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Introduction
Vaccination against SARS-CoV-2 has been proven in large cohort 
studies (1, 2) to be a powerful strategy to protect from severe coro-
navirus disease 2019 (COVID-19). Since the availability of the first 

SARS-CoV-2 vaccines, specific humoral and cellular immunity has 
been characterized in unprecedented depth in healthy individuals 
and those with multiple preexisting conditions (3–5). Whereas 
infection- or vaccination-induced T cell biology has been compre-
hensively examined in peripheral blood, only limited information 
is available as to how immunological memory is established in tis-
sues. Postulated more than 10 years ago, the concept of tissue res-
idency has been raised in the contexts of different tissue-targeted 
infections, implying that a substantial proportion of memory T 
cells have a limited capacity to recirculate but acquire residency 
in organs, thus providing site-adapted immunity (6–8). Pioneer-
ing work noted a distribution of SARS-CoV-2 infection–induced 

Tissue-resident lymphocytes provide organ-adapted protection against invading pathogens. Whereas their biology has 
been examined in great detail in various infection models, their generation and functionality in response to vaccination 
have not been comprehensively analyzed in humans. We therefore studied SARS-CoV-2 mRNA vaccine–specific T cells 
in surgery specimens of kidney, liver, lung, bone marrow, and spleen compared with paired blood samples from largely 
virus-naive individuals. As opposed to lymphoid tissues, nonlymphoid organs harbored significantly elevated frequencies 
of spike-specific CD4+ T cells compared with blood showing hallmarks of tissue residency and an expanded memory pool. 
Organ-derived CD4+ T cells further exhibited increased polyfunctionality over those detected in blood. Single-cell RNA-Seq 
together with T cell receptor repertoire analysis indicated that the clonotype rather than organ origin is a major determinant of 
transcriptomic state in vaccine-specific CD4+ T cells. In summary, our data demonstrate that SARS-CoV-2 vaccination entails 
acquisition of tissue memory and residency features in organs distant from the inoculation site, thereby contributing to our 
understanding of how local tissue protection might be accomplished.
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vaccination history of individuals comprised 2 or 3 mRNA vac-
cine doses (BioNTech/Pfizer or Moderna) (Table 1).

SARS-CoV-2 vaccine–specific T cells in nonlymphoid and lym-
phoid tissues. Specific CD4+ Th cells were identified based on 
CD137 and CD40L coexpression after stimulation with an over-
lapping peptide pool encompassing the complete SARS-CoV-2 
spike protein as outlined in Supplemental Figure 1A (supplemental 
material available online with this article; https://doi.org/10.1172/
JCI171797DS1). A response was defined as positive when stimu-
lated mononuclear cells (MNCs) contained at least 2-fold high-
er frequencies of CD137+CD154+ CD4+ T cells (also applying to 
CD137+IFN-γ+ CD8+ T cells) as compared with the respective 
unstimulated control with at least 20 events, as reported previ-
ously (4, 16). To assess ex vivo expressing, but not stimulation-in-
duced, CD69+ T cells, MNCs were stained with CD69-BV785 
before culture; labeling was stable without appreciable loss of 
signal intensity until stimulation termination as recently demon-
strated (11) and as depicted in Supplemental Figure 1B. Overall, 
spike-specific CD4+ T cells could be identified in peripheral blood, 
liver, lung, bone marrow, spleen, and kidney tumor but not in kid-
ney peritumor tissue or tonsil as exemplified in Figure 1C. Among 
all samples, cellular responses were most frequently detected in 
blood and bone marrow (Figure 1D). Individuals with cellular 
responses in peripheral blood showed a trend toward an elevated 
rate of specific IgG responses over cellular nonresponders (Figure 
1E). In most analyses, for rough comparison with vaccinated-only 
probands, data of some infected plus vaccinated individuals were 
included. They were, however, excluded from statistics.

To verify that our virus-naive cohort did not contain individ-
uals with an unreported SARS-CoV-2 infection, we conducted 
peptide mix stimulations representing SARS-CoV-2 membrane 
and nucleocapsid protein (termed “M+N”) at random with 
remaining samples. Supplemental Figure 2A (left) shows exem-
plary CD4 responses in PBMCs from individuals considered 
virus-naive + vaccinated versus infected + vaccinated after M+N 
and spike stimulation, with a summary depicted in Supplemental 
Figure 2A (right). Results highlight that all 4 of 4 individuals with 
documented infection could be identified based on the M+N 
assay. Importantly, none of the supposedly noninfected patients 
showed M+N reactivity. These random controls support our data 
from medical records and serology indicating that we did not 
accidentally include individuals with a SARS-CoV-2 infection 
history in this group.

Frequencies of spike-specific Th cells (Figure 1F) and those 
exhibiting a memory or effector phenotype or expressing IFN-γ 
or IL-2 (Supplemental Figure 2B) remained constant in blood 
and tissue with progressing time from last vaccination. Similarly, 
no significant differences were identified with respect to cellular 
responder rates (Supplemental Figure 3A), frequencies, memory 
differentiation, or function (Supplemental Figure 3B) between 
tumor and nontumor patient-derived blood samples, excluding an 
appreciable impact of patients’ preexisting conditions.

For subsequent analyses, comparisons between paired speci-
mens were conducted when both blood and tissue samples fulfilled 
the criteria for a cellular response. As a common motif, nonlym-
phoid (liver, kidney tumor, lung) but not lymphoid (bone mar-
row, spleen) tissues were characterized by significantly elevated 

T cells across multiple human tissues, including lymph nodes, 
spleen, lung, and bone marrow. A dichotomy for tissue residen-
cy–related molecules was identified between virus-specific CD8+ 
and CD4+ T cells, with the latter showing coexpression of the sig-
nature markers CD69 and CD103 almost exclusively in the lung 
(9). Multi-organ residency is also characteristic of cytomegalovi-
rus-specific T cells (10), which have recently been detected in high 
frequencies, along with those specific for Epstein-Barr virus and 
influenza, in resected human kidneys (11).

With respect to features of vaccination-induced T cell mem-
ory, most comprehensive analyses in organs have been conduct-
ed using human bone marrow, where CD4+ T cells specific for 
multiple vaccination-associated antigens, including tetanus tox-
oid, measles, and mumps, have been characterized (12). In com-
parison with peripheral blood, CD4+ T helper (Th) cells were in 
a resting state and upregulated CD69, both being indicative of 
bone marrow as a niche for long-term memory for systemic patho-
gens (13). It remains to be determined how SARS-CoV-2 mRNA 
vaccination–induced T cell memory is maintained with respect 
to organ tropism and tissue adaptation, particularly considering 
nonlymphoid organs. Both features might be potentially influ-
enced by in vivo distribution of vaccination antigens. For novel 
mRNA-based vaccines, distribution and degradation of encoded 
proteins have been followed in experimental models. After intra-
muscular application, protein expression was predominantly con-
fined to the injection site, but also included distal organs such as 
lung and liver, indicating systemic spread of mRNA-containing 
lipid nanoparticles (14). Similar findings regarding biodistribution 
were made for a vector-based SARS-CoV-2 vaccine (AZD1222/
ChAdOx1), detectable for up to 29 days in bone marrow, liver, 
lung, spleen, and lymph nodes (15). It is therefore conceivable that 
differentiation and/or recruitment of cellular immunity involves 
organs distant to the vaccination site. To address tissue distribu-
tion of SARS-CoV-2 vaccine–specific T cell memory, we examined 
human lymphoid (bone marrow, spleen, tonsil) and nonlymphoid 
(liver, kidney, lung) organs for quantities and functional features 
of spike protein–specific T cells in comparison with paired blood 
samples. Here, we identify mRNA vaccine–specific CD4+ T cells in 
most tissue types examined with distinct adaptations particularly 
identified for nonlymphoid organs.

