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Tissue adaptation and clonal segregation of 
human memory T cells in barrier sites

Maya M. L. Poon    1,2,11, Daniel P. Caron    1,11, Zicheng Wang3, Steven B. Wells    3, 
David Chen    3, Wenzhao Meng4, Peter A. Szabo    1, Nora Lam5, Masaru Kubota6, 
Rei Matsumoto6, Adeeb Rahman7,8, Eline T. Luning Prak    4, Yufeng Shen3,9, 
Peter A. Sims3,10 & Donna L. Farber    1,6 

T lymphocytes migrate to barrier sites after exposure to pathogens, 
providing localized immunity and long-term protection. Here, we obtained 
blood and tissues from human organ donors to examine T cells across 
major barrier sites (skin, lung, jejunum), associated lymph nodes, lymphoid 
organs (spleen, bone marrow), and in circulation. By integrating single-cell 
protein and transcriptome profiling, we demonstrate that human barrier 
sites contain tissue-resident memory T (TRM) cells that exhibit site-adapted 
profiles for residency, homing and function distinct from circulating 
memory T cells. Incorporating T cell receptor and transcriptome analysis, 
we show that circulating memory T cells are highly expanded, display 
extensive overlap between sites and exhibit effector and cytolytic functional 
profiles, while TRM clones exhibit site-specific expansions and distinct 
functional capacities. Together, our findings indicate that circulating 
T cells are more disseminated and differentiated, while TRM cells exhibit 
tissue-specific adaptation and clonal segregation, suggesting that strategies 
to promote barrier immunity require tissue targeting.

Immune cells situated in barrier sites, such as skin, lung and intestines, 
provide localized defense against pathogens at their main entry points 
and form a protective shield between the body and the environment. 
Innate immune cells, such as macrophages and dendritic cells, seed 
directly into barrier tissues during their development, while T cells, 
which coordinate adaptive immunity, populate barrier sites in response 
to antigen exposure. A subset persists as TRM cells, which can be gener-
ated following site-specific infection by diverse pathogens, including 
viruses, bacteria, parasites, and fungi, as has been demonstrated in 
mouse models1,2. Mouse TRM cells mediate efficacious protection in 

the skin, lungs, and intestines through in situ functional responses, 
proliferation and recruitment3–5. Understanding how TRM cells become 
adapted to and persist in barrier sites in humans is therefore important 
for promoting protective immunity.

In humans, TRM cells are found in practically all tissues, including 
barrier sites, primary and secondary lymphoid organs, and exocrine 
organs (for example, liver and pancreas)2,6. TRM frequency is a feature 
of each tissue: intestines contain predominantly TRM cells with negli-
gible circulating T cells; lung and skin have a TRM majority, along with 
circulating subsets; and lymphoid organs have lower frequencies of 
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Genomics 5′ scRNA-seq, along with V region sequencing of TCRA and 
TCRB genes of T cells isolated from multiple tissue sites of individual 
donors.

Barrier sites contain tissue-adapted T cell populations
To examine subset composition and phenotypic heterogeneity of T cells 
maintained across the body, we used a high-dimensional CyTOF panel 
incorporating multiple markers of T cell differentiation, function, and 
migration to analyze CD3+ T cells obtained from blood and tissues of 
three donors, aged 22, 40 and 70 years (Fig. 1 and Supplementary Tables 
1 and 2). Unsupervised clustering based on marker expression identi-
fied 31 clusters, representing heterogeneous populations of CD4+ and 
CD8+ T cell subsets (Fig. 1a and Extended Data Fig. 1a). Subsets included 
naive T cells (CCR7+CD45RA+CD95−), central memory T cells (TCM; 
CCR7+CD45RA−CD28+), TEM (CCR7−CD45RA−), TEMRA (CCR7−CD45RA+) 
and TRM (CCR7−CD45RA−CD69+). Functional subsets included follicular 
helper T cells (TFH; CD4+CXCR5+PD-1+ICOS+)22, regulatory T cells (Treg; 
CD4+CD25+CD127−)23, type 1 helper T cells (TH1), defined by the tran-
scription factor T-bet24, and type 2 helper T cells (TH2) with enhanced 
expression of CRTH2 (ref. 25). Innate-like T cells were mostly represented 
by γδ T cells (gdTCR+; Fig. 1a,b).

The composition of CD4+ and CD8+ T cell subsets was simi-
lar between individuals, despite their broad age range (Fig. 1c and 
Extended Data Fig. 1b). CD4+ T cells comprised subsets of naive, TCM, 
TFH, Treg and TRM subsets expressing CD69 and to a lesser extent CD103, 
TH1-like cells expressing T-bet and the senescent marker CD57 (clus-
ter 13), and TH2-like CRTH2+ cells (cluster 20; Fig. 1a–c). CD8+ T cells 
comprised naive and memory subsets, along with higher frequencies 
of TEMRA cells and γδ T cells than in CD4+ T cells (Fig. 1a–c). CD8+ TEM 
and TEMRA cells were further subdivided on the basis of the differential 
expression of CD57, inhibitory molecules (PD-1, TIGIT) and cytotoxic 
mediators (granzyme B, perforin) (Fig. 1a,b). Between donors, the 
oldest donor had the lowest frequency of naive CD8+ T cells and a 
distinct population of TEM and TEMRA cells expressing CD57, TIGIT and 
PD-1 (cluster 14; Extended Data Figs. 1b and 2).

For all donors, the composition and distribution of T cell sub-
sets were site-specific, consistent with previous findings for naive 
and memory T cells assessed by flow cytometry7–9,11. However, this 
high-dimensional profiling revealed which subpopulations were similar 
between sites and which had site-specific adaptations. Blood contained 
CD4+ naive, TCM, TEM and Treg, as well as CD8+ naive and TEM/TEMRA, popula-
tions (Fig. 1c,d and Extended Data Fig. 2), while all three lymph node 
sites contained a distinct composition from blood consisting of mostly 
CD4+ subsets (naive TCM, TFH, TRM and Treg) and lower frequencies of 
CD8+ naive and TRM cells (Fig. 1c,d and Extended Data Fig. 2). The spleen 
contained subsets found in both blood and lymph nodes, along with 
additional CD8+ TEM/TEMRA and TRM populations (Fig. 1c,d and Extended 
Data Fig. 2). Each barrier site, however, contained a unique composition 
of T cells compared with all the other sites (Fig. 1c,d and Extended Data 
Fig. 2). Lungs contained CD4+ and CD8+ TRM, distinct CD57+ TEM (clusters 
13 and 19), TEMRA and γδ T (cluster 25) cells. Jejunum contained predomi-
nantly CD69+CD103+ TRM cells and a Tbet+CCR5+ TFH population (cluster 
18); skin contained CD4+ and CD8+ TRM cells expressing CXCR4 (clus-
ters 10 and 12), implicated in skin T cell homing26, and TEM (cluster 8)  

TRM cells relative to mucosal sites7–9. Human TRM cells exhibit core gene 
and protein signatures that distinguish them from circulating memory 
T cells8,10 and can exhibit site-specific expression of differentiation and 
functional markers11–13. However, the extent to which TRM cells become 
adapted to specific tissue types remains unclear and requires a com-
prehensive assessment of multiple sites within the same individual.

There is evidence that human TRM cells may play functional roles 
in protective immunity in barrier sites. TRM cells specific to acute res-
piratory viruses, such as influenza and SARS-CoV-2, are preferentially 
maintained in the lungs relative to other sites14,15, suggesting generation 
of site-specific immunity. TRM cells specific for intestinal microbiome 
and pathogens are maintained in the intestines16, while in the skin, TRM 
cells are generated in response to cutaneous infection and are associ-
ated with protection17,18. Whether these site-specific responses are 
maintained within barrier sites or shared in circulation is unclear. Our 
recent analysis of T cell receptor (TCR) sequences across subsets in 
blood, lymphoid organs, and lungs of individual organ donors revealed 
sharing of highly expanded memory T clones across multiple sites19. 
Assessing how T cell clones within the major portals for pathogen 
entry are maintained requires sampling of multiple barrier sites along 
with lymphoid organs and blood for monitoring and tracking immune 
responses.

In this study, we integrated multiple single-cell technologies 
to investigate the clonal overlap and tissue adaptations of T cells in 
human barrier sites relative to diverse lymphoid organs and blood of 
individual organ donors, using our well-validated tissue resource9,20,21. 
Investigating protein expression profiles by cytometry by time-of-flight 
(CyTOF) and transcriptional profiles by single-cell RNA sequencing 
(scRNA-seq), we identified distinct tissue-specific populations con-
served across individuals and TRM protein and gene expression signa-
tures unique to each barrier site, which are associated with distinct 
functions. TCR clonal analysis by DNA sequencing and scRNA-seq 
shows tissue-restricted expansion and segregation of TRM clones in 
barrier tissues, and highly expanded effector memory T cell (TEM) and 
terminally differentiated effector T cell (TEMRA) clones dispersed across 
sites with cytolytic functions. These findings demonstrate the hetero-
geneity of tissue-adapted T cell lineages and the landscape of clonal 
networks across barrier sites, their associated lymphoid tissues, and 
circulation, with important implications for targeting and monitoring 
site-specific immunity.

