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Abstract

T lymphocytes migrate to barrier sites after exposure to pathogens providing localized immunity
and long-term protection. Here, we obtained 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 cells (TRM)
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
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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 exhibit tissue-specific adaptation and clonal segregation, suggesting
that strategies to promote barrier immunity require tissue-targeting.
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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 tissue resident memory T cells (TRM), which can be generated following
site-specific infection by diverse pathogens including viruses, bacteria, parasites, and fungi,
as demonstrated in mouse models2. Mouse TRM mediate efficacious protection in the skin,
lung, and intestines through 77 situ functional responses, proliferation, and recruitment3-5.
Understanding how TRM become adapted to and persist in barrier sites in humans is
important for promoting protective immunity.

In humans, TRM are found in practically all tissues including barrier sites, primary and
secondary lymphoid organs, and exocrine organs (e.g., liver, pancreas)8. The frequency

of TRM is a feature of the tissue: intestines contain predominantly TRM with negligible
circulating T cells, lung and skin have majority TRM along with circulating subsets,

while lymphoid organs have lower frequencies of TRM compared to circulating subsets’=9.
Human TRM exhibit core gene and protein signatures that distinguish them from circulating
memory T cells®10 and can exhibit site-specific expression of differentiation and functional
markers11-13, However, the extent to which TRM become adapted to specific tissue types
remains unclear and requires a comprehensive assessment of multiple sites within the same
individual.

There is evidence that human TRM may play functional roles in protective immunity in
barrier sites. TRM specific to acute respiratory viruses, such as influenza and SARS-CoV-2,
are preferentially maintained in the lungs relative to other sites#1°, suggesting generation
of site-specific immunity. TRM specific for intestinal microbiome and pathogens are
maintained in the intestines!6, while in skin, TRM are generated to cutaneous infection and
associated with protectionl”.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 sites!®. 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.
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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
resource®20:21 |nvestigating 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 conserved across individuals and TRM protein
and gene expression signatures unique to each barrier site, which are associated with distinct
functions. TCR clonal analysis by DNA sequencing and sScCRNA-seq shows tissue-restricted
expansion and segregation of TRM clones in barrier tissues, and highly expanded TEM and
TEMRA clones dispersed across sites with cytolytic functions. These findings demonstrate
the heterogeneity 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.

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 body. 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 ages 22-74

yrs (Supplementary Table 1), using well-validated protocols (see Methods)1420.21 \jith

this cohort, we performed single-cell profiling, CyTOF, high-throughput T cell receptor
sequencing (TCR-seq), and 10X 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 ages 22, 40, and 70 yrs (Fig. 1, Supplementary

Tables 1 and 2). Unsupervised clustering based on marker expression identified 31
clusters, representing heterogeneous populations of CD4* and CD8*T cell subsets (Fig.

1a, Extended Data Fig. 1a). Subsets included naive (CCR7*CD45RA*CD957), central
memory T cells (TCM; CCR7*CD45RA~CD28%), effector memory T cells (TEM;
CCR7-CD45RA"), terminally-differentiated effector T cells (TEMRA; CCR7-CD45RA"),
and TRM (CCR7-CD45RA~CD69%). Functional subsets included T-follicular helper cells
(TFH; CD4*CXCR5*PD-1*1COS*)22, regulatory T cells (Treg; CD4*CD25*CD1277)23,
T-helper 1 (Th1) cells defined by the transcription factor T-bet?4, and T-helper type 2 (Th2)
with enhanced expression of CRTH22, Innate-like T cells were mostly represented by y6 T
cells (gdTCR?*; Fig. 1a,b).
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The composition of CD4* and CD8*T cell subsets was similar between individuals,
despite their broad age range (Fig. 1c, Extended Data Fig. 1b). CD4*T cells comprised
subsets of naive, TCM, TFH, Treg, TRM subsets expressing CD69 and to a lesser extent
CD103, Th1-like cells expressing T-bet and the senescent marker CD57 (cluster 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 -y8 T cells compared to
CDA4*T cells (Fig. 1la—c). CD8*TEM and TEMRA cells were further subdivided based

on 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 TEM/TEMRA population expressing
CD57, TIGIT, and PD-1 (cluster 14; Extended Data Fig. 1b,2).