Results
Donor tissue cohort. To analyze SARS-CoV-2 vaccine–specif-
ic T and B cells in various human tissues, specimens of non-
lymphoid (liver, kidney, lung) as well as lymphoid (bone mar-
row, spleen, tonsil) organs were procured together with paired 
blood (Figure 1A). Surgeries were primarily, but not exclusive-
ly, conducted for tumor resection; in these cases, peritumor 
tissue located most distant to the tumor was used unless oth-
erwise indicated. To focus on vaccination-induced immunity, 
the majority of individuals enrolled were SARS-CoV-2 naive 
as evidenced by medical history and absence of reactivity in a 
SARS-CoV-2 nucleocapsid–specific ELISA. Details on patient 
demographics are summarized in Table 1. Tissue, blood, and 
serum samples were immediately processed after collection and 
cryopreserved before assessment of vaccine-specific immunity 
(Figure 1B). Depending on the time point of sample procurement,  
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identifying most cells, with few exceptions, as CD45RA–CCR7– 
effector memory cells. For further comparison, the combination 
of CD45RO/CCR7 was exemplarily included for one set of speci-
mens (Supplemental Figure 4D).

Notably, a similar segregation between both organ systems 
could be observed based on frequencies of CD69+ and CD49a+ 
cells that tended to be, or were significantly, elevated in nonlym-
phoid but not in lymphoid organs compared with paired blood 
samples with the exception of CD69 in spleen (Figure 3, A and B). 
Interestingly, the integrin CD103 was only detectable in a minor 
proportion of antigen-experienced CD4+ T cells, and expression 
was mainly confined to the lung.

Polyfunctionality as a distinct feature of spike-specific Th cells from 
organs. To test the hypothesis that tissue-derived, vaccine-specific 
CD4+ T cells show enhanced functionality as compared with those 
detected in blood, cytokine production was assessed by FACS 
(Supplemental Figure 5). No significant differences were detected 
in frequencies of IL-2–, IL-4–, and IFN-γ–producing cells except in 
lung, which showed elevated frequencies of IFN-γ+ T cells in tissue 
over blood (Figure 4A and Supplemental Figure 6A). Frequencies 
of IL-2– and IFN-γ–positive cells correlated between nonlymphoid 
tissues and paired blood samples (Figure 4, B and C), which could 
not be verified for lymphoid tissues (Supplemental Figure 6, B and 
C). Interestingly, we determined polyfunctionality as a key char-
acteristic separating blood- from organ-derived T cells. Nonlym-
phoid organs were enriched for cells expressing 2 or 3 cytokines 
at a time (Figure 4, D and E), with only enrichment of triple pro-
ducers being equally observed for lymphoid organ–derived cells 
(Supplemental Figure 6, D and E).

Further investigation revealed an enrichment of specific 
IL-2–producing, but not IFN-γ–producing, Th cells within the 
CD69– subpopulation. On the contrary, IL-2 producers showed 
a trend toward enrichment in the CD49a+ Th subset (Figure 4, 
F and G, and Supplemental Figure 6F). These analyses were 
solely conducted for nonlymphoid organs given the paucity of 
CD69 and/or CD49a expression in lymphoid organs as demon-
strated in Figure 3, A and B.

Overall, specific Th cells in both blood and all tissues showed 
a skewing toward Th1 as reflected by dominant coexpression of 
IFN-γ/IL-2 over IL-4/IL-2 (Supplemental Figure 7, A and B). 
Assessment of the global capacity of spike-specific CD4+ T cells 
to produce at least 1 of the 3 cytokines IFN-γ, IL-2, and IL-4 
revealed no significant differences between tissues and paired 
blood samples (Supplemental Figure 7C).

In summary, organ-derived T cells show functional superi-
ority to their blood-derived counterparts mirrored by increased 
quantities of multipotent cells.

Vaccine-specific CD8+ T cells in nonlymphoid and lymphoid 
tissues. Along with their CD4+ counterparts, antigen-specific 
CD8+ T cells were identified within the same samples accord-
ing to CD137 and IFN-γ coexpression, as recently shown (4, 
16) with the gating strategy depicted in Supplemental Figure 
1. Our approach to use 15-mers with 11–amino acid overlap for 
stimulation of both CD4+ and CD8+ T cells might slightly less 
efficiently activate the latter, but has been determined a good 
compromise when measuring both responses within 1 sample 
(17). CD8 responder rates, particularly in peripheral blood, were 

frequencies (or a clear trend thereof in the case of lung) of spike- 
specific CD4+ T cells over those quantified in blood (Figure 1G). We 
did not note a significant correlation between spike-specific IgG 
levels and frequencies of blood- or nonlymphoid tissue–derived 
CD4+ T cells (Figure 1H). However, frequencies of specific CD4+ T 
cells detected in blood significantly correlated with those in paired 
nonlymphoid organs (Figure 1I) and showed a trend for lymphoid 
organs (Supplemental Figure 4A). Interestingly, proportions of 
spike-specific CD4+ T cells significantly declined with age in blood, 
but not in paired nonlymphoid tissues (Figure 1J). The observation 
did not apply to paired blood of lymphoid tissues (Supplemental 
Figure 4B), obviously owing to the smaller sample size. In sum-
mary, vaccine-specific CD4+ Th cell responses could be detected 
in both lymphoid and nonlymphoid organs. Only for the latter, we 
observed an enrichment of specific cells in tissue-derived com-
pared with blood-derived specimens.

