500 and plated on 
24-well flat-bottom tissue culture plates.

TCR RD114 retroviral supernatants were thawed, layered on top of 
a 20% sucrose (wt/vol) gradient and centrifuged in a microcentrifuge at 
20,000g at 4 °C for 1 h. The supernatant was discarded, and the residual 
volume, including the retroviral pellet, was incubated with ViroMag 
beads (OZ Biosciences) for 15 min at room temperature. Retrovirus/
beads were then added to the activated T cells in a 24-well plate, and 
the plate was briefly centrifuged at 1,600g for 1 min before being placed 
on a prewarmed magnet (OZ Biosciences) and incubated at 37 °C with 
5% CO2 for 15 min. Transduced T cells were cultured for at least 1 week 
before analysis with changes of R10-500 medium as needed.

Intracellular cytokine staining mapping of human TCR 
transductants
In total, 250,000 to 500,000 transduced CD4+ T cells, a portion of 
which were confirmed to express the recombinant chimeric TCR using 
a mouse TCR β-chain-specific monoclonal antibody (BV510, clone 
H57-597, BioLegend), were cocultured with 100,000 Epstein–Barr 
virus-transformed B cells from the experimental participant who 
expressed the index paired putative spike-specific TCR in the pres-
ence of various mapping pools of SARS-CoV-2 spike overlapping 17-mer 
peptides (NR-52402, BEI Resources). Each peptide was incubated at a 
final concentration of 1 µg ml–1. Separate unstimulated control wells 
with equivalent concentrations of DMSO to the final concentration 
of DMSO found in the peptide-stimulated condition were included. 
Positive control phorbol 12-myristate 13-acetate (InvivoGen) and iono-
mycin (InvivoGen) were added to separate wells. Cells in all conditions 
were cocultured in R10 medium supplemented with co-stimulatory 
antibodies to CD28 and CD49d (BD Biosciences). Samples with the 
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appropriate stimulus were incubated for 1.5 h before the addition of 
Brefeldin A and monensin (both from BD Biosciences) and incubated 
for an additional 12–16 h. Surface staining was performed, followed 
by fixation in 1% paraformaldehyde, permeabilization with washing 
buffer supplemented with 0.1% (wt/vol) saponin (Sigma) and intra-
cellular staining using fluorescently labeled antibodies directed to 
cytokine antigens. We used the following antibodies: CD3 PE-Cy7 (clone 
UCHT1, BioLegend), CD4 APC-Cy7 (clone SK3, BioLegend), mouse TCR 
β-chain BV510 (clone H57-597, BioLegend), CD69 BV711 (clone FN50, 
BioLegend), IFNγ PE (clone B27, BioLegend), TNFα PerCP-Cy5.5 (clone 
MAb11, BioLegend) and IL-2 APC (clone 5344.111, BD Biosciences). The 
panel included Zombie NIR viability stain (BioLegend). All antibodies 
were used at pretitrated optimal staining concentrations. In a separate 
experiment performed on unstimulated TCR2 transductants, we per-
formed the surface stain portion of the panel following incubation with 
an S167–180 HLA-DPB1*04:01 PE-labeled tetramer reagent (Washington 
University in Saint Louis tetramer core facility) for 15 min to confirm 
intracellular cytokine staining results. All samples were acquired on a 
Cytek Aurora spectral flow cytometer, and unmixed files were analyzed 
using FlowJo software (version 10, BD Biosciences). The final analysis 
was gated on live CD4+ T cells positive for mouse TCR β-chain.

HLA restriction determination
Human Jurkat clone E6-1 T cells were obtained from ATCC and trans-
duced with an NFAT eGFP reporter lentivirus (BPS Bioscience), accord-
ing to the manufacturer’s instructions, and selected with puromycin at 
a final concentration of 1 µg ml–1 for 7 days. NFAT–GFP reporter Jurkat 
T cells were then transduced with each candidate TCR retrovirus follow-
ing sucrose purification, as described above. TCR-transduced NFAT–GFP 
reporter Jurkat T cell lines were purified by fluorescence-activated cell 
sorting after staining with CD3 PE-Cy7 (clone UCHT1, BioLegend), CD4 
APC-Cy7 (clone SK3, BioLegend) and mouse TCR β-chain BV510 (clone 
H57-597, BioLegend) on a Bigfoot Spectral Cell Sorter (Thermo Fisher).