For all donors, the composition and distribution of T cell subsets were site-specific,
consistent with previous findings for naive and memory T cells assessed by flow
cytometry’~211, However, this high-dimensional profiling revealed which subpopulations
were similar between sites and which had site-specific adaptations. Blood contained

CD4" naive, TCM, TEM, Treg, as well as CD8" naive and TEM/TEMRA populations

(Fig. 1c,d, 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
Tregs) and lower frequencies of CD8" naive and TRM cells (Fig. 1c,d, 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, Extended Data Fig. 2).
Each barrier site, however, contained a unique composition of T cells compared to all the
other sites (Fig. 1c,d, Extended Data Fig. 2). Lungs contained CD4" and CD8*TRM, distinct
CD57*TEM (clusters 13 and 19), TEMRA, and & T cells (cluster 25). Jejunum contained
predominantly CD69*CD103*TRM, a Thet"*CCR5*TFH population (cluster 18); while skin
contained CD4* and CD8*TRM expressing CXCR4 (clusters 10,12) implicated in skin T
cell homing?®, TEM (cluster 8), and CRTH2* Th2- and Tc2-like cells (cluster 20) (Fig. 1d,
Extended Data Fig. 1a,2). Together, these results demonstrate that T cells within each barrier
tissue exhibit site-specific compositions and TRM with site-specific profiles.

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 by next generation
sequencing (NGS) of genes encoding the CDR3p chain (TCR-seq) (Supplementary Table
1,3,4). TCR-seq from 4 donors showed that CD4* and CD8*T cells displayed distinct clonal
expansion and 7RBVand TRBJgene usage across tissues and donors, with CD8*T cells
more clonally expanded than CD4*T cells, consistent with previous studies'®27 (Fig. 2a,
Extended Data Fig. 3). To assess potential differences in clonal expansion 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
CDS8™T cell clones in the lungs, jejunum, and skin compared to clones in tissue-associated
lymph nodes (Fig. 2b, Extended Data Fig. 4). CD8*T cells also exhibited significant clonal
expansion in the blood, spleen, and BM compared to CD4*T cells (Fig. 2b), consistent with
a proportion of human T cells being widely disseminated?®.
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T cell clonal distribution and overlap across sites was calculated based on clonal abundance
(see Methods). For each donor, there was a broader clonal overlap of CD8* compared to
CD4™T cells across sites (Fig. 2c). Despite some variations 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. 2¢). 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 with age —a largely circulating subset!®. This
overlap analysis reveals that CD4*T cell clones are less disseminated and more site-specific
compared to 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 provides additional
insight into clonal maintenance and/or migration. Abundant CD4* and CD8*T cell clones
identified within barrier sites are mostly confined to that site for jejunum and skin, while
clones abundant in the lungs are shared with lymphoid and blood-rich sites (Fig. 2c,d,
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 EBV/CMV
serostatus (Fig. 2d, Extended Data Fig. 5; 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* compared to CD4*T cells (Fig.
2e).