Memory differentiation and tissue adaptation of vaccine- 
specific CD4+ T cells. To identify distinct organ-specific adaptation 
patterns, vaccine-specific CD4+ lymphocytes were further char-
acterized according to expression of typical molecules reflect-
ing memory phenotype (CD45RO, CD62L) and tissue residency 
(CD69, CD103, CD49a). Nonlymphoid organs were enriched for 
specific CD45RO+CD62L– effector-memory-type T (Tem) cells, 
along with a drop in CD45RO–CD62L– effector-type (Teff) cells, 
as compared with paired blood; the Tem pattern also showed a 
similar trend for bone marrow, but not for spleen, also owing to 
sample size. A minority of specific T cells in all tissues belonged 
to the CD45RO+CD62L+ central memory (Tcm) subset (Figure 
2, A and B). Frequencies of antigen-specific Tem cells declined 
according to age in peripheral blood, but not in nonlymphoid tis-
sue (Figure 2C). This dichotomy was not evident for lymphoid tis-
sue and paired blood specimens, again likely owing to the small-
er sample size (Supplemental Figure 4C). The predominance of 
specific effector-memory-type Th cells in most tissues based on 
CD45RO/CD62L expression was corroborated by staining of 
the alternative marker combination CD45RA/CCR7, similarly 

Figure 1. Quantification of SARS-CoV-2 vaccine–induced CD4+ Th cells 
in nonlymphoid and lymphoid organs. (A) Summary of all specimens 
included for analysis of vaccine-specific T cells. (B) Schematic workflow 
overview. (C) Exemplary plots showing vaccine-specific CD137+CD40L+ CD4+ 
T cells from the indicated organs as identified by FACS. (D) Proportions of 
individuals showing spike-specific CD4+ T cell responses within the depict-
ed organs. Statistically significant differences were tested with 2-sided 
Fisher’s exact test with n as in A. (E) Proportions of individuals with spike 
S1 domain–specific IgG responses, stratified for cellular responders and 
nonresponders. Statistically significant differences were tested with 
2-sided Fisher’s exact test. (F) Simple linear regression analysis between 
frequencies of spike-specific Th cells and time since last vaccination with 
n as in A. (G) Pairwise comparison of spike-specific CD4+ T cell frequencies 
in peripheral blood–derived and organ-derived specimens as indicated. 
Liver: n = 8, Wilcoxon’s test; kidney: n = 8, paired t test; lung: n = 7, paired 
t test; bone marrow: n = 10, Wilcoxon’s test; spleen: n = 3, paired t test. (H 
and I) Simple linear regression analysis between frequencies of specific Th 
cells in nonlymphoid organs and spike S1 domain–specific IgG levels (H) 
or paired blood samples (I). BAU, binding antibody units. (J) Simple linear 
regression analysis between specific blood-derived and paired nonlym-
phoid organ–derived T cell frequencies and age. Red symbols identify 
vaccinated individuals with a history of SARS-CoV-2 infection that were 
excluded from statistics.
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SARS-CoV-2 vaccination–induced memory B cells are detect-
able in tissues. Within a limited set of peripheral blood and tissue 
specimens we sought to characterize quantities and phenotype 
of vaccine-specific B cells with the gating strategy depicted in 
Supplemental Figure 10. Importantly, spike-specific B cells were 
detectable in all organ and blood samples (specimen types sum-
marized in Supplemental Figure 11A and exemplary stainings in 
Supplemental Figure 11B, top) with frequencies typically ranging 
between 0.1% and 0.01% within the CD19+ compartment (Supple-
mental Figure 11, B, top, and C, left). Overall, portions of isotype 
class–switched IgD–CD27+ memory cells constituted the major-
ity of specific B cells within lymphoid organs and blood, but not 
in kidney (Supplemental Figure 11, B, middle, and C, middle). 
Expression of CD69 as a marker for tissue retention (18) was con-
fined to minor proportions of spike-specific B cells of most speci-
mens with few individual exceptions (Supplemental Figure 11, B, 

consistently lower as compared with their CD4+ counterparts 
(Supplemental Figure 8A). We observed a pattern similar to 
that seen for CD4 responses in that spike-specific CD8+ T cells 
were detectable in most organ types with the exception of per-
itumor kidney tissue and tonsil, where response criteria were 
consistently not met (Supplemental Figure 8B). Within a limit-
ed set of paired samples, no significant elevation of frequencies 
was observed in tissues over blood (Supplemental Figure 8C). 
With respect to CD45RO and CD62L expression, no clear sam-
ple-type-specific pattern was evident for spike-specific CD8+ T 
cells with the exception of liver tissue showing an enrichment of 
memory-type T cells over blood (Supplemental Figure 9). Fur-
thermore, although statistical analyses were not adequate due to 
limited sample size, nonlymphoid organs tended to show selec-
tive enrichment of specific CD69+, CD103+, and/or CD49a+ 
CD8+ T cells compared with blood (Supplemental Figure 9).

Table 1. Demographics of patients enrolled

Variable Age min/max (yr) Mean age (yr ± SD) Vaccinated + infected (%)
Total number of patients (%) 61 (100)
Sex (male/female/not specified) 32 (52.4)/25 (40.9)/4 (6.5)
Cause of surgery:

Liver (n = 12): 28/79 60.3 ± 15.1 1 (8.3)
Hepatocellular carcinoma (%) 1 (8.3)
Colorectal liver metastases (%) 3 (25.0)
Intrahepatic cholangiocarcinoma (%) 5 (41.6)
Liver adenoma (%) 3 (25.0)
Vaccine: Moderna/BioNTech (%) 2 (16.6)/10 (83.3)
Time since last vaccination (mean in days ± SD) 118.8 ± 34.1

Kidney (n = 14): 51/87 71.4 ± 10.6 0 (0)
Renal cell carcinoma (%) 11 (78.5)
Urethral cancer (%) 2 (14.2)
Pyelonephritis (%) 1 (7.14)
Vaccine: Moderna/BioNTech (%) 7 (50.0)/7 (50.0)
Time since last vaccination (mean in days ± SD) 133.1 ± 75.4

Lung (n = 15): 58/85 69.5 ± 7.8 2 (13.3)
Non–small cell/small cell lung cancer (%) 15 (100.0)
Vaccine: Moderna/BioNTech (%) 3 (20.0)/12 (80.0)
Time since last vaccination (mean in days ± SD) 92.1 ± 60.1

Bone marrow (n = 11): 36/78 57.8 ± 13.8 0 (0)
Orthopedic spine diseases (%) 11 (100.0)
Vaccine: Moderna/BioNTech (%) 1 (9.1)/10 (90.9)
Time since last vaccination (mean in days ± SD) 78.5 ± 68.2

Spleen (n = 6): 47/74 59.0 ± 8.8 2 (33.3)
Splenectomy (oncologic surgery) (%) 6 (100.0)
Vaccine: Moderna/BioNTech (%) 0 (0)/6 (100)
Time since last vaccination (mean in days ± SD) 101.2 ± 21.0

Tonsil (n = 3): 21/31 26.3 ± 5.0 1 (33.3)
Acute or chronic tonsillitis (%) 3 (100.0)
Vaccine: Moderna/BioNTech (%) 1 (33.3)/2 (66.6)
Time since last vaccination (mean in days ± SD) 129.7 ± 32.0

Metastases diagnosed before surgery:
Distant metastases (%) 6 (9.8)

Chemotherapy <8 weeks before/after vaccination or analysis:
Within all patients 3 (4.9)
Within CD4+ T cell responders 1 (1.6)
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bottom, and C, right). Subanalysis of specific IgD–CD27+ memory 
B cells revealed, depending on specimen type, varying proportions 
of IgG+ cells (Supplemental Figure 11D). Given the small sample 
size and, in some subanalyses, less than 10 specific cells, statistical 
analyses were not conducted.