Results
Acquisition of human tissues for single-cell profiling
We have established a human tissue resource for obtaining blood and 
multiple lymphoid and barrier sites from individual organ donors, 
which enables investigation of immune responses across the body14. 
Mononuclear cells were isolated from nine sites—blood, barrier tissues 
(lung, jejunum, and abdominal skin), their associated lymph nodes 
(lung lymph node (LN), mesenteric lymph node (MN) and inguinal 
lymph node (IN), respectively) and systemic lymphoid organs (bone 
marrow (BM), spleen)—obtained from seven donors aged 22–74 years 
(Supplementary Table 1), using well-validated protocols (see Meth-
ods)14,20,21. With this cohort, we performed single-cell profiling, CyTOF, 
high-throughput T cell receptor sequencing (TCR-seq), and 10X 

Fig. 1 | Site-specific T cell subset distribution in human barrier and lymphoid 
tissues. T cells were isolated from 8 sites (blood, spleen, LN, IN, MN, lung, skin 
and jejunum)of three donors, stained with a 37-marker panel (Supplementary 
Table 2) and analyzed by CyTOF. a, The full complement of CD4+ and CD8+ T cell 
subsets from blood and seven tissue sites of three donors, as defined by marker 
expression (see Extended Data Fig. 1), represented in a t-distributed stochastic 
neighbor embedding (t-SNE) plot. Cluster numbers correspond to T cell subsets 
defined in b. b, Marker expression by CD4+ (top, green) and CD8+ (bottom, 
blue) T cell clusters in a, defined by unsupervised clustering. The color intensity 
of each cell denotes the column-normalized mean scaled expression of each 

indicated marker within each cluster. c, Stacked bar chart of the proportion of T 
cell subsets in each site for each of the three donors. d, T cell subset composition 
and features stratified by site, compiled from three donors and represented as 
t-SNE plots. Prominent T cell subsets are highlighted by a dashed ellipse for each 
site. TFH, follicular helper T cell; TRM, tissue-resident memory T cell; γδT, gamma-
delta T cell; Treg, regulatory T cell; TCM, central memory T cell; TEMRA, terminally 
differentiated effector memory T cell; TEM, effector memory T cell; TH1, type 1 
helper T cell; BL, blood; IN, inguinal lymph node; JE, jejunum; LG, lung; LN, lung 
lymph node; MN, mesenteric lymph node; SK, skin; SP, spleen.
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and CRTH2-expressing (cluster 20) cells (Fig. 1d and Extended Data 
Figs. 1a and 2). Together, these results demonstrate that T cells within 
each barrier tissue exhibit site-specific compositions and TRM cells with 
site-specific profiles.

T cell clonal networks differentially involve barrier sites
We next sought to evaluate the degree of clonal expansion and overlap 
of CD4+ and CD8+ T cells in barrier sites relative to cells in blood and 
lymphoid tissues using next-generation sequencing (NGS) of genes 
encoding the CDR3β chain (TCR-seq) (Supplementary Tables 1, 3 and 
4). TCR-seq of four donors showed that CD4+ and CD8+ T cells displayed 
distinct clonal expansion and TRBV and TRBJ gene usage across tis-
sues and donors, with CD8+ T cells being more clonally expanded 
than CD4+ T cells, in accordance with previous studies19,27 (Fig. 2a and 
Extended Data Fig. 3). To assess potential differences in clonal expan-
sion between sites, we normalized for different sampling depths by 
calculating the proportion of the total repertoire occupied by the top 
100 clones in each site. There was an increase in expanded CD4+ and 
CD8+ T cell clones in the lungs, jejunum, and skin compared with clones 
in tissue-associated lymph nodes (Fig. 2b and Extended Data Fig. 4). 
CD8+ T cells also exhibited significantly higher clonal expansion in the 
blood, spleen, BM, lymph nodes, lungs and jejunum compared with 
CD4+ T cells (Fig. 2b, Extended Data Fig. 4), consistent with a propor-
tion of human T cells being widely disseminated19.

T cell clonal distribution and overlap across sites were calculated 
on the basis of clonal abundance (see Methods). For each donor, there 
was a broader clonal overlap of CD8+ than of CD4+ T cells across sites 
(Fig. 2c). Despite some variation between donors, BM, spleen, lung and 
blood were sites of extensive clone sharing for CD8+ T cells in all donors 
and for CD4+ T cells in 2/4 donors, with the other two donors showing 
extensive sharing between BM and spleen (Fig. 2c). By contrast, skin 
and jejunum T cells showed negligible overlap with other sites for CD4+ 
T cells (all donors) and CD8+ T cells (3/4 donors), except for overlap with 
their associated lymph node in some donors (Fig. 2c). A proportion of 
CD8+ T cells in the oldest donor (D492) showed extensive overlap in all 
sites (Fig. 2c), consistent with the presence of increased TEMRA cells—a 
largely circulating subset19—with age. This overlap analysis reveals that 
CD4+ T cell clones are less disseminated and more site-specific than are 
CD8+ T cells, and that T cells in barrier sites are more clonally segregated 
from T cells in blood-rich and lymphoid sites.

Clone tracking plots of the top 20 clones within barrier or other 
sites provide additional insight into clonal maintenance and/or migra-
tion. Abundant CD4+ and CD8+ T cell clones identified within barrier 
sites are mostly confined to that site for jejunum and skin, whereas 
clones abundant in the lungs are shared with lymphoid and blood-rich 
sites (Fig. 2c,d and Extended Data Fig. 5). The most expanded clones in 
the jejunum or skin exhibited variable overlap with other sites in some 
donors, which was not associated with age or Epstein–Barr virus (EBV) 
or cytomegalovirus (CMV) serostatus (Fig. 2d, Extended Data Fig. 5, and 
Supplementary Table 1). By integrating clonal overlap and expansion, 
we generated a model of CD4+ and CD8+ clonal networks across human 

organs and circulation, showing major connections among clones in 
lungs, blood, BM, and spleen, relative segregation of clones in skin 
and intestines together with their associated lymph node, and greater 
dissemination of CD8+ than of CD4+ T cells (Fig. 2e).

Site-specific profiles for barrier-site TRM cells by scRNA-seq
To integrate analysis of tissue specificity with clonal origin, we per-
formed single-cell transcriptome profiling by scRNA-seq with paired 
TCR (TRB and TRA) sequencing of CD3+ T cells from eight sites in two 
donors (Supplementary Table 1). Clustering analysis based on highly 
variable genes resulted in 43 clusters that were manually grouped by 
average expression of marker genes into eight known T cell subsets for 
CD4+ and CD8+ lineages (Fig. 3a,b, Extended Data Fig. 6, Supplemen-
tary Tables 5 and 6). Subset composition and tissue distribution were 
consistent between the two donors (Fig. 3a,c). Naive CD4+ and CD8+ 
T cells expressing the stem cell factor gene TCF7 (ref. 28), SELL, and CCR7 
localized primarily in blood, spleen, BM and lymph nodes (Fig. 3a,b). 
CD4+ subsets included Treg cells expressing FOXP3, TIGIT, CTLA4 and 
IL2RA in lungs, skin, and lymph nodes, and TCM and TFH subsets express-
ing TCF7, PDCD1 and CXCR5 in the lymph nodes and spleen (Fig. 3a,b 
and Extended Data Fig. 6). TEM/TEMRA (CCL5, NKG7, GZMB, PRF1) cells 
were enriched in blood-rich sites and lungs and were predominantly 
CD8+ (Fig. 3a,b and Extended Data Fig. 6). Clusters dominated by CD8+ 
mucosal-associated invariant T (MAIT) cells, identified by the expres-
sion of TRAV1-2, SLC4A10 and KLRB1 (ref. 29), were primarily localized 
in blood, BM, spleen and lungs (Fig. 3a,b and Extended Data Fig. 6). 
CD4+ and CD8+ TRM cells, defined by expression of residency markers 
(ITGA1, ITGAE, VIM, CXCR6)8,10, were localized primarily in the lung, 
jejunum and skin (Fig. 3a,b and Extended Data Fig. 6). A distinct cluster 
designated ‘cycling TRM’ expressed TRM and proliferation-associated 
genes (MKI67, PCNA, TOP2A, CDK1) and was enriched in the lungs  
(Fig. 3a,b and Extended Data Fig. 6). Overall, the tissue distribution 
of T cell subsets was similar to that identified in different donors by 
CyTOF (Fig. 1) and confirms that distinct clustering of T cells in barrier 
sites is largely due to TRM cells.