Site-specific profiles for barrier site TRM by scRNA-seq

To integrate analysis of tissue specificity with clonal origin, we performed single-cell
transcriptome profiling by scRNA-seq with paired TCR (7RBand TRA) sequencing of
CD3™T cells from 8 sites of 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, Supplementary Tables 5,6). Subset composition and their
tissue distribution were consistent between the two donors (Fig. 3a,c). Naive CD4* and
CDB8*T cells expressing the stem cell factor 7CF728, SELL, and CCR7 localized primarily
in the blood, spleen, BM, and lymph nodes (Fig. 3a,b). CD4* subsets included Tregs
expressing FOXP3, TIGIT, CTLA4, and /ILZRA in the lung, skin, and lymph nodes, and
TCMI/TFH subsets expressing 7CF7, PDCD1 and CXCR5 in lymph nodes and spleen (Fig.
3a,b, Extended Data Fig. 6). TEM/TEMRA (CCL5, NKG7, GZMB, PRFI) cells were
enriched in blood-rich sites and lungs and were predominantly CD8* (Fig. 3a,b, Extended
Data Fig. 6). Clusters dominated by CD8* mucosal-associated invariant T (MAIT) cells
identified by expression of TRAVI-2, SLC4A10, and KLRB1?° were primarily localized
to blood, BM, spleen, and lung (Fig. 3a,b, Extended Data Fig. 6). CD4* and CD8*TRM
defined by expression of residency markers (/TGAI, ITGAE, VIM, CXCR6)810 |ocalized
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primarily in the lung, jejunum, and skin (Fig. 3a,b, Extended Data Fig. 6). A distinct cluster
designated “Cycling TRM” expressed TRM and proliferation-associated genes (MK167,
PCNA, TOP2A, CDK1) and was enriched in the lungs (Fig. 3a,b, 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.

We examined the basis for TRM segregation by differential expression analysis between
barrier site-specific TRM and other T cells from all sites (Fig. 4a, Supplementary Table

7), revealing upregulated expression of tissue-associated genes specific to one, two, or

all barrier sites (Fig. 4b—g). Compared to nonresident T cells, TRM in all barrier sites
downregulate genes associated with naive T cells and quiescence including SELL, CCR7,
and 7CF7, 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
upregulated genes associated with TRM, tissue signatures, and residency in non-lymphoid
sites®10, including cell matrix and adhesion molecules (EZR, VIM, LGALS3), transcription
factors (AHR, KLF4), chemokine receptors (CCR6), and the inhibitory marker CD101 (Fig.
4, Extended Data Fig. 7a,b).

We also found upregulation of genes specifically shared between pairs of barrier sites

(Fig. 4f, Extended Data Fig. 7a,b). In both jejunum and skin TRM, we found upregulation
of AREG associated with tissue maintenance and repair39, as well as K/7and FOXO3
involved in T cell differentiation and memory formation3132 (Fig. 4f). TRM in jejunum
and lung expressed CXCR6, shown to regulate TRM localization33, and Th17 signature
genes (CCL20, RORA, RORC, IL17A)3*, while TRM in lung and skin upregulated matrix
and adhesion genes (ANXAZ, LGALS1, ITGBI1) and PRDM!1 encoding transcription factor
Blimp 1 associated with tissue residency3® (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 profile for each barrier site for which

skin had the highest number of site-specific DEGs (Fig. 4€). Lung TRM expressed genes
associated with immune regulation (CTLA4, IL10, PDCDI) (Fig. 4b,f,g), while jejunum
TRM upregulated genes encoding epithelial-, immune cell-, and collagen-binding integrins
(ITGAE, ITGA1, ICAM1)810 and the gut-associated chemokine receptor CCR$® (Fig.
4c,f,g). By contrast, skin TRM upregulated genes encoding chemokine receptors (CCR4,
CCR10, CXCRA4) with roles in skin homing26:37:38 and the Th2 transcription factor GATA3
(Fig. 4d,q). These site-specific profiles are consistent with the CyTOF results showing
upregulated CD103 expression by gut TRM, 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 (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. While skin TRM all exhibit elevated expression GATA3 relative
to its expression in other sites (Fig. 4, Extended Data Fig. 6), there was variable
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expression of other functional markers and transcription factors (Extended Data Fig. 8).