Single-cell transcriptomics of vaccine-specific CD4+ Th cells. Acti-
vation marker–based isolation of SARS-CoV-2–specific T cells 
after antigen-specific stimulation, followed by single-cell RNA 
sequencing (scRNA-Seq), has already been employed to obtain 
a deeper understanding of virus-specific, tissue-resident CD8+ T 

cells (19). Using this approach, vaccine-specific CD137+CD40L+ 
cells from peripheral blood (n = 4), liver (n = 4), lung (n = 5), and 
bone marrow (n = 3) were FACS-sorted to purities greater than 97 
% after peptide stimulation (Figure 5A and Supplemental Figure 
1), followed by transcriptome assessment (Figure 5B). Blood and 
liver samples were derived from the same 4 patients, whereas all 
other specimens were from different individuals. After quality fil-
tering (Supplemental Figure 12), unsupervised clustering of 1,985 
spike-specific Th cells yielded 3 clusters visualized as uniform 
manifold approximation and projection (UMAP) (Figure 5C) for 

Figure 2. Enrichment of specific memory-type CD4+ T cells in 
nonlymphoid tissues. (A and B) Exemplary plots (A) for FACS-
based identification of CD45RO+CD62L– memory (Tm) and 
CD45RO–CD62L– effector-type (Teff) T cells within the spike- 
specific compartment of different paired samples as summa-
rized in B. Liver: n = 8, paired t test; kidney: n = 8, paired t test 
for Tm and Wilcoxon’s test for Teff; lung: n = 7, paired t test; 
bone marrow: n = 10, paired t test; spleen: n = 3, paired t test. (C) 
Simple linear regression analysis between specific blood-derived 
and paired nonlymphoid organ–derived Tm cell frequencies and 
age. Red symbols identify vaccinated individuals with a history of 
SARS-CoV-2 infection that were excluded from statistics.
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which pathway enrichment analyses were conducted (Supplemen-
tal Figure 13). Cluster 0 was characterized by the upregulation of 
cytokine signaling–related pathways (termed “cytokine signal-
ing”), whereas cluster 1 showed an enrichment of ribosomal bio-
genesis–related genes (“ribosomal biogenesis”). Cluster 2, show-
ing the most pronounced separation in UMAP, was enriched for 

developmental, cell adhesion–related, and T cell activation path-
ways with the long noncoding RNA NEAT1 as the most upregulat-
ed gene within this cluster (“NEAT1”).

Genes related to tissue homing and residency, including 
KLRB1 and the chemokine receptor CXCR6 (20–22), were solely 
upregulated in cluster 0. This cluster showed further transcript 

Figure 3. Tissue adaptation signatures of vaccine-specific CD4+ T cells. (A and B) Exemplary plots (A) and summary (B) for FACS-based identifica-
tion of the tissue residency/retention–associated molecules CD69, CD103, and CD49a among vaccine-specific CD4+ T cells in the indicated specimen 
types. Liver: n = 5, paired t test for CD69 and Wilcoxon’s test for CD103/CD49a; kidney: n = 8, Wilcoxon’s test for CD69/CD103 and paired t test for 
CD49a; lung: n = 7, paired t test for CD69/CD49a and Wilcoxon’s test for CD103; bone marrow: n = 10, Wilcoxon’s test for CD69/CD103 and paired t test 
for CD49a; spleen: n = 3, Wilcoxon’s test for CD69 and paired t test for CD103/CD49a. Red symbols identify vaccinated individuals with a history of 
SARS-CoV-2 infection that were excluded from statistics.
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to correlate with the tissue of origin. We thus deduce that at 
least part of the SARS-CoV-2–specific TCR repertoire is not 
tissue-specific (Figure 7A). The 10 most abundant clonotypes 
within each sample covered a percentage of cells that was cor-
related with the total number of cells, with all samples roughly 
showing the same degree of dependency, indicating that the 
heterogeneity of clonotypes is approximately similar in all sam-
ples regardless of tissue (Spearman’s ρ of cell number and per-
cent covered by top clonotypes 0.91, P = 1.03 × 10–5; Figure 7B).

We next asked whether the clonotype had an impact on the 
transcriptomic identity of a cell. To this end, we identified all 
clonotypes with at least 4 cells, leading to a list of 9 different 
clonotypes. Highlighting the position of cells with a given clono-
type in the UMAP projection revealed a strikingly close cluster-
ing in most cases, indicating that the gene expression profiles of 
these cells were much more similar than would be expected by 
pure chance (Figure 7C).

Next, in order to test which metadata are most influential in 
driving gene expression, we tested the transcriptomic correla-
tion between all cells, and modeled the resulting Spearman’s 
correlation coefficients by the following parameters: same or 
different clonotype, cluster, tissue, and donor. Using Tukey’s 
honestly significant difference test, we determined the impact 
of same versus different metadata for each individual param-
eter, as well as any interaction of parameters, and found that 
sharing the same clonotype (or the same CDR3 sequence with a 
change in Spearman’s ρ of 0.074) had the largest positive effect 
on correlation of gene expression, followed by the cluster a cell 
was assigned to. In contrast, the tissue of origin had a smaller 
effect, and only a very small proportion of the correlation was 
driven by cells coming from the same donor (Figure 7D). Thus, 
the clonotype, i.e., the TCR sequence, was the best predictor of 
cells sharing similar transcriptomes.

Finally, we tested whether the overlap of clonotypes or CDR3 
sequences between liver and paired blood could be caused by con-
taminating blood leukocytes in liver tissue. To that end, we calcu-
lated the odds ratios for a given clonotype or CDR3 sequence to be 
shared with blood for CD49+ or CD103+ tissue-resident memory T 
cell (Trm) versus CD49a– or CD103– nonresident (hypothetically 
contaminating) liver subsets. Notably, we did not observe signifi-
cant changes in the clonotype or CDR3 overlap between the liver- 
derived tissue-resident versus nonresident populations with 
blood, respectively, as assessed by Fisher’s exact test (Figure 7E), 
indicating that a contamination was unlikely. We did not include 
transcripts for CD69 as a typical Trm marker in the previous anal-
yses given its similar induction by peptide stimulation in both 
blood- and tissue-derived T cells.

Discussion
So far, it had remained largely obscure whether and how cellular 
memory induced by intramuscular vaccination acquires residence 
in human tissues and how it may adapt to distinct local environ-
ments, particularly considering novel mRNA-based vaccines. 
Although the SARS-CoV-2 pandemic has stimulated research 
on numerous aspects of antiviral protection, the availability of 
human tissue specimens still constitutes the major limitation on 
comprehensive assessment of organ-specific immunity. Our study  

enrichments for proinflammatory mediators including IL-22, as 
well as for heparin-binding EGF (HBEGF), a marker suggested to 
shape antigen-specific CD4+ T cell responses and constrain Th17 
differentiation (23). Upregulated genes involved in various meta-
bolic pathways were observed in cluster 1, including FABP5 and 
ODC1, both involved in lipid metabolism of tissue-resident lym-
phocytes (24, 25). This cluster was also characterized by induction 
of the tissue residency transcript PDCD1, which has been suggest-
ed as a feature of murine tissue-resident brain cells (26, 27), and 
the transcription factor NRF4A1, important for controlling tissue 
retention (28). In contrast, genes encoding products involved in 
tissue-resident cell activation, migration, or retention, including 
ADAM19 (29), the integrin ITGA4, and the T cell lineage regula-
tor RORA (30), were identified for cluster 2. Several transcripts 
involved in memory differentiation/tissue retention or activation 
were similarly expressed across clusters, including IL7R, CD69, 
CD74, and CD82 (Figure 5, D and E). Surprisingly, using UMAP, 
cells from different tissues were not selectively associated with 
but were evenly distributed over all 3 clusters (Figure 6A). This 
observation is in line with the fact that transcripts for a selected 
set of typical tissue-related (e.g., ITGAE, ZNF683, CXCR6) or cir-
culation/migration-related genes (e.g., S1PR1, SELL) were cluster- 
rather than organ-specific (Figure 6B). RNA velocity analysis for 
the various tissues revealed some transcriptional dynamics with-
in, but not across, clusters, indicating that the cluster identity itself 
was likely static, an observation that generally holds for the indi-
vidual organs (Figure 6C).