We examined the basis for TRM segregation using differential 
expression analysis between barrier-site-specific TRM cells and other 
T cells from all sites (Fig. 4a and Supplementary Table 7), revealing 
upregulated expression of tissue-associated genes specific to one, two 
or all barrier sites (Fig. 4b–g). Compared with nonresident T cells, TRM 
cells in all barrier sites have downregulated expression of genes associ-
ated with naive T cells and quiescence, including SELL, CCR7 and TCF7, 
along with MAL, a gene encoding a T cell maturation factor consistently 
expressed by naive T cells (Fig. 4b–f). Conversely, T cells from all three 
barrier sites have upregulated expression of genes associated with 
TRM cells, tissue signatures, and residency in non-lymphoid sites8,10, 
including cell matrix and adhesion molecules (EZR, VIM, LGALS3), 
transcription factors (AHR, KLF4), chemokine receptors (CCR6) and 
the inhibitory marker CD101 (Fig. 4 and Extended Data Fig. 7a,b).

We also found upregulation of genes specifically shared between 
pairs of barrier sites (Fig. 4f and Extended Data Fig. 7a,b). In both 

Fig. 2 | Distinct clonal connections define T cells in barrier sites. CD4+ and 
CD8+ T cells were isolated from nine sites of four individual donors (D461, 
D466, D479, D492) for TCRB sequencing. a, Pie charts showing relative clonal 
abundance for CD4+ (left) and CD8+ (right) T cells from each sample, showing 
the proportion of the repertoire occupied by the top 10, 100, 1,000 or 1,001+ 
clones. b, Combined frequency of the top 100 clones among CD4+ (left, green) 
and CD8+ (right, blue) T cells. Bar height represents frequencies averaged across 
four donors. Statistical significance was calculated using two-way ANOVA with 
repeated measures, matched by donor for each tissue and CD4+/CD8+ subset, 
followed by Tukey’s multiple-comparisons test, comparing tissues within each 
subset. ****P ≤ 0.0001; ***P ≤ 0.001; **P ≤ 0.01; *P ≤ 0.05. Error bars represent s.d. 
(n = 4 independent human donors for each tissue site). c, Morisita overlap index 
between pairwise cell populations of CD4+ (left) or CD8+ (right)  

T cells. Color intensity is based on Morisita overlap index. d, Clone tracking plots 
illustrating overlap of the top 20 clones across sites for representative donor 
D479. Bar height indicates the fraction of the repertoire occupied by the top 20 
clones within each tissue site. Each color represents a unique clone. e, Network 
representation of CD4+ (left) and CD8+ (right) T cell clones in blood, lymphoid, 
and barrier sites across the body. The diameter of each circle is proportional 
to the average frequency of the top 100 clones in that tissue; line thickness is 
proportional to the Morisita overlap index between populations within the two 
connecting tissue sites; and specific networks of overlap for groups of tissues  
are indicated by color. BL, blood; BM, bone marrow; IN, inguinal lymph node;  
JE, jejunum; LG, lung; LN, lung lymph node; MN, mesenteric lymph node;  
SK, skin; SP, spleen.
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jejunum and skin TRM cells, we found that AREG, associated with tissue 
maintenance and repair30, was upregulated, as were KIT and FOXO3, 
involved in T cell differentiation and memory formation31,32 (Fig. 4f). 
TRM cells in jejunum and lung expressed CXCR6, which has been shown 
to regulate TRM localization33, and TH17 signature genes (CCL20, RORA, 
RORC, IL17A)34, while TRM cells in lung and skin had upregulated expres-
sion of matrix and adhesion genes (ANXA2, LGALS1, ITGB1) and PRDM1, 
which encodes transcription factor Blimp 1, associated with tissue 
residency35 (Fig. 4f). These results show that signatures for residency, 
localization, and function are shared by one or more barrier sites and 
are distinct from lymphoid sites.

We also identified site-specific gene expression profiles for each 
barrier site for which skin had the highest number of site-specific dif-
ferentially expressed genes (DEGs) (Fig. 4e). Lung TRM cells expressed 
genes associated with immune regulation (CTLA4, IL10, PDCD1)  
(Fig. 4b,f,g), while jejunum TRM cells had upregulated expression of 

genes encoding epithelial-, immune-cell- and collagen-binding integ-
rins (ITGAE, ITGA1, ICAM1)8,10 and the gut-associated chemokine recep-
tor CCR9 (ref. 36) (Fig. 4c,f,g). By contrast, skin TRM cells had upregulated 
expression of genes encoding chemokine receptors (CCR4, CCR10, 
CXCR4) with roles in skin homing26,37,38, and the TH2 transcription fac-
tor GATA3 (Fig. 4d,g). These site-specific profiles are consistent with 
the CyTOF results showing upregulated CD103 expression by gut 
TRM cells, and enhanced CXCR4 and CRTH2 expression by skin T cells  
(Fig. 1). Many of the genes driving barrier TRM signatures were expressed 
in both CD4+ and CD8+ TRM cells (Extended Data Fig. 7), indicating that 
site-specific signatures were not due to lineage composition.

Given the large number of DEGs unique to skin, we investigated 
potential heterogeneity among skin TRM cells. While skin TRM cells  
all exhibit elevated expression of GATA3 relative to its expression  
in other sites (Fig. 4 and Extended Data Fig. 6), there was variable  
expression of other functional markers and transcription factors 
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Fig. 3 | Single-cell transcriptome profiling reveals subset- and tissue-specific 
signatures for T cells. Total (CD3+) T cells were isolated from nine sites of two 
donors for 5′ single-cell RNA sequencing (scRNA-seq, see Methods). a, UMAP 
embedding of scRNA-seq data based on highly variable genes and integrated 
across donor, colored by T cell subset (left). The proportion of T cell subsets in 
each tissue for each donor is depicted in a stacked bar chart (right). b, Clustered 
heatmap displaying normalized log-transformed expression of selected markers 
that were used to inform cluster and subset annotation. Marker genes are 

annotated by functional groups. c, UMAP embedding as in a, colored by donor 
(left) or tissue (right) of origin. TCM, central memory T cell; TFH, follicular helper 
T cell; TRM, tissue-resident memory T cell; Treg, regulatory T cell; TEM, effector 
memory T cell; TEMRA, terminally differentiated effector memory T cell; MAIT, 
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(Extended Data Fig. 8). We identified six skin TRM sub-clusters asso-
ciated with different functions, including TH1-like (TBX21), TH17-like 
(RORA), and cytotoxic (GZMA, GZMK, NKG7, PRF1, IFNG) profiles 
(Extended Data Fig. 8b,c and Supplementary Table 8). These results 
are consistent with heterogeneity of human skin T cells found in previ-
ous studies18,39, and show that integration of multiple gene expression 
signatures may define functional capacity.

Disseminated TEM clones and site-specific TRM clones
By sequencing TRA and TRB transcripts for each T cell from the 
scRNA-seq analysis above, we defined TCR clones expressing paired 
α and β chains. We mapped the TCR clone information to the UMAP 
to visualize clone size and distribution across subsets and tissues for 
each donor (Fig. 5a,b). TCRs within CD8+ MAIT clusters contained 
known TRAV1-2, TRAJ12, TRAJ20, TRAJ33, TRBV6 and TRBV20 sequences 
(Extended Data Fig. 6 and Methods). Consistent with results from 
TCR-seq (Fig. 2), CD8+ T cell clones were more expanded than CD4+ 
T cell clones (Fig. 5a–c). CD8+ T cells contained large expansions across 
most sites, while expanded CD4+ clones were observed in the jejunum, 
skin and, to a lesser degree, the lung (Fig. 5c). Individualized and sub-
sampled data mirror these observations across donors (Supplementary 
Table 9). In terms of subset delineation, the top 10 most expanded 
clones within the lymphoid sites and lung comprised TEM/TEMRA subsets, 
while those within the jejunum and skin were mostly TRM (Fig. 5d). By 
contrast, clones with the lowest level of clonal expansion (that is, the 
most diverse) were largely naive (CD4+ and CD8+), CD4+ TCM and CD4+ 
Treg cells in the lymphoid organs (Fig. 5d). In barrier sites, the major-
ity of clones were TRM, including highly expanded and less expanded 
clones (Fig. 5d).

In both donors, a small set of TEM and TEMRA clones made up the 
largest clonal expansions in lymphoid and circulating sites (Fig. 5a,b,d 
and Extended Data Fig. 9). To determine whether the extent of clonal 
expansion was associated with distinct functions, we compared gene 
expression of hyperexpanded TEM/TEMRA clones to less expanded  
TEM/TEMRA clones using hierarchical clustering on highly variable genes, 
revealing two distinct effector profiles for expanded clones (Extended 
Data Fig. 9). One profile included genes for cytotoxic mediators (GZMK, 
GZMM), chemokine receptors (CD74) and cytokines (TNF), while the 
second profile included elevated expression of genes for multiple 
cytotoxic mediators (GNLY, GZMB, PRF1, NKG7) (Fig. 5e and Supple-
mentary Table 10). Together, these results show that expanded T cell 
populations within differentiated TEM and TEMRA cells exhibit different 
functional capacities.