Single class II HLA allele-expressing antigen-presenting cells were 
developed by gene synthesis of select class II HLA alleles found in 
the participants from which the candidate TCRs were selected. We 
synthesized class II HLA α- and β-chains separated by a T2A sequence 
and included NotI and EcoRI restriction sites at the 5′ and 3′ ends (Gen-
Script). Synthesized constructs were cloned into the pMP71 retrovi-
ral transduction system as described above and transfected into the 
293Vec-RD114 retroviral packaging cell line, and resulting retroviruses 
were used to transduce a K562-based artificial APC cell line expressing 
exogenous human CD64, CD80, CD83, CD74 and HLA-DM.

NFAT–GFP reporter Jurkat TCR cell lines were cocultured in 
R10 with individual K562 artificial APC cell lines either expressing 
unique class II HLA alleles or not expressing class II HLA (not HLA virus 
transduced) in the presence or absence of 10 µg ml–1 of the unique 
SARS-CoV-2 spike peptide previously mapped to each responding 
TCR for a total of 16 h at 37 °C and 5% CO2. Following coculture, cells 
were surface stained with CD3 PE-Cy7 (clone UCHT1, BioLegend), 
mouse TCR β-chain BV510 (clone H57-597, BioLegend) and Zombie NIR 
viability stain (BioLegend) before analysis on a Cytek Aurora spectral 
flow cytometer. Unmixed files were analyzed using FlowJo software 
(version 10, BD Biosciences).

Statistics and reproducibility
Heat maps of gene sets were derived from the intersection of significant 
enrichment comparisons (Bonferroni-adjusted P value of <0.05) by 
analysis of variance, Kruskal–Wallis H-test for multiple comparisons 
and t-test and Wilcoxon rank-sum test for binarized comparisons. For 
none-rank-based significance testing, distributions were evaluated 
before applying testing. Differential gene expression used MAST67 
using the donor as a latent variable and a pseudocount of 0.1. Cluster 
proportion comparisons between antigen-specific T cells used the 
scProportionTest (v0.0.0.9) R package with 1,000 permutations. Code 

for the entire analysis is available at https://github.com/ncborcherding/
COVID_TCR. The cohort sample size was based on the voluntary enroll-
ment of participants who consented to the respective procedures in 
the trial, and randomization or blinding is not applicable to this study.

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

Data availability
Single-cell data presented in the manuscript can be accessed at the 
publicly available Gene Expression Omnibus database under acces-
sion numbers GSE195673 and GSE249313. Datasets are also available 
on the interactive online tool CellPilot (https://cellpilot.emed.wustl.
edu). CellPilot was adapted from the cellcuratoR (v0.1.0) R package68. 
Single-cell data are also available at the public Zenodo repository at 
https://doi.org/10.5281/zenodo.11395445 (ref. 69).

Code availability
Analysis code is available at the public Zenodo repository at https://
doi.org/10.5281/zenodo.11395445 (ref. 69).
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Extended Data Table 1 | Demographics of clinical cohorts

Participant Age Sex Exposure Severity WHO severity score (0-8) Tissue(s)

368-01a 34 male BNT162b2 blood and lymph node

368-04 38 female BNT162b2 blood and lymph node

368-13 34 male BNT162b2 blood and lymph node

368-16 37 male BNT162b2 lymph node only

368-20 48 female BNT162b2 lymph node only

368-22 36 male BNT162b2 blood and lymph node

350-065 73 male SARS-CoV-2 ventilated/alive 6 blood only

350-084 67 male SARS-CoV-2 ventilated/alive 7 blood only

350-397 53 male SARS-CoV-2 ventilated/died 8 blood only

350-041 75 male SARS-CoV-2 hospitalized 4 blood only

350-117 53 male SARS-CoV-2 hospitalized 3 blood only

350-400 65 male SARS-CoV-2 hospitalized 4 blood only
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Extended Data Table 2 | HLA typing results of human donors

Participant HLA-A HLA-B HLA-C HLA-DPA1 HLA-DPB1 HLA-DQA1 HLA-DQB1 HLA-DRB1 HLA-DRB3,4,5

368-01a 02:01/68:01 39:01/44:03 04:01/07:02 01:03/01:03 02:01/04:01 01:02/02:01 02:02/06:02 07:01/15:01 B4*01:01/B5*01:01