T cell receptor analysis of SARS-CoV-2 vaccine–specific T cells. 
For 1,875 of 1,985 sequenced cells, a T cell receptor (TCR) clo-
notype could be obtained. As the sequenced T cells should have 
a similar antigen specificity, we were interested in the degree 
of overlap of complementarity-determining region 3 (CDR3) 
sequences between different individuals, as well as different 
tissues from the same individual. As expected, the highest 
number of overlapping CDR3 sequences was observed between 
blood and liver within the same individual (blood/liver  
donors 1–4), indicating that the clonal repertoire is, in part, 
shared between both tissues. The degree of overlap was less 
pronounced between different individuals and did not appear 

Figure 4. Enhanced polyfunctionality as a feature of specific organ-derived 
Th cells. Cytokine expression was assessed in spike-specific Th cells intra-
cellularly by FACS. (A) Frequencies of IFN-γ– or IL-2–positive cells among 
the indicated paired samples. Liver: n = 8, paired t test; kidney: n = 8, paired 
t test for IFN-γ and Wilcoxon’s test for IL-2; lung: n = 7, paired t test; bone 
marrow: n = 10, paired t test; spleen: n = 3, paired t test. (B and C) Simple 
linear regression analysis of frequencies of specific IFN-γ–expressing (B) or 
IL-2–expressing (C) Th cells from nonlymphoid tissues versus paired blood. 
(D and E) Mean frequencies (D) and paired analyses (E) of spike-specific 
polyfunctional Th cells expressing 3, 2, 1, or 0 of the cytokines IFN-γ, IL-2, 
and/or IL-4 at a time. Statistically significant differences were tested with 
paired t test (0–2 cytokines) or with Wilcoxon’s test (3 cytokines). (F and G) 
Differential IFN-γ or IL-2 expression in spike-specific Th cells from nonlym-
phoid organs after pre-gating on CD69+ or CD69– (F) and CD49a+ or CD49a– (G) 
expressing or nonexpressing subsets. Liver: n = 8; kidney: n = 8; lung: n = 7. 
Statistically significant differences were tested with paired t test (IL-2) or 
with Wilcoxon’s test (IFN-γ). For D–G, only tissue samples from nonlym-
phoid organs were included. Red symbols identify vaccinated individuals 
with a history of SARS-CoV-2 infection that were excluded from statistics.
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nonlymphoid tissues was particularly evident for CD49a expres-
sion, showing an upregulation over blood only in liver, kidney, and 
lung. Interestingly, data from nasal tissue procured after mRNA 
vaccination support our observations in regard to specific T cell 
detection at distal sites in general and low frequencies of CD103+ 
cells in particular (36). Adequate comparisons between our find-
ings and those of other studies on CD69 expression are limited by 
the fact that CD69 is uniformly upregulated by antigenic stimula-
tion, a feature that we circumvent by stably staining cells before 
activation. Therefore, previous estimation of antigen-specific 
CD69+ Th cells from tissues has likely been biased (9, 37).

In principle, the concept of tissue memory entails optimized 
positioning of cells at potential future infection sites in concert 
with functional specializations (38). Among those, enhanced 
polyfunctionality has been determined as a distinct feature of tis-
sue-derived lymphocytes as compared with their circulating coun-
terparts (31, 35, 39), e.g., correlating with superior viral clearance 
after experimental influenza vaccination (40, 41). In that context, 
our cytokine expression data extend the notion that tissue-derived 
Th cells show functional modifications in comparison with their 
blood-derived counterparts: in accordance with cytokine expres-
sion in bulk T cells derived from various human organs (42), we 
found a significant enrichment of vaccine-induced polyfunctional 
Th cells in both nonlymphoid and lymphoid tissues.

To the best of our knowledge, cytokine production in either 
human CD49a+ or CD69+ tissue-derived CD4+ subsets has only 
been determined for bulk populations after polyclonal activation, 
such as in T cells isolated from human spleen and lung (34) or in our 
recent report on human kidney-derived Trm cells (11). We did not 
identify studies in which functions of both populations have been 
directly compared, particularly not in multiple solid organs. Con-
sistent with our aforementioned report (11), we demonstrate that 
spike-specific CD49a+ cells show a trend toward higher frequen-
cies of IL-2 producers as compared with CD49a– T cells. In general, 
CD49a+ versus CD49a– Trm cells appear to exhibit distinct function-
al adaptations to their anatomical niche as has been demonstrated 
for human skin (43). Our findings on differential IL-2 production in 
specific CD69+ versus CD69– Th cells are opposed to bulk data from 
spleen or lungs (34). We can only speculate that bulk populations, 
consisting of memory cells specific for a multitude of infection- and 
vaccination-related antigens, show a functional pattern distinct from 
that of cells that have recently been differentiated in response to a 
single vaccination antigen. We have recently observed such func-
tional alterations in recall (CMV, EBV, and flu) versus spike-specific 
responses in a SARS-CoV-2 vaccination study (4). Notably, such T 
cells reactive to 3 pooled recall antigens, thereby more resembling 
bulk responses, contained much higher frequencies of IL-2, IFN-γ, 
and TNF-α producers than spike-specific CD4+ T cells in virus-na-
ive vaccines, suggesting distinct functional maturation kinetics that 
might also apply to different Trm subsets. We can only speculate, 
based on reports on murine CD8+ and CD4+ T cells in experimental 
infection (44, 45), that augmented IL-2 production in tissue-derived 
T cells might contribute to more robust memory formation.

So far, scRNA-Seq data of human vaccine-induced, tissue- 
derived CD4+ T cells are not available. Contrary to our expecta-
tions, we did not identify pronounced organ-specific transcriptome 
signatures of SARS-CoV-2 vaccine–induced CD4+ T cells. Instead, 

therefore provides pioneering data on tissue distribution, molec-
ular signatures, and functional capacity of SARS-CoV-2–specific  
T cells generated after mRNA vaccination. Most importantly, 
particularly considering that samples were largely derived from 
virus-naive individuals with preexisting conditions, spike-specific 
CD4+ T cells were detectable approximately 3–4 months after vac-
cination in all nonlymphoid and lymphoid organ types analyzed 
except in tonsil. Besides peripheral blood, the highest responder 
rates were determined for bone marrow, in accordance with its 
role as survival niche of T cells specific for systemic pathogens 
(12). Since the aforementioned study and a related study (31) 
could not differentiate between vaccination- and infection-in-
duced responses because of the live measles, mumps, and rubella 
(MMR) vaccine employed, there was no compelling indication so 
far that results could be extrapolated to mRNA vaccines.