Last, we assessed the extent of sharing of expanded clones across 
tissues. We tracked the most expanded CD4+ and CD8+ T cell clones 
across sites on the basis of all the cells in each sample, or from a sub-
sampled population of the same number of cells to control for sam-
pling biases; both methods yielded similar findings (Fig. 6, Extended 
Data Fig. 10, and Methods). The majority of CD4+ T cell clones iden-
tified by paired TRB and TRA sequences were TRM cells localized to 
single barrier sites, either lungs, jejunum or skin (Fig. 6a and Extended 
Data Fig. 10a). Several CD4+ TEM clones overlapped across blood-rich  
sites (blood, spleen, lung) and a naive T cell clone was shared among 
lymphoid sites, although we found no CD4+ clones shared by more 

than three sites (Fig. 6a and Extended Data Fig. 10a). By contrast, many 
CD8+ TEM/TEMRA clones were detected across multiple sites, including 
two clones that were detected in all eight sites (Fig. 6b and Extended 
Data Fig. 10b). Some of these disseminated clones overlapped with 
TRM clones in barrier or lymph node sites (Fig. 6b and Extended Data 
Fig. 10b). Notably, localized CD8+ clones were TRM within single barrier 
sites ( jejunum, skin), similar to localized CD4+ TRM clones, or enriched 
for TRM in a barrier sites and also found as TEM or TRM at lower frequen-
cies in another site (Fig. 6b). Our findings showing clonal segregation 
of barrier-site TRM cells are consistent with results from single-chain 
analysis of a greater number of clones in Figure 2 and are therefore 
robust to different sampling depths.

Discussion
In this study, we integrated single-cell protein, transcriptome and TCR 
profiling for a comprehensive analysis of T cell immunity across human 
barrier sites, lymphoid organs and circulation. We demonstrate that 
barrier sites contain predominant TRM populations that are transcrip-
tionally and clonally segregated from memory T cells in lymphoid sites 
and blood; barrier TRM cells express core TRM signatures, along with 
site-specific functional and homing properties. By contrast, memory 
T cells in blood-rich and lymphoid organs are largely TEM or TEMRA cells, 
which share similar transcriptome and clonal profiles across sites. 
Our findings reveal that T cell immunity to previously encountered 
antigens are maintained through distinct networks—locally through 
tissue-adapted resident T cells, and systemically through networks of 
disseminated clones that are differentiated for robust effector func-
tions.

Our study extends and unifies the scope and depth of previ-
ous studies of human TRM cells by integrating multiple single-cell 
approaches in diverse barrier and lymphoid sites within an individual. 
Among all barrier TRM cells, we identified a core residency signature 
consistent with previously described TRM signatures8,10, along with 
site-specific profiles involving expression of homing receptors, func-
tional molecules and transcription factors. TRM cells in lungs express 
higher levels of regulatory genes (CTLA4 and IL10) than at other sites; 
jejunum TRM cells express increased levels of TRM markers, such as 
CD103, along with gut homing receptors; and skin TRM cells had upregu-
lated expression of genes encoding skin homing receptors (CCR4, 
CCR10, CXCR4)38 and specific transcription factors (GATA3, BCL6)40. 
These results indicate that maintenance within a barrier site requires 
tissue interactions and responses to local factors, which may, in turn, 
affect function. The extent to which other immune cells in these sites 
acquire tissue adaptations remains to be determined. Recent single-cell 
profiling efforts for human immune cells combined with advanced 
computational tools for annotation initiated by our group and others41 
will enable a precise dissection of the effects of tissue, lineage, and age 
on resident immune cells.

Barrier site T cells exhibit distinct effector capacities depending 
on the tissue and subset. Both lung and intestinal T cells were enriched 
in TH17 gene expression profiles compared with other sites, consistent 
with previous functional studies34,42, while skin TRM cells expressed 
genes associated with TH2, TH17, and to a lesser extent TH1 profiles, 
consistent with their known heterogeneity39. Defining tissue T cell 

Fig. 4 | TRM in barrier sites exhibit site-specific gene signatures. a, Schematic 
depicting differential expression between barrier-site TRM cells and other T 
cells. b–d, Volcano plots showing the differential expression of TRM cells in the 
indicated barrier site compared with nonresident T cells in all sites and TRM cells 
in non-barrier sites. Genes enriched in lung (b), jejunum (c), and skin (d) TRM 
cells are shown. Significantly upregulated genes (P < 0.05, lfc > 1) are depicted 
in yellow, and significantly downregulated genes (P < 0.05, log-fold change 
(lfc) < –1) are depicted in blue. Selected genes of interest were annotated.  
e, Venn diagram showing the overlap of significantly upregulated genes (P < 0.05, 
lfc > 1) between jejunum, skin and lung TRM cells. f,g, Differential expression of 

key markers of tissue residency and genes shared between sites (f) or specific to 
single barrier sites (g). The fraction of cells within the group that expressed any 
amount of the marker is displayed as dot size, and increased color intensity of the 
dots indicates higher row-normalized mean expression level across cells from 
these groups. Cells are grouped as belonging to skin, jejunum or lung TRM cells, or 
as other (representing nonresident T cells in all sites and TRM cells in non-barrier 
sites). JE, jejunum; LG, lung; SK, skin. Statistical significance was calculated using 
a two-sided Wilcoxon with tie correction, followed by a Benjamini–Hochberg 
adjustment for multiple comparisons.
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functions in the steady state can provide insights into the origin of 
protective or pathological responses in tissues. For example, skin T cells 
can manifest as a TH17 response in cutaneous candidiasis43 and pso-
riasis44, consistent with a TRM-mediated response. Conversely, TH1 and 
cytotoxic responses are associated with rejection of facial transplants45, 

suggesting potential infiltration from circulation. In the lung, where TRM 
cells are TH1-like or regulatory, an overactive TH2 response promotes 
allergic airway disease46, suggesting functional alterations of TRM, as 
shown in mouse studies47. In this way, prolonged alteration of tissue 
environments can promote pathological TRM functions.
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Fig. 5 | Differential clonal expansion associated with T cell subset, tissue, and 
functional capacity. a,b, UMAP embedding of scRNA-seq of T cells successfully 
mapped to TCR clone information, colored by subset, for donor D492 (a) and 
D511 (b). Clonal expansion, defined by shared CDR3 nucleotide sequence, and 
V and J gene usage, is depicted by marker size. c, Clonal abundance of the top 
3, 10, 100 and 500 clones within the CD4+ (top) and CD8+ (bottom) clusters in 
each tissue site. d, Subset composition of the top 10, 500, and 501+ clones in the 
indicated tissue sites, averaged across both donors. e, Differential expression 
of key markers by unexpanded versus expanded TEM/TEMRA cells in both donors 

shown as a dot plot, grouped by effector function signatures. The fraction of cells 
within the group that expressed any amount of the marker is displayed as dot 
size, and increased color intensity of the dots indicates higher mean expression 
level across cells from these groups. Cells are grouped as belonging to expanded 
(>45 clones) TEM/TEMRA cells displaying distinct effector function, labeled ‘Effector 
1’ and ‘Effector 2,’ and less expanded (<5 clones) TEM/TEMRA. BL, blood; BM, bone 
marrow; IN, inguinal lymph node; JE, jejunum; LG, lung; LN, lung lymph node; 
MN, mesenteric lymph node; SK, skin; SP, spleen.
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We identified the clonal organization of T cells across sites using 
bulk and single-cell approaches. TRM clones in lungs, skin, and intestines 
exhibiting tissue-specific gene expression were largely confined to each 
barrier site, while the overlapping clones were largely TEM and TEMRA 
cells. Clonal segregation of TRM in barrier sites supports site-directed 
generation of TRM cells; T cells that home to these sites during infec-
tion develop TRM in situ, as suggested by recent mouse studies48. The 
presence of certain clones shared by TEMand TRM supports this model 
in humans. Moreover, human memory T cells specific for respiratory 
pathogens, such as influenza and SARS-CoV-2, exhibit TRM phenotypes 
in the lung, and TEM in other sites14,15,49. Tissue-segregated TRM cells may 
derive from previous exposures months to years prior. We previously 
found that human infant intestines contain TRM cells50, and memory 
T cells can even be found in fetal intestines51, suggesting an early origin 
for intestinal TRM development.