We identified six skin TRM sub-clusters associated with different functions, including Thi-
like (7BXZ2I), Th17-like (RORA), and cytotoxic (GZMA, GZMK, NKG7, PRF1, IFNG)
profiles (Extended Data Fig. 8b,c, Supplementary Table 8). These results are consistent with
heterogeneity of human skin T cells found in previous studies®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 sScRNA-seq analysis
above, we defined TCR clones expressing paired a and p 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 7TRAVI-2,
TRAJ12/20/33, TRBV6/20sequences (Extended Data Fig. 6, see 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. 5¢). Individualized and subsampled 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 were comprised of 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 (i.e., the most diverse) were largely naive (CD4" and CD8"),
CD4*TCM, and CD4*Treg in the lymphoid organs (Fig. 5d). In barrier sites, the majority of
clones were TRM, including highly expanded and less expanded clones (Fig. 5d).

In both donors, a small set of TEM/TEMRA clones made up the largest clonal expansions
in lymphoid and circulating sites (Fig. 5a,b,d, 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 ( 7AVF), while

the second profile included elevated expression of genes for multiple cytotoxic mediators
(GNLY, GZMB, PRF1, NKG?7) (Fig. 5e, Supplementary Table 10). Together, these results
show that expanded T cell populations within differentiated TEM and TEMRA cells exhibit
different functional capacities.

Lastly, we assessed the extent of sharing of expanded clones across tissues. We tracked

the most expanded CD4* and CD8*T cell clones across sites based on all the cells in

each sample, or from a subsampled population of the same number of cells to control for
sampling biases; both methods yielded similar findings (Fig. 6, Extended Data Fig. 10, see
Methods). The majority of CD4*T cell clones identified by paired 77”8 and 7RA sequences
were TRM localized to single barrier sites (Fig. 6a, 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, though we found no CD4" clones shared by >3
sites (Fig. 6a, Extended Data Fig. 10a). By contrast, numerous CD8*TEM/TEMRA clones
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were detected across multiple sites including two clones detected in all eight sites (Fig. 6b,
Extended Data Fig. 10b). Some of these disseminated clones overlapped with TRM clones
in barrier or lymph node sites (Fig. 6b, Extended Data Fig. 10b). Notably, localized CD8*
clones were TRM within single barrier sites, similar to localized CD4* clones. Our findings
showing clonal segregation of barrier site TRM are consistent with results from single-chain
analysis of a greater number of clones in Fig. 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
transcriptionally and clonally segregated from memory T cells in lymphoid sites and blood;
barrier TRM 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 via
distinct networks—Iocally through tissue-adapted resident T cells and systemically through
networks of disseminated clones that are differentiated for robust effector functions.

Our study extends and unifies the scope and depth of previous studies of human TRM

by integrating multiple single-cell approaches in diverse barrier and lymphoid sites within
an individual. Among all barrier TRM, we identified a core residency signature consistent
with previously described TRM signatures810, along with site-specific profiles involving
expression of homing receptors, functional molecules, and transcription factors. Lung TRM
express higher levels of regulatory genes (CTLA4and /L10) compared to other sites,
jejunum TRM express increased levels of TRM markers, such as CD103, along with gut
homing receptors, while skin TRM upregulated skin homing receptors (CCR4, CCR10,
CXCR4)38 and specific transcription factors (GATAS3, BCL6)*0. 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 others*! 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 to
other sites consistent with previous functional studies3442, while skin TRM cells expressed
genes associated with Th2, Th17, and to a lesser extent Thl profiles consistent with their
known heterogeneity3°. Defining tissue T cell functions in 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 candidiasis*3 and psoriasis*#, consistent with
a TRM-mediated response. Conversely, Th1 and cytotoxic responses are associated with
rejection of facial transplants*®, suggesting potential infiltration from circulation. In the lung
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where TRM are Thl-like or regulatory, an overactive Th2 response promotes allergic airway
disease8, suggesting aberrant TRM, consistent with mouse studies*’. In this way, prolonged
alteration of tissue environments can promote pathological TRM functions.