Consistent with our recent findings on human kidney-de-
rived bulk T cells (11), human renal peritumor tissue proved to 
be lymphopenic as compared with tumor specimens, supporting 
favorable quantification of vaccine-specific T cells in the latter. 
Whereas our previous report (11) showed similar frequencies of 
cytotoxic CD8+ T cells specific for persistent (Epstein-Barr virus 
[EBV], cytomegalovirus [CMV]) or seasonal (influenza) viruses 
in kidney and blood, we found enrichment of SARS-CoV-2 vac-
cination–induced CD4+ Th cells as a characteristic feature within 
nonlymphoid, as compared with lymphoid, organs. Importantly, 
frequencies of total vaccine-specific Th cells significantly declined 
with progressing vaccinee age in blood but not in paired nonlym-
phoid tissue samples. This observation also applied to specific 
CD45RO+CD62L– Th cells, in agreement with the concept that 
maintenance of organ memory shows increased robustness (32). 
Stable age-independent persistence of immunological memory 
has been demonstrated for CMV- and influenza-specific CD8+ 
tissue-resident memory T (Trm) cells isolated, e.g., from human 
lung tissue (19). It needs to be considered, however, that T cells 
specific for persistent or recurring viruses are established early in 
life (33) and are subject to frequent reactivation in vivo, whereas 
longer-term maintenance of mRNA vaccine–induced tissue mem-
ory might critically depend on periodic boosters.

With respect to their specific organ adaptation, a substan-
tial proportion of SARS-CoV-2–specific Th cells showed protein 
expression of the tissue residency–associated molecules CD69 
and CD49a, whereas CD103+ T cells were less frequent and 
were mainly confined to the lung. This pattern broadly mirrors 
expression characteristics defined for bulk CD4+ T cells isolated 
from multiple human tissues, including lung and kidney (11, 34, 
35), as well as of CD4+ T cells induced after SARS-CoV-2 infec-
tion (9). Based on our data, a segregation between lymphoid and  

Figure 5. scRNA-Seq analysis of spike-specific Th cells from organs and 
blood. (A and B) Summary of specimens included (A) and workflow for 
transcriptome analysis of spike-specific CD4+ Th cells (B). (C) Unsupervised 
clustering based on transcriptomes derived from n = 1,985 cells identified 
3 major populations when visualized by UMAP. (D) Heatmap showing 
expression patterns of selected characteristic genes for clusters 0, 1, and 2. 
(E) Violin plots displaying selection of genes that are differentially regulat-
ed in clusters 0 (first panel), 1 (second panel), and 2 (third panel) and those 
that are similarly regulated over all clusters (fourth panel).
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of the transcriptomic state in tissue-derived, vaccine-specific CD4+ 
T cells. More generally, it needs to be considered that the forces 
driving memory T cell diversification are likely different in infec-
tion versus vaccination settings, do not equally apply to CD8+ and 
CD4+ responses (9), and also depend on the inoculation site. In 
that context, data from a murine mRNA-based influenza vaccina-
tion model suggest that differentiation into CD8+ Trm cells could 
be induced by intramuscular priming, but is strongly boosted by 
secondary intranasal challenge (49). In the absence of such local 
booster immunization, as in our study, CD4+ Trm cells might not 
fully mature, providing an alternative hypothesis for why tissue 
origin did not dominantly drive cell clustering in our transcriptome 
analyses. The idea that tissue-resident T cells constitute an “inert” 
population that does not recirculate has recently been challenged by 
the demonstration of recruitment of human bone marrow Trm cells 
into the blood upon MMR revaccination (31). Accordingly, human 
skin Trm cells shuttling between tissue and blood are characterized 

we observed a robust separation into 3 functionally distinct clusters 
that was largely independent of tissue origin. These data were fur-
ther supported by TCR analysis, revealing that identical clonotypes 
are largely confined to the same cluster, indicating related func-
tional programs associated with a given clone, even across (paired) 
tissue samples. Our finding that sharing the same clonotype had 
the largest positive effect on correlation of gene expression could 
be interpreted as indication that the vaccine-induced transcrip-
tomic landscape, and thus the cell state and cluster annotation, are 
determined by the parent cell from which the TCR sequence was 
inherited — and not necessarily by tissue origin. Mechanisms of 
Trm cell ontogeny still remain incompletely addressed; however, 
the systemic residence memory differentiation model hypothesiz-
es that T cells are transcriptionally marked based on their variable 
or identical TCR and therefore skewed toward either a Trm or cir-
culating memory T cell (46–48). Our results mainly support such a 
concept, indicating that the TCR sequence is a strong determinant  

Figure 6. Cell clustering is not primarily driven by tissue-specific features. (A) UMAP plot as in Figure 5C with overlay of specimen origins. (B) Expression 
of selected tissue residency/retention–associated or –nonassociated genes in cells derived from distinct cluster/tissue combinations. Expression values 
are shown as z scores. (C) Grid representation of RNA velocities for the various tissues calculated using velocyto. Data sets were split according to tissue 
before velocity calculation, and cells are color-coded by cluster.
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Figure 7. Shared TCR clonotypes between tissues. (A) 
Heatmap depicting the overlap in absolute numbers of 
CDR3 sequences in different samples. (B) Percentage of 
cells with at least 1 of the 10 most frequent clonotypes per 
sample, colored by organ. Total cell numbers with known 
clonotype are indicated above the bars. Blood and liver 
samples from donors 1–4 were paired, whereas samples 
5–12 were from different donors. (C) Association of clono-
types with gene expression. UMAP plots with cells that 
have a shared clonotype highlighted in red. Separate graphs 
for all 9 different clonotypes with at least 4 cells (inclusion 
criterion) are shown. (D) Impact of shared versus different 
metadata on the cell-cell Spearman’s correlation coefficient 
for highly variable genes. Mean change and 95% confidence 
intervals were obtained using Tukey’s honestly significant 
difference test, considering all individual variables as well 
as their interactions. (E) log2 odds ratio for clonotypes or 
CDR3 sequences shared between blood and liver in liver-de-
rived cells positive versus negative for CD49a (top) or CD103 
(bottom). Positivity for these markers was defined as the 
presence of at least 1 count of the respective molecule. 
Whiskers extend to the 95% confidence interval.
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and splenectomy. All patients were vaccinated against SARS-CoV-2 
according to the national vaccination program and completed the 2- or 
3-dose vaccination protocol with BNT162b2 (Comirnaty, BioNTech/
Pfizer, 30 μg/dose) or with mRNA-1273 (Spikevax, Moderna/National 
Institute of Allergy and Infectious Diseases, 100 μg/dose). The inter-
val between the shortest and the longest time point after last vaccina-
tion ranged from 19 to 265 days. Patient demographics, including time 
since last vaccination, are summarized in Table 1.