368-04 01:01/03:01 08:01/15:01 03:03/07:01 01:03/01:03 04:01/04:01 03:03/05:01 02:01/03:01 03:01/04:08 B3*01:01/B4*01:03

368-13 01:01/29:02 13:02/14:02 06:02/08:02 01:03/01:03 04:01/15:01 02:01/02:01 02:02/02:02 07:01/07:01 B4*01:01/B4*01:03

368-16 02:01/03:01 35:03/51:01 04:01/15:02 01:03/01:03 02:01/04:01 01:02/01:04 05:02/05:03 14:54/16:01 B3*02:02/B5*02:02

368-20 02:01/11:01 44:02/51:01 07:04/15:02 01:03/02:01 04:01/17:01 01:01/04:01 04:02/05:01 01:01/08:01

368-22 02:01/11:248 40:01/40:01 03:04/03:04 01:03/01:03 04:01/04:02 01:01/03:01 03:02/05:01 01:01/04:04 B4*01:03

350-065 68:01/68:01 51:01/58:02 03:04/06:02 01:03/01:03 04:01/18:01 01:05/05:05 03:01/05:01 12:01/16:02 B3*02:02/B5*02:02

350-084 02:01/02:01 27:05/45:01 02:02/16:01 01:03/03:01 04:01/105:01 03:01/05:01 02:01/03:02 03:01/04:04 B3*02:02/B4*01:03

350-397 01:01/11:01 08:01/38:01 07:01/12:03 01:03/01:03 03:01/04:01 01:02/05:01 02:01/05:02 03:01/16:01 B3*01:01/B5*02:02

350-041 02:01/03:01 07:02/56:01 01:02/07:02 01:03/01:03 03:01/04:01 03:01/05:05 03:01/03:02 04:01/12:01 B3*02:02/B4*01:03

350-117 02:01/03:01 07:02/56:01 01:02/07:02 01:03/01:03 03:01/04:01 03:01/05:05 03:01/03:02 04:01/12:01 B3*02:02/B4*01:03

350-400 02:01/03:01 15:01/44:02 03:03/05:01 01:03/01:03 04:01/04:02 03:01/03:01 03:02/03:02 04:01/04:04 B4*01:03
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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.

http://www.nature.com/natureimmunology


Nature Immunology

Resource https://doi.org/10.1038/s41590-024-01888-9

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 
by approach and chain. For the given hyperparameter, models were trained 
on 2e5 random sequences with 10 epochs for minimal Kullback-Leibler 
divergence value. a. Mean square error of models after training varying the latent 
dimensions (left panel) and batch size (right panel) with different learning rates. 
b. Kullback-Leibler divergence values of models after training varying the latent 

dimensions (left panel) and batch size (right panel) with different learning rates. 
c. Evaluations of fidelity of models to return unique values using novel sequences 
for TRA and TRB chains across all models in Trex. Novel sequences were randomly 
sampled and bootstrapped a total of 10 times. d. Distribution of computational 
time for model application across the models, chains, and bootstraps.
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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-

embedding with Trex. d. Breakdown and distribution of TCR-based clusters using 
CoNGA TCR output or Trex latent dimensions. Blue colored data indicate the 
relative proportion of clusters with spike-specific clones with a summary of the 
graphed values to the right of each bar chart. e. Trex-based latent dimensional 
clusters with proportion filled by the respective CoNGA TCR-based clusters.  
f. Distribution and relative size of the candidate TCRs and related sequences  
(edit distance ≤ 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 Data Fig. 5 | Confirmation of TCR candidates’ specificity for 
SARS-CoV-2 spike. 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+ 
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 
(mTCRb) positive candidate TCR-transduced cells. Unstimulated background 

cytokine expression, positive control phorbol 12-myristate 13-acetate (PMA) 
and Ionomycin 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 
CD4+ T cells with the S167-180 DPB1*04:01 HLA-class II tetramer is shown (right 
panel in b). 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-
GFP reporter 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 II alleles. Cells were gated on total 

live single cells, then on CD3+ cells. In b. the top panels show the frequency of 
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 
for each TCR line.
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Extended Data Fig. 7 | Circulating blood spike-specific CD4+ T cells induced 
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 

with moderate (350-041, 350-117 and 350-400, n = 3) versus severe (350-065, 
350-084 and 350-397, n = 3) infection. Statistical significance was based on 
bootstrapping 1,000 times to form a null distribution. * adjusted two-tailed 
permutation test p-value < 0.05.
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