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 in the barrier supports tissue-driven
generation of TRM; T cells that home to these sites during infection develop TRM /n
situ as suggested from recent mouse studies?®. The presence of circulating TEM clones
that overlapped with 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 sites'41549 Tissue-segregated TRM may derive
from previous exposures months to years prior. We previously found that human infant
intestines contain TRM phenotype cells®®, and memory T cells can even be found in fetal
intestines®l, suggesting an early origin for intestinal TRM development.

The most highly expanded clones comprised circulating CD8*TEM/TEMRA subsets with
effector and cytolytic function that were widely disseminated across sites, especially in
blood, spleen, BM, and lung. These disseminated clones likely play roles in controlling
systemic and persisting pathogens, such as CMV and EBYV, as we previously showed

that CMV-specific T cells are largely TEM and TEMRA with few TRM4. Interestingly,
these highly expanded clones displayed two types of effector profiles, differing in cytolytic
capacity and cytokine production, suggesting that widely dispersed clones play important
and broader roles in immunosurveillance through tissues.

Our results have important implications for generation and monitoring of protective
immunity within barrier tissues. The clonal and phenotypic enrichment of TRM within

the barrier tissue suggests 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, as shown with live-attenuated influenza or pertussis
vaccines administered intranasally®2-53. 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 future design of
tissue-targeted immune modulation.

METHODS

Human samples

Human organ tissues were obtained from deceased (brain-dead) organ donors at the time

of organ acquisition for clinical lifesaving transplantation through an approved protocol and
material transfer agreement with LiveOnNY, the organ procurement organization for the
New York metropolitan area, as previously described®2:20:54_ Donors were free of cancer
and seronegative for hepatitis B, hepatitis C, and HIV. A list of donors from which 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
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qualify as human subjects research, as confirmed by the Columbia University IRB, as tissues
samples were obtained from deceased individuals.

Isolation of single-cell suspensions from tissue samples

Tissue samples were maintained in cold saline or media and transported to the laboratory
within 2-4 hrs of organ procurement. Tissue processing protocols were adapted from
protocols previously described42054, and processed in a timely manner, resulting in high
yields of live leukocytes. Briefly, mononuclear cells were isolated from the blood and

BM samples by density centrifugation using Lymphocyte Separation Medium (Corning,
cat# 25-072-Cl) or Ficoll-Paque PLUS (GE, cat# 17-1440-03). Spleen was processed
using mechanical dissociation, followed by density centrifugation, as above and described®®.
Lung, jejunum, and lymph node samples were processed using mechanical and enzymatic
digestion, followed by density centrifugation, as previously described8-14:20.57.58 gkin
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 4mm
in width and digested overnight at 37°C using the Human Skin Dissociation 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 was not done for
samples undergoing single-cell RNA sequencing.

Cytometry by time-of-flight (CyTOF)

Single cell suspensions from each tissue site were labeled with viability 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# 00-5532-00). Afterwards, pooled cells were stained with additional antibodies against
intracellular targets. Samples were then washed and incubated in 0.125nM 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 Monitoring 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 deionized water containing a 1:20 dilution of EQ 4 Element Beads
(Fluidigm, cat# 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, leaving DNA*CD45*Rh103~ live single cells for subsequent
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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 tSNE (t-Distributed Stochastic Neighbor Embedding) plots. Then, clustering
was performed using Python implementation PhenoGraph v1.5.2. Heatmaps of normalized
and scaled marker expression 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 (FACS)

For FACS, cells were stained while protected from light using 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# 422302),
followed by surface staining with fluorochrome-conjugated antibodies in FACS-buffer (20
min. at 25°C). Cells were sorted using BD Influx Cell Sorter using the strategies shown

in Supplementary Fig. 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# 158906).