Sample processing. Serum samples were stored at –80°C. We 
typically received approximately 0.5 g (tonsil, kidney tumor) to 3 g 
(spleen, liver, lung, kidney peritumor) of tissue from surgery spec-
imens that were immediately processed. To obtain single-cell sus-
pensions, tissue was dissected into small pieces. Digestion medium 
was added, consisting of RPMI 1640 medium (Corning, Falcon, Kai-
serslautern, Germany) supplemented with 0.3 mg/mL glutamine, 
10% FCS (Gibco, Thermo Fisher Scientific, Darmstadt, Germany), 
1% penicillin/streptomycin (Sigma-Aldrich, Merck, Darmstadt, Ger-
many), 1 mg/mL collagenase II (Gibco), and 10 U/mL DNase I (Sig-
ma-Aldrich, Merck). Samples were incubated for 45 minutes at 37°C 
while shaking. Reaction was stopped with medium without enzymes, 
and cells were passed through a 100 μm cell strainer (Corning). 
Thereafter, mononuclear cells (MNCs) were isolated with Leuko- 
Human Separating Solution (Genaxxon) by density gradient centrifu-
gation and immediately cryopreserved; these 2 steps were also applied 
to peripheral blood mononuclear cells (PBMCs). Total mononuclear 
cell counts were in the range of 8 × 106 (kidney tumor), 2 × 107 (tonsil, 
lung, liver), and 108 (spleen). Out of typically 9 mL bone marrow and 
peripheral blood, 1 × 107 to 2 × 107 MNCs were isolated.

Assessment of humoral immunity. Previous or current SARS-CoV-2 
infection was assessed based on medical history and SARS-CoV-2 nuc-
leoprotein-specific ELISA (Euroimmun). SARS-CoV-2 S1 domain–spe-
cific IgG was determined by ELISA (QuantiVac, Euroimmun). Serum 
samples with OD ratios of at least 1.1 (nucleoprotein-specific IgG) or 
at least 35.2 binding antibody units/mL (spike-specific IgG) were con-
sidered positive according to the manufacturer’s guidelines. OD ratios 
were calculated based on the ratio of the OD of the respective sample 
over the OD of the calibrator provided with the ELISA kit.

Assessment of SARS-CoV-2 vaccine–specific B and T cells. MNCs 
were thawed and washed twice in prewarmed RPMI 1640 medium 
containing 0.3 mg/mL glutamine, 100 U/mL penicillin, 0.1 mg/mL 
streptomycin, 20% FCS, and 25 U/mL benzonase (Santa Cruz Bio-
technology Inc.). For identification of vaccine-specific T cells, 3 × 
106 to 5 × 106 PBMCs per condition were stained with CD69-BV785 
(FN50, BioLegend) for 20 minutes at room temperature to identify 
ex vivo expressing cells. CD69 staining was stable over the follow-
ing stimulation period as demonstrated previously (11) and depict-
ed in Supplemental Figure 1B. Thereafter, cells were rested for 2 
hours at 37°C and stimulated or not for 16 hours with overlapping 
peptide 15-mers covering the complete SARS-CoV-2 spike protein 
(Alpha variant) at a final concentration of 0.5 μg/mL per peptide 
(JPT Peptide Technologies). In some experiments, PBMCs were 
additionally stimulated with a peptide pool encompassing the com-
plete SARS-CoV-2 membrane and nucleocapsid proteins (Miltenyi 
Biotec). Brefeldin A (Sigma-Aldrich, St. Louis, Missouri, USA) was 
added after 2 hours. T cells were identified as CD3+CD19–CD14– live 
(“dump–”) single lymphocytes. Vaccine-specific CD4+ Th cells were 
identified based on CD137 and CD40L, whereas specific CD8+ T 

by similar transcriptional programs (50), in line with our findings. 
These studies reflect the emergence of a more dynamic concept of 
tissue memory and associated molecular patterns that is currently  
discussed (38, 40); yet it has to be more substantiated with respect 
to vaccination-specific responses.

Our study has several limitations. Given that it relied on human 
surgery specimens, procurement of bona fide “healthy” human tis-
sue was not feasible. Hence, we cannot completely rule out distinct 
effects of primary diseases of our organ donors on quantity and 
quality of tissue-derived lymphocytes. However, our comparative 
analysis of T cell responses in tumor versus nontumor patients, in 
line with comprehensive data on humoral and cellular immunity 
in solid cancer patients (51), suggests that the potential impact of 
preexisting conditions or treatment on vaccine-induced responses 
is likely small. Although we cannot estimate the exact impact of the 
stimulation approach on scRNA-Seq results, activation-induced 
marker–based (AIM-based) approaches for sorting of human  
antigen-specific T cells as a prerequisite for RNA-Seq analysis have 
been successfully employed in multiple settings (52, 53), including 
studies focusing on human Trm cell signatures (19). Activation-de-
pendent transcriptional changes could theoretically be minimized 
by use of multimer-based cell purification, albeit restricting ensu-
ing analyses by the concomitant selection of immunodominant 
peptides. Although we could identify vaccine-specific CD8+ T and 
B cells among multiple tissues, we were not able to similarly assess 
a possible dichotomy between nonlymphoid and lymphoid organs 
owing to limited responder rates or sample availability, respec-
tively. Possible confounders with respect to differential systemic 
effects of primary disease or previous medication are excluded 
by our strategy to pairwise analyze blood and tissue specimens, 
assuming that both compartments are similarly affected by sys-
temic preconditions. The same applies to the time passed since 
last vaccination. An impact of such bias could be further excluded 
by the fact that frequencies and functions of specific Th cells in 
blood and tissue remained stable over time since last vaccination, 
in accordance with other studies on long-term T cell maintenance 
after SARS-CoV-2 vaccination (54–56). A larger cohort would bet-
ter compensate for the interindividual variation, and increasing of 
cell numbers for transcriptome analysis would allow a better rep-
resentation of the cellular repertoire to a comparably large antigen 
as the SARS-CoV-2 spike protein.

In summary, we reveal here key features of novel mRNA vacci-
nation–induced CD4+ Th lymphocytes with respect to their distri-
bution across the human body, memory differentiation, age asso-
ciation, and functional adaptation that might be of relevance for 
the development of efficient vaccination strategies in the future.

Methods
Patients. Macroscopic portions of tumor and/or most distant peritu-
mor tissue as well as paired peripheral blood and serum samples were 
collected between October 2021 and October 2022 from patients 
diagnosed with a renal, liver, or lung tumor. Only a few patients with 
distant metastases and/or on chemotherapy (for less than 8 weeks 
before or after vaccinations or analysis) were included. Patients had 
no additional inflammatory diseases and did not receive immunosup-
pressive medication. Bone marrow was collected during spine sur-
gery, and tonsils and spleens were collected following tonsillectomy 



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 5J Clin Invest. 2023;133(23):e171797  https://doi.org/10.1172/JCI171797

J Reagent Kit v1.1, and the subsequent reverse transcription, cDNA 
amplification, and cDNA library preparation were performed accord-
ing to the manufacturer’s instructions. 5′ gene expression libraries 
and target-enriched libraries (TCR, for human T cells) were quanti-
fied by Qubit 4.0 Fluorometer (Thermo Fisher Scientific), and quality 
was checked using 4200 Tapestation with High Sensitivity DNA kit 
(Agilent). Libraries were then pooled at a 10:1 ratio (5′ gene expres-
sion library/target-enriched library). Sequencing of the pooled library 
was performed in paired-end mode with S Prime flow cells (SP) (2 × 
50 cycles kit) using a NovaSeq 6000 sequencer (Illumina).