The most highly expanded clones comprised circulating CD8+ TEM 
and TEMRA subsets with effector and cytolytic function that were widely 
disseminated across sites, especially in blood, spleen, BM, and lung. 
These disseminated clones likely have roles in controlling systemic 
and persisting pathogens, such as CMV and EBV, as we have previ-
ously shown that CMV-specific T cells are largely TEM and TEMRA cells, 
with few being TRM cells14. Interestingly, these highly expanded clones 

displayed two types of effector profiles, differing in cytolytic capacity 
and cytokine production, suggesting that widely dispersed clones have 
broader roles in immunosurveillance through tissues.

Our results have important implications for the generation and 
monitoring of protective immunity within barrier tissues. The clonal 
and phenotypic enrichment of TRM cells within the barrier tissue sug-
gests that vaccinations targeted to barrier and mucosal sites may be 
more effective in generating durable immunity at the site of infection. 
In mice, site-specific vaccination promotes lung TRM cells, as has been 
shown with live-attenuated influenza or pertussis vaccines administered 
intranasally52,53. The difficulty in detecting expanded TRM clones in the 
blood further suggests that monitoring barrier immunity may require 
sampling specific sites. Additionally, unique barrier TRM signatures 
can inform the future design of tissue-targeted immune modulation.
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Methods
Human samples
Human organ tissues were obtained from deceased (brain-dead) organ 
donors at the time of organ acquisition for clinical lifesaving trans-
plantation through an approved protocol and material transfer agree-
ment with LiveOnNY, the organ procurement organization for the New 
York metropolitan area, as previously described8,9,20,54. Donors were 
free of cancer and seronegative for hepatitis B, hepatitis C and HIV. 
A list of donors from whom tissues were used in this study, including 
donor characteristics and the assays performed with samples from 
each donor, is presented in Supplementary Table 1. This study does 
not qualify as research with human participants, as confirmed by the 
Columbia University Institutional Review Board, as tissue samples were 
obtained from deceased individuals.

Isolation of single-cell suspensions from tissue samples
Tissue samples were maintained in cold saline or medium and trans-
ported to the laboratory within 2–4 hours of organ procurement. 
Tissue-processing protocols were adapted from protocols that have 
been previously described14,20,54, and were processed in a timely man-
ner, resulting in high yields of live leukocytes. Briefly, mononuclear 
cells were isolated from the blood and BM samples by density cen-
trifugation using Lymphocyte Separation Medium (Corning, cat. no. 
25-072-CI) or Ficoll-Paque PLUS (GE, cat. no. 17-1440-03)55. Spleen was 
processed using mechanical dissociation, followed by density cen-
trifugation, as above and described56. Lung, jejunum and lymph node 
samples were processed using mechanical and enzymatic digestion, 
followed by density centrifugation, as previously described8,14,20,57,58. 
Skin samples obtained from the abdomen near the incision site were 
carefully washed using cell culture medium, cleaned by scraping the 
subcutaneous fat with a scalpel and washed with cell culture medium 
again. Then, skin samples were cut into pieces of approximately 4 mm 
in width and digested overnight at 37 °C using the Human Skin Dissocia-
tion Kit (Miltenyi). The following day, mononuclear cells were washed 
and isolated. For samples undergoing T cell receptor sequencing or 
cytometry by time of flight, single-cell suspensions were then cultured 
at 37 °C overnight to recover cleaved surface proteins. This incubation 
step was not done for samples undergoing single-cell RNA sequencing.

Cytometry by time-of-flight
Single-cell suspensions from each tissue site were labeled with a via-
bility marker, Rh103 intercalator. Then, cells from each tissue were 
barcoded using a unique combinatorial barcode of CD45 antibodies 
conjugated to monoisotopic cisplatin. Barcoded cells from each tissue 
site were pooled, stained with a panel of cell surface marker antibodies, 
and then washed, fixed, and permeabilized (eBioscience Transcription 
Factor Staining Kit, cat. no. 00-5532-00). Afterwards, pooled cells 
were stained with additional antibodies against intracellular targets. 
Samples were then washed and incubated in 0.125 nM Ir intercalator 
(Fluidigm) diluted in PBS containing 2% formaldehyde. A complete list 
of antibodies is included in Supplementary Table 2.

Data acquisition was performed by the Human Immune Moni-
toring Core at Icahn School of Medicine at Mount Sinai. Prior to data 
acquisition, samples were washed once with PBS, washed once with 
de-ionized water and resuspended at a concentration of 1 million cells/
mL in de-ionized water containing a 1:20 dilution of EQ 4 Element 
Beads (Fluidigm, cat. no. 201078). Samples were acquired on a CyTOF2 
(Fluidigm) equipped with a SuperSampler fluidics system (Victorian 
Airships) at an event rate of <500 events/second. Data were normalized 
using bead-based normalization in the CyTOF software and uploaded 
to Cytobank for initial data processing.

For analysis, the data were first gated to exclude normalization 
beads, dead cells, doublets, and debris. Cells derived from each tissue 
were then deconvolved by Boolean gating on CD45 barcodes, leav-
ing DNA+CD45+Rh103− live single cells for subsequent analysis. FCS 

express software was used to gate CD3+ cells, which were then inputted 
to downstream analysis and visualization performed using custom 
Python script. Specifically, dimensionality reduction was performed 
using Python implementation openTSNE v0.3.11 to generate t-SNE 
plots. Then, clustering was performed using Python implementation 
PhenoGraph v1.5.2. Heatmaps of normalized and scaled marker expres-
sion were generated using the mean scaled expression, with samples 
clustered by unsupervised hierarchical clustering using clustermap 
function of data visualization library Seaborn v0.9.1.

Fluorescence-activated cell sorting
For FACS, cells were stained while being protected from light, using 
the antibodies listed in Supplementary Table 3. Briefly, cells were 
washed with FACS buffer (PBS with 2% heat-inactivated FBS), then 
resuspended in Human TruStain FcX (BioLegend, cat. no. 422302), 
followed by surface staining with fluorochrome-conjugated antibodies 
in FACS buffer (20 minutes at 25 °C). Cells were sorted using BD Influx 
Cell Sorter using the strategies shown in Supplementary Figure 1. T 
lymphocytes for single-cell RNA sequencing were sorted into sterile 
filtered heat-inactivated FBS. T lymphocytes for high-throughput bulk 
TCR sequencing were sorted directly into cell lysis solution (Qiagen, 
cat. no. 158906).

High-throughput T cell receptor sequencing
For TCR-seq, DNA was isolated from FACS-sorted T cells using the 
Gentra Puregene Kit (Qiagen, cat. no. 159667). Input DNA and numbers 
of replicates per sample are listed in Supplementary Table 4. Targeted 
PCR was used for amplification of TRB sequences from genomic DNA, 
using a cocktail of forward primers specific for framework region 2 
(FR2) sequences of 23 TRBV subgroups (gene families), and reverse 
primer in 13 TRBJ regions; primers were adapted from the BIOMED2 
primer series (Supplementary Table 11; IDT)59. Libraries were sequenced 
using an Illumina MiSeq in the Human Immunology Core Facility at the 
University of Pennsylvania. 2 × 300 bp paired-end kits were used for 
all experiments (Illumina MiSeq Reagent Kit v3, 600 cycle, Illumina, 
cat. no. MS102-3003).

Raw reads were first processed using pRESTO v0.7.0 and filtered 
as previously described11,19,60. Briefly, sequences were trimmed of 
poor-quality bases, paired reads were aligned into full-length con-
tiguous sequences, short sequences were filtered out, bases with low 
quality scores were replaced with Ns and any sequence containing 
more than 10 such bases was removed from further analysis. Filtered 
sequences were further processed by ImmuneDB v0.29.9 (refs. 61–63) 
with identical TRBV and TRBJ gene segments and CDR3 amino acid 
sequences grouped into clones19,64. We required that a unique sequence 
be detected at least twice (within an individual) to be designated a 
clone, to reduce over estimation of clones due to sequencing errors. 
Clones with only 1 sequence copy were discarded.