High-throughput T Cell Receptor (TCR) sequencing

For TCR-seq, DNA was isolated from FACS-sorted T cells using the Gentra Puregene

Kit (Qiagen, cat# 159667). Input DNA and numbers of replicates per sample are listed in
Supplementary Table 4. Targeted PCR was used for amplification of 7/RB 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 7RBJregions;
primers were adapted from the BIOMED2 primer series (Supplementary Table 11; IDT)%°,
Libraries were sequenced using an Illumina MiSeq in the Human Immunology Core Facility
at the University of Pennsylvania. 2x300 bp paired end kits were used for all experiments
(Illumina MiSeq Reagent Kit v3, 600 cycle, Illumina, cat# MS102-3003).

Raw reads are first processed using pRESTO v0.7.0 and filtered as previously
described!119.60, Briefly, sequences are trimmed of poor-quality bases, paired reads are
aligned into full length contiguous sequences, short sequences are filtered out, bases with
low quality scores are replaced with Ns, and any sequence containing more than 10 such
bases is removed from further analysis. Filtered sequences were further processed by
ImmuneDB v0.29.961-63 with identical 7RBVand TRBJgene segments and CDR3 amino
acid sequences grouped into clones'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 TRBJgene usage, heatmap visualization was generated using
CalcSegmentUsage function of VDJtools v1.2.162. Principal component analysis was
visualized using the factoextra package v1.0.7 in R55. For clonal overlap analysis, using

the immunarchv0.6.7 package in R. Clonality was calculated using the “top” method of the
repClonality function, with user-defined breaks at 1:10, 11:100, 101:1000, and 1000+, and
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quantified for statistical analysis by abundance of the top 100 clones. Overlap analysis was
performed using the “morisita” method of the repOverlap function, which calculates extent
of sharing based on clonal abundance and is robust across different sample sizes®-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
GGallyv2.1.2 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
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 Genomics), sorted

T cells from each tissue 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 libraries were constructed using manufacturer’s protocols.
Libraries were sequenced on a NovaSeq 6000 (Illumina) platform. TCR sequencing

libraries for TCRap were prepared with the V(D)J enrichment kit from 10X Genomics,
following manufacturer’s protocols. These TCR libraries were sequenced on a NextSeq 500
(IMumina) platform. Pseudoalignment of the ScCRNA-seq reads to the GRCh38/Gencode

v24 transcriptome was performed using kallisto v0.45.2 in “BUS” mode®8:69, A raw

count matrix was generated using bustools v0.40.07%nd filtered for high-confidence
cell-associated barcodes using the EmptyDrops algorithm?L. The scTCR-Seq data was
uploaded to the 10x Genomics 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 CellRanger pipeline, clonotypes associated with invariant T cell
populations (MAIT cells; mucosal-associated invariant T cells) were identified by 7RA gene
usage (7TRAVI-Z and any of TRAJ33, TRAJZ0, TRAJ12), TRB gene usage (TRBV20 or
TRBV®6) and previously published CDR3 junction amino acid sequences for human MAIT T
cells’2,

Count matrices were then processed in the Python scanpy package v1.9.0. Events between
1000 and 25000 total counts, between 700 and 4000 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. The gene expressions were scaled
without zero center and a max value of 10, and 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 identified without CD3E or PTPRC
(CD45) expression, or enrichment of one of the following lineage markers: CD19, CDI1A,
SDC1, FCGRIA, CD14 were removed. HVGs were then recalculated on cleaned T cell

Nat Immunol. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Poon et al.

Page 13

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 from jejunum, skin, and lung were each
compared to all other T cells. Groups were subsampled to equal cell counts, then the

count matrices were down sampled to equal total counts. To eliminate noise, differential
expression was run using only the top 7000 highly variable genes using rank_genes_groups
with the same parameters above. Volcano plots were created using the bioinfokit package
v2.0.8. Overlap of significantly upregulated genes (log-fold change > 1, adjusted p-value <
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 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 expansion were calculated using the frequencies of
clones across each tissue site. Expansion over donor was calculated using the frequencies of
all clones across each donor. To identify unique transcriptional signatures of hyperexpanded
TEM/TEMRAS (> 45 cells sharing a clonotype), donors were analyzed separately. After
isolating hyperexpanded and less expanded (< 5 cells sharing a clonotype) TEM/TEMRAS
from each donor, the top 1000 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 hyperexpanded clones. These groups and less expanded TEM/
TEMRASs were subsampled, the count matrices down sampled, 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 scarnpy.