scRNA-Seq and statistics. Primary analysis of TCR and 5′ gene 
expression libraries was performed using Cell Ranger V(D)J 6.1.2 
(10X Genomics). Reference build 5.0.0 (VDJ) and GRCh38-2020A 
(gene expression) were used. Conserved clonotypes within cells 
from a single donor were identified using Cell Ranger aggr, while 
downstream analysis of gene expression data was performed on 
the unaggregated samples. For secondary analysis, Seurat 4.2.1 (59) 
was used. After pre-filtering, excluding any cell with fewer than 200 
genes expressed or more than 10% mitochondrial reads, as well as 
any gene expressed in fewer than 3 cells, gene expression was nor-
malized to 10,000 reads per cell. As sequenced cells were a pool of 
NK and CD4+ T cells, the latter were extracted using a filter defin-
ing any cell with at least 1 read of CD4 or a TCR sequence and no 
reads of FCGR3A as a CD4+ T cell. Samples were then integrated 
using Harmony 0.1.0 (60). After principal component analysis, 
nearest-neighbor graph calculation, and Leiden clustering (61) with 
a resolution of 0.1, four clusters of cells were identified. The small-
est cluster showed transcriptional patterns akin to NK cells and was 
thus deemed a likely contamination. Any further analyses were per-
formed using the 3 larger clusters (clusters 0, 1, and 2). Differentially 
expressed genes were identified using the FindMarkers and FindAll-
Markers functions (Harmony 0.1.0) with Wilcoxon’s test. Pathway 
enrichment analyses were performed using MetaScape (62). For 
RNA velocity analyses, spliced and unspliced count matrices were 
generated using velocyto CLI (version 0.17.17). Velocity was then cal-
culated and projected onto UMAP using velocyto.R (version 0.6). For 
analyses by tissue, the data set was split before velocity calculation. 
To estimate the skewing of cell state distribution of clonotypes, a 
Monte Carlo simulation was run for each clonotype to determine the 
tail probability of observing a distribution that was as skewed as or 
more skewed than the one observed. The P value across clonotypes 
was then calculated as their joint distribution.

Study approval. The study was approved by the local Ethics Com-
mittee of the Charité – Universitätsmedizin Berlin (EA4/066/19, 
EA1/353/16, EA4/115/21) and University Hospital Leipzig (322/17-ek, 
237/22-ek) and was conducted in compliance with the Declarations of 
Helsinki and Istanbul. All patients provided written informed consent.

Data and materials availability. All cellular data needed to eval-
uate the conclusions in the paper are present in the paper or the 
supplemental material. In order to ensure participant confidential-
ity, raw data are available under controlled access in the European 
Genome-Phenome Archive repository (EGAS50000000045). This 
study did not use any unique codes, and all analyses were performed 
in R and Python using standard protocols from previously published 
packages as indicated. Values for all data points in the figures can 
be found in the Supporting Data Values file. Requests for materials 
should be directed to the corresponding authors.

cells were detected based on CD137 and IFN-γ coexpression with 
the gating strategy depicted in Supplemental Figure 1A.

A response was defined as positive when stimulated cultures 
contained at least 2-fold higher frequencies of CD137+CD154+ 
CD4+ T cells or CD137+IFN-γ+ CD8+ T cells as compared with the 
respective unstimulated control with at least 20 events, as report-
ed previously (4, 16). For assessment of polyfunctionality, samples 
with at least 40 CD137+CD40L+ cells were included. For surface 
labeling, antibodies listed in Supplemental Table 1 were used. After 
surface staining, cells were fixed with FACS Lysing Solution (BD 
Biosciences) followed by permeabilization in FACS Perm II Solu-
tion (BD Biosciences) and stained intracellularly with antibodies as 
summarized in Supplemental Table 1.

B cells were detected within 5 × 106 to 10 × 106 MNCs by flow 
cytometry and gated as CD19+CD3–CD14–CD56– live (“dump–”) 
single lymphocytes. SARS-CoV-2–specific B cells were identified as 
shown previously (57) by double staining with recombinant recep-
tor-binding domain (RBD) protein (Alpha variant, R&D Systems) 
coupled to Alexa Fluor 488 and recombinant full spike protein cou-
pled to biotin (Alpha variant, R&D Systems), with the latter detected 
by streptavidin-APC (BioLegend). The gating strategy is depicted in 
Supplemental Figure 10. For further flow cytometric surface mark-
er expression analysis, antibodies depicted in Supplemental Table 2 
were used. Data were acquired using a BD FACS Fortessa X20 (BD 
Biosciences) with DIVA software v8.0.7.

FACS data analysis and statistics. FACS data analysis was conduct-
ed with FlowJo 10 (BD Biosciences). Frequencies of spike-specific T 
cells were background subtracted (background = unstimulated con-
trol). Coexpression of cytokines was quantified by Boolean gating in 
FlowJo. Statistical analysis and graph preparation were performed in 
GraphPad Prism 8. Data distribution was assessed using the Kolm-
ogorov-Smirnov test. Depending on whether distribution was nor-
mal, 1-way ANOVA (with Holm-Šidák post hoc), Kruskal-Wallis test 
(with Dunn’s post hoc), or Friedman test was chosen for multiple 
comparisons. For 2-group comparisons, unpaired t test (2-tailed) or 
Mann-Whitney test (2-tailed) was used. The relationship between 2 
variables was examined by simple linear regression analysis. For anal-
ysis of contingency tables, Fisher’s exact test was applied. In all tests, a 
P value less than 0.05 was considered significant.

Enrichment of vaccine-specific CD4+ T cells and scRNA-Seq. For 
single-cell transcriptome (scRNA-Seq) analysis, 107 MNCs from 
peripheral blood, liver, lung, and bone marrow were stimulated 
for 16 hours with SARS-CoV-2 spike peptide mix in the presence of 
anti-CD40 (1 μg/mL; HB14, Miltenyi Biotec) to retain CD154 on the 
surface of specific CD4+ T cells (58). Thereafter, antigen-reactive 
cells were surface-stained with anti-CD154–PE (24-31, BioLegend) 
and magnetically enriched using anti-PE nanobeads (BioLegend) 
over MACS LS columns (Miltenyi Biotec). Spike-specific CD3+C-
D4+dump–CD154+CD137+ cells were further FACS-purified in sin-
gle-cell mode to typically >97% purity (exemplarily depicted in Sup-
plemental Figure 1A) into PBS/BSA buffer containing round PCR 
tube lids on an Aria Fusion cell sorter (BD Biosciences). To minimize 
cell loss related to small numbers of specific T cells, samples were 
individually spiked with dump–CD3–CD4–CD8–CD56+ natural killer 
(NK) cells from the same sample, resulting in a total of 5,000 cells 
per sort. The cell suspension was loaded into a 10X Chromium Con-
troller using 10X Genomics Chromium Next GEM Single Cell V(D)
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