For analysis of TRBV and TRBJ gene usage, heatmap visualization 
was generated using the CalcSegmentUsage function of VDJtools 
v1.2.1 (ref. 61). Principal component analysis was visualized using the 
factoextra package v1.0.7 in R (ref. 65). For clonal overlap analysis, using 
the immunarch v0.6.7 package in R. Clonality was calculated using the 
‘top’ method of the repClonality function, with user-defined breaks at 
1:10, 11:100, 101:1,000 and 1,000+, and quantified for statistical analysis 
by abundance of the top 100 clones. Overlap analysis was performed 
using the ‘morisita’ method of the repOverlap function, which calcu-
lates extent of sharing based on clonal abundance and is robust across 
different sample sizes66,67. This index was then averaged across donors 
and plotted in a clustermap using heatmap2. Network representations 
of this data were generated using the network and ggnet2 functions of 
the GGally v2.1.2 and network v1.17.1 packages in R, with edge weights 
of the average morisita overlap, and node sizes of clonal expansion 
(measured by the proportion of the repertoire represented within the 
top 100 clones). Clone tracking plots were generated using the top 
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clones from the jejunum, skin, lung and blood-rich sites (spleen, blood, 
bone marrow), using the TrackClonotypes function.

scRNA-seq workflow and analysis
Using the Chromium Next GEM single-cell 5′ Reagent kit v2 (10x Genom-
ics), sorted T cells from each site were loaded onto separate lanes of 
the Next GEM Chromium Controller (10x Genomics) for encapsulation 
(target recovery of 5,000 cells for each sample). Single cell librar-
ies were constructed using manufacturer’s protocols. Libraries were 
sequenced on a NovaSeq 6000 (Illumina) platform. TCR sequencing 
libraries for TCRαβ were prepared with the V(D)J enrichment kit from 
10x Genomics, following manufacturer’s protocols. TCR libraries were 
sequenced on a NextSeq 500 (Illumina) platform. Pseudoalignment 
of the scRNA-seq reads to the GRCh38/Gencode v24 transcriptome 
was performed using kallisto v0.45.2 in ‘BUS’ mode68,69. A raw count 
matrix was generated using bustools v0.40.0 (ref. 70) and filtered for 
high-confidence cell-associated barcodes using the EmptyDrops 
algorithm71. The scTCR-Seq data was uploaded to the 10x Genom-
ics cloud-based analysis framework CellRanger pipeline v6.0.1 to 
define clonotypes, which are based on CDR3 nucleotide sequences of 
both TCR alpha and beta chains. Single-cell TCR sequencing libraries 
were aligned to the vdj_GRCh38_alts_ensembl-5.0.0 reference using 
single-cell V(D)J R2-only chemistry and quantified. Using the Cell-
Ranger pipeline, clonotypes associated with invariant T cell popula-
tions (MAIT cells; mucosal-associated invariant T cells) were identified 
by TRA gene usage (TRAV1-2, and any of TRAJ33, TRAJ20, TRAJ12), TRB 
gene usage (TRBV20 or TRBV6) and previously published CDR3 junction 
amino acid sequences for human MAIT T cells72.

Count matrices were then processed in the Python scanpy package 
v1.9.0. Events between 1,000 and 25,000 total counts, between 700 and 
4,000 genes, and less than 25% mitochondrial counts were kept. Highly 
variable genes (HVGs) were calculated using a minimum dispersion of 
0.25 and batches for tissue and donor. Gene expressions were scaled 
without zero center and a max value of 10; the regress_out function 
was used to reduce the influence of the total counts per cell on the PCA. 
The top 40 PCs were used to calculate the 10 nearest neighbors, which 
was used to generate a UMAP and run Leiden clustering, with scanpy 
package default settings. Differential gene expression for the Leiden 
clusters was calculated using the Wilcoxon mode and tie correction in 
the rank_genes_groups function. To exclude non-T cell contaminants, 
clusters were removed that were identified without CD3E or PTPRC 
(CD45) expression, or enrichment of one of the following lineage mark-
ers: CD19, CD1A, SDC1, FCGR1A, CD14. HVGs were then recalculated on 
the cleaned T cell dataset, and scaling, regressing out total counts, and 
PCA were calculated as described above. The PCA was harmonized by 
donor using the Python harmonypy package, then nearest neighbors 
and UMAP were calculated as described above.

Leiden clustering was performed at a resolution of 3, differential 
expression was calculated, and clusters enriched for specific CD4+ 
and CD8+ T cell subsets were annotated. To investigate barrier-site TRM 
signatures, TRM cells from jejunum, skin and lung were each compared 
with all other T cells. Groups were subsampled to equal cell counts, then 
the count matrices were downsampled to equal total counts. To elimi-
nate noise, differential expression was run using only the top 7,000 
highly variable genes using rank_genes_groups with the same param-
eters above. Volcano plots were created using the bioinfokit package 
v2.0.8. Overlap of significantly upregulated genes (log-fold change > 
1, adjusted P < 0.05) was plotted using the matplotlib_venn package 
v0.11.6. Clustermaps of the shared significantly differentially expressed 
genes with a minimum log-fold change of 2 and clustermaps of the top 
30 differentially expressed genes unique to each site were created 
using the rank_genes_groups_heatmap function in scanpy. Dot plots 
of selected genes were created using the rank_genes_groups_dotplot 
function in scanpy. UMAP calculation, sub-clustering, and differential 
expression across Leiden clusters of skin TRM cells were all performed 

similarly to above, with Leiden clustering run at a resolution of 0.3.
Clonal expansion was defined by cells sharing CDR3 nucleotide 

sequences, V gene, and J gene usage. CD4+ and CD8+ T cell clonal expan-
sion were calculated using the frequencies of clones across each tis-
sue site. Expansion over donor was calculated using the frequencies 
of all clones across each donor. To identify unique transcriptional 
signatures of hyperexpanded TEM/TEMRA cells (>45 cells sharing a clono-
type), donors were analyzed separately. After isolating hyperexpanded 
and less expanded (<5 cells sharing a clonotype) TEM/TEMRA cells from 
each donor, the top 1,000 highly variable genes were identified, and 
PCA was rerun. A dendrogram was generated using 30 PCs, the ward 
method, and optimal ordering, and we identified two clusters of hyper-
expanded clones. These groups and less expanded TEM/TEMRA cells were 
subsampled, the count matrices were downsampled, and differential 
expression was performed with the settings described above. Genes 
were selected as the intersection of differentially expressed genes 
across both donors. Dot plots of selected genes were created using 
the rank_genes_groups_dotplot function in scanpy.

Because there was no overlap between CD4+ and CD8+ T cell clones, 
as expected19 and to account for CD4+ and CD8+ T cells that may have 
been misclustered, clones dominated by expression of either CD4 or 
CD8A (more than twofold enrichment of CD4 or CD8A) were labeled 
as CD4+ or CD8+ associated clones for analysis of clonal overlap across 
tissues from the total number of cells in each site. Similarly, because 
MAIT cells are clonally restricted, cells co-clustering with CD8+ MAIT 
T cells, but with clones lacking MAIT evidence by TRA, TRB, or CDR3 
junction (see above), were reannotated as CD8 TEM/TEMRA for clonal 
overlap analysis. Where appropriate, analyses were repeated with a 
subsampled fraction of the dataset (150 CD4+ or CD8+ T cells per site) 
to normalize cell numbers across sites. Clonality for each subsampled 
site was calculated as described14,19: given a clone, denoted x, frequency 
denoted p(x), and total set size of unique clones denoted L, 
Clonality(X) = 1 − −∑x∈X p(x)log2p(x)

−log2
1
L

.

Statistical analysis
Statistical analysis was performed using Prism software (GraphPad 
v8.4.3). Results are shown with s.d. unless otherwise indicated. Statis-
tical significance was determined using two-way repeated measure 
ANOVA with multiple-comparison testing using Tukey’s or Sidak’s 
multiple-comparison test, where applicable. P values below 0.05 were 
considered as statistically significant. For all figures, **** denotes  
P ≤ 0.0001, *** denotes P ≤ 0.001, ** denotes P ≤ 0.01, and * denotes  
P ≤ 0.05. Statistical significance for differential expression analysis was 
calculated using a two-sided Wilcoxon with tie correction, followed  
by a Benjamini–Hochberg adjustment for multiple comparisons.

All statistical analyses were performed using distinct samples.

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

Data availability
High-throughput TCR sequence data generated in this study are availa-
ble in NCBI SRA with the accession code PRJNA861254. Paired scRNA and 
scTCR data generated in this study are available in NCBI GEO with the 
accession code GSE206507. Source data are provided with this paper.