Because there was no overlap between CD4* and CD8*T cell clones, as expected!® and to
account for CD4" and CD8™T cells that may have been misclustered, clones dominated by
expression of either CD4 or CD8A (> 2-fold enrichment of CD4 or CD8A) were labelled
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 described4:19: given a
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clone, denoted X, frequency denoted p(x), and total set size of unique clones denoted L,

- I
Clonality| X | =1 - M
—long

Statistical analysis

Statistical analysis was performed using Prism software (GraphPad v8.4.3). Results are
shown with SD unless otherwise indicated. Statistical significance was determined using
two-way repeated measure ANOVA with multiple comparison testing using Tukey’s
multiple comparison test. 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.

DATA AVAILABILITY

High-throughput TCR sequence data generated in this study are available in NCBI SRA with
the accession code PRINA861254. Paired sScRNA and scTCR data generated in this study
are available in NCBI GEO with the accession code GSE206507.

CODE AVAILABILITY

Code for the analysis of CyTOF data is available at https://github.com/donnafarberlab/
CyTOFScript

Nat Immunol. Author manuscript; available in PMC 2023 August 01.


https://github.com/donnafarberlab/CyTOFScript
https://github.com/donnafarberlab/CyTOFScript

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Poon et al. Page 15

Extended Data

Scaled expression
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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 Figure 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.
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l1a 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 acrosstissues 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
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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; Thl, 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.
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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.
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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 ANOVA matching tissue and CD4*/
CD8™ subset and comparing each subset with the other subset in that tissue, followed by
Tukey’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.
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Extended Data Fig. 5. Clone tracking plotsfor 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 Figure 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.
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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 (CP10Kk)+1) for each marker. MAIT evidence
indicates whether scTCR-Seq revealed 7/RA gene usage, 7RB 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.
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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

(a, b) Heatmaps depicting top 10-25 and selected differentially expressed protein coding
comparisons. Genes are grouped by their differential expression being unique to (a) or

shared between (b) barrier sites. Intensity represents column-normalized log (normalized

Extended Data Fig. 7. Expression of top shared and unique genesin barrier site-specific

signatures.
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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.
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(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).
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 7TRA and TRB, clonal expansion, and grouped
effector function. (b, ¢) 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
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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 deter mined by normalizing
cell number s across sites.
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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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations:

TRM tissue-resident memory T cell

TCM central memory T cell

TEM effector memory T cell

TEMRA terminally-differentiated effector memory T cell

CyTOF cytometry by time-of-flight

TCR T cell receptor

TCR-seq high-throughput TCR gene sequencing

SscRNA-seq single-cell RNA sequencing

NGS next generation sequencing
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Figure 1: Site-specific T cell subset distribution in human barrier and lymphoid tissues.
T cells were isolated from blood, spleen, lung lymph node (LN), inguinal lymph node (IN),

mesenteric lymph node (MN), lung, skin, and jejunum from three donors, stained with
a 37-marker panel (Supplementary Table 2) and analyzed by cytometry by time-of-flight

(CyTOF). a, The full complement of CD4* and CD8* T cell su

bsets from blood and 7

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)
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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. ¢, Stacked bar chart of the proportion of T cell subsets
in each site for each of the three donors. d, Composition of T cell subsets stratified by

site compiled from three donors, 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; 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; Thi, 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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Figure 2: Distinct clonal connectionsdefine T cellsin barrier sites.
CD4" and CD8™ T cells were isolated from nine tissue sites 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, 1000, or 1000+ clones. b, Combined frequency

of 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 matching tissue and CD4*/CD8* subset and comparing tissues
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within each subset, followed by Tukey’s multiple comparisons test, and indicated by ****, p
<0.0001; ***, p<0.001; **, p< 0.01; *, p < 0.05. Error bars represent standard deviation
(n=4 independent human donors for each tissue-site). For raw data and individual p-values,
see source data. ¢, 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 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.

Nat Immunol. Author manuscript; available in PMC 2023 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Poon et al.

10 1

UMAP2

-10 4

Page 35

b il
1 B-cpsoLc

TCM/TFH

Naive

Cycling
’ 1001 mm
TEMITEMRA 801 —I-
. .
; 601 I |
o
o |

B-vivm
l..- ITGA1 Residency

N
|
|
BEREE- nFsFo
|
|
[ |

|
BER -ireAaE A
]

| | | | S
BREE- scceato | maAT
401

BER- TrAVI2 ]
BB-czvs 7

l.' NKG7 Cytotoxic

20+

oaoOozZzwz
U) a5 s
CD4 Naive CD8 Naive
® CD4TCM/TFH @® CD8 TEM/TEMRA
® CD4TRM ® CD8TRM
CD4 Treg ® CD8MAIT

T
-
m

- SELL Naive

® Cycling TRM l - CCR7
[ || | Qe
l.ll.' MKie7 Cycling

BEEEE- oP24

i
O
i
i
|

Tissue

BRERN-cok1 |

BERN -criae T
- IL2RA

l ===_ FOXP3 Regulatory

Bl -rer

|

0

|

B BB-roco1
B [ -eB1
|
a0
g
2
«©

o
(S]

™ ® BL
{;,-,! Blood, Spleen BM
Bone Marrow
LG
® LN
JE

SK
Helper

Skin

g

[ ] EE

[ N

. ’ :|l-_
N -

| N

e 3

; I e

. |

I

T

————— 1 1 1

- 0.0 05 1.0

Normalized Expression

CD8 TRM [N N N N I N N Y N O N OO O e 1

COSMAT I NEENENNNEEEES .

CD4 TRM

-104

5

Cycling TRM [l i

5 10 15 5 0 5 10 15 Across Subset

CD8 TEM/TEMRA i I Il

Figure 3: Single-cell transcriptome profiling reveals subset and tissue-specific signaturesfor T
cells.

Total (CD3*) T cells were isolated from 9 sites of two donors for 5’single cell RNA
sequencing (ScCRNA-seq, see Methods). a, UMAP embedding of sScRNA-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. ¢, 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, mucosal-associated
invariant 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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Figure4: TRM in barrier sites exhibit site-specific gene signatures.

a, Schematic depicting differential expression between barrier site TRM and other T cells.
b-d, Volcano plots showing the differential expression of TRM in the indicated barrier site
compared to nonresident T cells in all sites and TRM in non-barrier sites. Genes enriched

in lung (b), jejunum (c), and skin (d) TRM are shown. Significantly upregulated genes (p <
0.05, Ifc > 1) are depicted in yellow, and significantly downregulated genes (p < 0.05, Ifc <
—1) are depicted in blue. Selected genes of interest were annotated. e, Venn diagram showing
the overlap of significantly upregulated genes (p < 0.05, Ifc > 1) between jejunum, skin,
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and lung TRM. 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, or other
(representing nonresident T cells in all sites and TRM 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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Figure5: 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, 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 500+
clones in the indicated tissue sites averaged across both donors. e, Differential expression
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of key markers by unexpanded vs. 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/TEMRAs 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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Figure 6: TEM/TEMRA clones are disseminated while TRM clones exhibit localized expansions.
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 top 20 highly expanded CD4* and CD8* clones for both donors were selected, and
grouped by their tissue distribution (widespread, intermediate, or localized). Gray X’s mark
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the spaces where tissues were not sampled for one donor. 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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