Code availability
Code for the analysis of CyTOF data is available at https://github.com/
donnafarberlab/CyTOFScript
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | T cell subsets across sites as measured by CyTOF. 
(a) Scaled marker expression by T cells across sites as measured by CyTOF. 
Expression of the indicated surface and intracellular markers, as measured by 
CyTOF, used for unsupervised hierarchical clustering of T cells across tissue 
sites in Fig. 1. Color intensity of individual cells denotes scaled expression of the 

indicated marker. (b) CyTOF analysis of T cells in circulation and in lymphoid 
and barrier sites shown in a t-SNE plot as in Fig. 1a stratified by individual donors. 
Arrows indicate clusters that differ between the younger and older donors.  
TEM, effector memory T cell; TEMRA, terminally-differentiated effector memory 
T cell.
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Extended Data Fig. 2 | T cell subset distribution across tissues and between 
donors. Heatmaps illustrating frequency of CD4+ (a) and CD8+ (b) T cell subsets 
present in each tissue site for all three donors combined and for each individual 
donor. Color intensity of each cell is based on column z-score values. M, male; 
F, female; TFH, follicular helper T cell; TRM, tissue-resident memory T cell; gdT, 

gamma-delta T cell; Treg, regulatory T cell; TCM, central memory T cell; TEMRA, 
terminally-differentiated effector memory T cell; TEM, effector memory T cell; 
Th1, type-1 helper T cell; BL, blood; IN, inguinal lymph node; JE, jejunum; LG, lung; 
LN, lung lymph node; MN, mesenteric lymph node; SK, skin; SP, spleen.
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Extended Data Fig. 3 | TRBV and TRBJ gene usage of CD4+ and CD8+ T cell 
clones across multiple tissue sites and donors. Heat maps show TRBV usage by 
site and donor for CD4+ T cells (a) and CD8+ T cells (b) and TRBJ usage by site and 
donor for CD4+ T cells (c) and CD8+ T cells (d). Donor and tissue are indicated by 

color bars above each heatmap. Color intensity of each cell is based on column 
z-score and indicated by the color key accompanying each heatmap. Each unique 
clone is counted once per donor.

http://www.nature.com/natureimmunology
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Extended Data Fig. 4 | Clonal expansion of CD4+ and CD8+ T cells across sites. 
Combined frequency of top 100 clones among CD4+ and CD8+ T cells from nine 
tissue sites. The height of each bar represents mean frequencies averaged across 
four donors. Statistical significance was calculated using two-way repeated 
measures ANOVA matched by donor for eaching tissue and CD4+/CD8+ subset 

and comparing each subset with the other subset in that tissue, followed by 
Sidak’s multiple comparisons test and indicated by ****, p ≤ 0.0001; ***, p ≤ 0.001; 
*, p ≤ 0.05. Error bars represent standard deviation. (n = 4 independent human 
donors from each site). For raw data and individual p-values, see source data.

http://www.nature.com/natureimmunology
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Extended Data Fig. 5 | Clone tracking plots for individual donors. Clone 
tracking plots illustrating overlap of top 20 clones within tissues or tissue 
grouping across nine tissue sites from donors D461 (top), D466 (bottom left), and 

D492 (bottom right), as presented in Fig. 2. Height of each bar indicates fraction 
of the top 20 clones within each tissue site. Each color represents a unique clone 
tracked across all tissue sites.

http://www.nature.com/natureimmunology
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Scaled gene expression by T cells as measured by 
scRNA-seq. UMAP embeddings as in Fig. 3 colored by Leiden clusters (top left), 
expression of selected gene markers as indicated which were used in annotation 
of clusters (Rows 1-7), and by MAIT evidence (bottom right plot). Color intensity 
on the gene expression plots is based on scaled log (normalized count per ten 

thousand (CP10k)+1) for each marker. MAIT evidence indicates whether scTCR-
Seq revealed TRA gene usage, TRB gene usage, CDR3 sequence ( junction) aligned 
to a database of known MAIT clones, a combination of these factors, or none (No 
MAIT evidence) (see Methods). Events lacking paired scTCR data are not plotted.

http://www.nature.com/natureimmunology
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Extended Data Fig. 7 | Expression of top shared and unique genes in barrier 
site-specific signatures. (a, b) Heatmaps depicting top 10–25 and selected 
differentially expressed protein coding genes (p-value < 0.05, log-fold change 
> 2) in barrier TRM cells versus nonresident T cells across all tissues of both 
donors. Statistical significance was calculated using a two-sided Wilcoxon with 
tie correction, followed by a Benjamini-Hochberg adjustment for multiple 
comparisons. Genes are grouped by their differential expression being unique to 

(a) or shared between (b) barrier sites. Intensity represents column-normalized 
log (normalized count per ten thousand (CP10k)+1). Cells are grouped by their 
tissue site of origin and cell type: CD4 TRM, CD8 TRM, Cycling TRM, or other 
(including both all cells from non-barrier sites and non-TRM from barrier sites). 
TRM, tissue-resident memory T cell; BL, blood; BM, bone marrow; IN, inguinal 
lymph node; JE, jejunum; LG, lung; LN, lung lymph node; MN, mesenteric lymph 
node; SK, skin; SP, spleen.
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Extended Data Fig. 8 | Transcriptional heterogeneity of skin TRM. (a) UMAP 
embedding of skin TRM colored by Leiden cluster (top left), or gene expression. 
Color intensity of individual cells is based on scaled log (normalized count 
per ten thousand (CP10k)+1) of the indicated markers. (b) Heatmap depicting 
average expression of genes associated with T cell function upregulated (p-value 
< 0.05, log-fold change > 0.3) in each Leiden cluster. Intensity represents 

the mean column-normalized expression for the indicated gene. Statistical 
significance was calculated using a two-sided Wilcoxon with tie correction, 
followed by a Benjamini-Hochberg adjustment for multiple comparisons. (c) 
UMAP embeddings of skin TRM colored by expression of differentially expressed 
genes, as in (a).
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Extended Data Fig. 9 | Effector function of expanded vs. unexpanded TEM/
TEMRA clones. (a) Table of expanded TEM/TEMRA clonotypes (>45 clonal cells) 
with their donor of origin, CDR3 nucleotide sequence for TRA and TRB, clonal 
expansion, and grouped effector function. (b, c) Dot plots depicting the 
differential expression of key markers by less expanded vs. expanded TEM/
TEMRA cells from D492 (b) and D511 (c), grouped by effector function signatures 

‘Effector 1’ and ‘Effector 2’. The fraction of cells comprising expanded unique 
clones and collective less expanded clones that expressed any amount of the 
marker is displayed as dot size, and increased color intensity of the dots indicates 
higher mean expression level across cells from these groups. For each donor, 
expanded (>45 clones) TEM/TEMRA populations of the same clone are labeled 
uniquely, while less expanded (< 5 clones) TEM/TEMRA clones are grouped together.
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Extended Data Fig. 10 | Clonal connections across tissues and subsets 
determined by normalizing cell numbers across sites. To control for 
cell number differences across tissues for each donor, we picked a random 
selection of 150 CD4+ and CD8+ T cells for each sample and mapped the clonal 
connections across tissues and subsets as in Fig. 6 on the top 20 clones. a, b, 
Tissue distribution, T cell subset, and clonal expansion of CD4+ (a) and CD8+ 
(b) clones. CD4+ and CD8+ clones were defined by expression of CD4 or CD8A 
within cells sharing the same clone. Individual clones are represented across 
vertical lines, and pie charts are used to show the subset makeup of T cells that 
share that clonotype within each tissue. Size of each pie chart depicts the clonal 

expansion of each clone within that tissue site. The clones are grouped by their 
tissue distribution patterns (widespread, intermediate, or localized). Gray X’s 
mark the spaces where tissues were not sampled for one donor, or samples below 
the subset threshold (CD8+ MN in one donor only). TEM, effector memory T cell; 
TEMRA, terminally-differentiated effector memory T cell; TRM, tissue-resident 
memory T cell; TCM, central memory T cell; TFH, follicular helper T cell; Treg, 
regulatory T cell; BL, blood; BM, bone marrow; IN, inguinal lymph node; JE, 
jejunum; LG, lung; LN, lung lymph node; MN, mesenteric lymph node; SK, skin; 
SP, spleen.
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n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used CyTOF: 

CD45 89 Y HI30 Fluidigm Cat No.: 3089003B (Dilution 1:100) 
CD57 113 In HCD57 Biolegend Cat No.: 322302 (Dilution 1:100) 
CD28 141 Pr CD28.2 Biolegend Cat No.: 302902 (Dilution 1:100) 
CD19 142 Nd HIB19 Biolegend Cat No.: 302202 (Dilution 1:100) 
CD45RA 143 Nd HI100 Biolegend Cat No.: 304102 (Dilution 1:100) 
CD103 144 Nd Ber-Act8 Biolegend Cat No.: 350202 (Dilution 1:100) 
CD4 145 Nd RPA-T4 Biolegend Cat No.: 300502 (Dilution 1:100) 
CD8a 146 Nd RPA-T8 Biolegend Cat No.: 301002 (Dilution 1:100) 
Perforin 147 Sm dG9 Biolegend Cat No.: 308102 (Dilution 1:100) 
CD16 148 Nd 3G8 Biolegend Cat No.: 302014 (Dilution 1:100) 
CD127 149 Sm A019D5 Biolegend Cat No.: 351302 (Dilution 1:100) 
CD1c 150 Nd L161 Biolegend Cat No.: 331502 (Dilution 1:100) 
CD123 151 Eu 6H6 Biolegend Cat No.: 306002 (Dilution 1:100) 
CD66b 152 Sm G10F5 Biolegend Cat No.: 305102 (Dilution 1:100) 
TIGIT 153 Eu MBSA43 Fluidigm Cat No.: 3153019B (Dilution 1:100) 
ICOS 154 Sm C398.4A Biolegend Cat No.: 313502 (Dilution 1:100) 
CD27 155 Gd O323 Biolegend Cat No.: 302802 (Dilution 1:100) 
CCR5 156 Gd NP-6G4 Fluidigm Cat No.: 3156015A (Dilution 1:100) 
Tcf1 159 Tb 7F11A10 Biolegend Cat No.: 655202 (Dilution 1:100) 
CD14 160 Gd M5E2 Biolegend Cat No.: 301810 (Dilution 1:100) 
CD56 161 Dy B159 BD Biosciences Cat No.: 555513 (Dilution 1:100) 
gdTCR 162 Dy REA591 Miltenyi Cat No.: 130-122-291 (Dilution 1:100) 
CXCR5 163 Dy J252D4 Biolegend Cat No.: 356902 (Dilution 1:100) 
CD69 164 Dy FN50 Biolegend Cat No.: 310902 (Dilution 1:100) 
CRTH2 165 Ho REA598 Miltenyi Cat No.: 130-122-305 (Dilution 1:100) 
CD25 166 Er M-A251 Biolegend Cat No.: 356102 (Dilution 1:100) 
CCR7 167 Er G043H7 Biolegend Cat No.: 353222 (Dilution 1:100) 
CD3 168 Er UCHT1 Biolegend Cat No.: 300402 (Dilution 1:100) 
Tbet 169 Tm 4B10 Biolegend Cat No.: 644802  (Dilution 1:100) 
CD38 170 Er HB-7 Biolegend Cat No.: 356602 (Dilution 1:100) 
CD95 171 Yb DX2 Biolegend Cat No.: 305602 (Dilution 1:100) 
LAG3 172 Yb 11C3C65 Biolegend Cat No.: 369302 (Dilution 1:100) 
CXCR4 173 Yb 12G5 Fluidigm Cat No.: 3173001B (Dilution 1:100) 
HLADR 174 Yb L243 Biolegend Cat No.: 307602 (Dilution 1:100) 
PD-1 175 Lu EH12.2H7 Fluidigm Cat No.: 329912 (Dilution 1:100) 
GranzymeB 176 Yb GB11 Invitrogen Cat No.: MA1-80734 (Dilution 1:100) 
CD11b 209 Bi ICRF44 Fluidigm Cat No.: 3209003B (Dilution 1:100) 
FACS: 
Anti-Human CD3 APC Biolegend SK7 Cat No.: 344812 (Dilution 1:50) 
Anti-Human CD4 PE-Cy7 Tonbo RPA-T4 Cat No.: 60-0049 (Dilution 1:50) 
Anti-Human CD45 Alexa Fluor 700 BioLegend HI30 Cat No.: 304023 (Dilution 1:50) 
Anti-Human CD8 PE BioLegend SK1 Cat No.: 980902 (Dilution 1:50) 

Validation All antibodies were validated for specificity by the manufacturer.  
For antibodies with catalog numbers 322302, 302902, 302202, 304102, 350202, 300502, 301002, 308102, 302014, 351302, 331502, 
306002, 305102, 313502, 302802, 655202, 301810, 356902, 310902, 356102, 353222, 300402, 644802, 356602, 305602, 369302, 
307602, 329912, 344812, 304023, 980902:  
Per Biolegend, "each lot of this antibody is quality control tested by immunofluorescent staining with flow cytometric analysis. For 
flow cytometric staining, the suggested use of this reagent is ≤ 0.5 μg per 106 cells in 100 μl volume or 100 μl whole blood." 
 
For antibodies with catalog numbers 3089003B, 3153019B, 3173001B, 3209003B: 
Per Fluidigm, "Each lot of conjugated antibody is quality control tested by CyTOF® analysis of stained cells using the appropriate 
positive and negative cell staining and/or activation controls." 
 
For antibodies with catalog number 555513: 
Per BD Biosciences, "All flow cytometry reagents are titrated on the relevant positive or negative cells. To save time and cell samples 
for researchers, test size reagents are bottled at an optimal concentration with the best signal-to-noise ratio on relevant models 
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during the product development. To ensure consistent performance from lot-to-lot, each reagent is bottled to match the previous lot 
MFI." 
 
For antibodies with catalog number MA1-80734: 
Per Invitrogen, "Part 1. Target specificity verification helps ensure the antibody will bind to the correct target; out antibodies are 
being tested using at least one of the following methods: knockout, knockdown, independent antibody verification, cell treatment, 
relative expression, neutralization, peptide array, SNAP-ChIP validation, immunoprecipitation/massspectrometry. Part 2. Functional 
application validation. These tests help ensure the antibody works in particular applications(s) of interest, which may include (but are 
not limited to: western blotting, immunofluorescence imaging, flow cytometry, ChIP, immunohistochemistry." 
 
For antibodies with catalog number 60-0049: 
Per Tonbo, "Tonbo flow cytometry reagents & antibodies are manufactured with the highest quality and precision and validated for 
consistent performance in multiparametric flow cytometry experiments. Tonbo offers a carefully selected portfolio of antibodies and 
fluorophores designed to provide researchers with a core resource for flow cytometry reagents that are used in the majority of 
staining protocols. Made in San Diego, CA, our manufacturing process includes optimization of fluorophore to protein ratio (F:P), 
meticulous quality control testing, and stringent final release criteria, resulting in consistently high-performing reagents for 
multicolor protocols." 
 
For antibodies with catalog numbers 130-122-291, 130-122-305:  
Per Miltenyi, "In order to compare the epitope specificity of an antibody, the clone being used is compared with other known clones 
recognizing the same antigen in a competition assay...Cells were incubated with an excess of purified unconjugated antibody 
followed by staining with fluorochrome-conjugated antibodies of other known clones against the same marker. Based on the 
fluorescence signal obtained, the clones were identified as recognizing completely overlapping (++), partially overlapping (+), or 
completely different epitopes (-) of the marker. Selected fluorochrome conjugated antibodies from Miltenyi Biotec were compared 
to commercially available hybridoma clones in flow cytometry analysis...Flow cytometric comparison of different clones. Human 
peripheral blood mononuclear cells (PBMCs) were stained with antibodies and with a suitable counterstaining. As a control, antibody 
staining was omitted and cells were measured in the same channels. Flow cytometry was performed with the MACSQuant® Analyzer. 
Cell debris, dead cells, and cell doublets were excluded from the analysis based on scatter signals and 4',6-diamidino-2-phenylindole 
(DAPI) fluorescence. No FcR Blocking Reagent was used. The recommended titers of respective antibodies from different suppliers 
were used...To provide an indication on how an antibody performs after fixation of cells, in-house data on staining results before and 
after fixation with 3.7% formaldehyde using Miltenyi Biotec antibodies are provided. Different experimental settings may lead to 
different results...Comparison of staining pattern on non-fixed and fixed cells. The performance of the antibody after fixation was 
tested by comparing the staining pattern on fresh (no fixation) versus fixed (post fixation) cells."


	Tissue adaptation and clonal segregation of human memory T cells in barrier sites
	Results
	Acquisition of human tissues for single-cell profiling
	Barrier sites contain tissue-adapted T cell populations
	T cell clonal networks differentially involve barrier sites
	Site-specific profiles for barrier-site TRM cells by scRNA-seq
	Disseminated TEM clones and site-specific TRM clones

	Discussion
	Online content
	Fig. 1 Site-specific T cell subset distribution in human barrier and lymphoid tissues.
	Fig. 2 Distinct clonal connections define T cells in barrier sites.
	Fig. 3 Single-cell transcriptome profiling reveals subset- and tissue-specific signatures for T cells.
	Fig. 4 TRM in barrier sites exhibit site-specific gene signatures.
	Fig. 5 Differential clonal expansion associated with T cell subset, tissue, and functional capacity.
	Fig. 6 TEM and TEMRA clones are disseminated, while TRM clones exhibit localized expansion.
	Extended Data Fig. 1 T cell subsets across sites as measured by CyTOF.
	Extended Data Fig. 2 T cell subset distribution across tissues and between donors.
	Extended Data Fig. 3 TRBV and TRBJ gene usage of CD4+ and CD8+ T cell clones across multiple tissue sites and donors.
	Extended Data Fig. 4 Clonal expansion of CD4+ and CD8+ T cells across sites.
	Extended Data Fig. 5 Clone tracking plots for individual donors.
	Extended Data Fig. 6 Scaled gene expression by T cells as measured by scRNA-seq.
	Extended Data Fig. 7 Expression of top shared and unique genes in barrier site-specific signatures.
	Extended Data Fig. 8 Transcriptional heterogeneity of skin TRM.
	Extended Data Fig. 9 Effector function of expanded vs.
	Extended Data Fig. 10 Clonal connections across tissues and subsets determined by normalizing cell numbers across sites.




