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SUMMARY

Infancy and childhood are critical life stages for generating immune memory to protect against
pathogens; however, the timing, location, and pathways for memory development in humans
remain elusive. Here, we investigated T cells in mucosal sites, lymphoid tissues, and blood
from 96 pediatric donors aged 0-10 years using phenotypic, functional, and transcriptomic
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profiling. Our results revealed that memory T cells preferentially localized in intestines and

lungs during infancy and accumulated more rapidly in mucosal sites compared to blood and
lymphoid organs, consistent with site-specific antigen exposure. Early life mucosal memory T
cells exhibit distinct functional capacities and stem-like transcriptional profiles. In later childhood,
they progressively adopt pro-inflammatory functions and tissue resident signatures, coincident
with increased TCR clonal expansion in mucosal and lymphoid sites. Together, our findings
identify staged development of memory T cells targeted to tissues during the formative years,
informing how we might promote and monitor immunity in children.
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Immune memory generation during early childhood is critical for long-term protective immunity.
Connors et al. analyze the development of human memory T cells in lymphoid organs, mucosal
sites and blood over infancy and childhood. Memory T cells accumulate rapidly in intestines and
lungs, and display age- and tissue-driven maturation stages.
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INTRODUCTION

Infancy and childhood are critical periods for development and maturation of adaptive
immunity. During this time, the immune system establishes protective immunity to
pathogens and tolerance to innocuous microbial and environmental antigens. T cell-
mediated responses during this window can set the stage for a lifetime of protection and
health or predispose to dysregulated immune responses including allergies and inflammatory
diseases2. While it is well known that infection and vaccination during infancy and
childhood can generate immune memory and lifelong protective immunity2, identifying the
pathways for T cell memory development during this life stage in humans has been elusive
due to sampling constraints across all pediatric ages. A comprehensive understanding of
human T cell differentiation and memory formation at the earliest life stages and defining
when pediatric memory T cells reach functional maturation is needed to develop strategies
for immune monitoring, vaccination, and immunotherapies targeted to children.

Immune memory is generated following primary responses to newly encountered antigens,
which constitutes the majority of early life exposures. Naive T cells are primed by antigen-
bearing dendritic cells in lymphoid organs and subsequently differentiate to cytokine-
producing effector cells. These effector cells migrate to sites of infection, and ultimately
give rise to a heterogeneous memory pool maintained in blood and peripheral tissues.
Tissue-resident memory T (Trp) cells are generated in sites of prior antigenic exposure,
predominate in mucosal and barrier sites, and are critical for coordinating rapid protective
responses in mouse infection models#-8. In humans, Tgrp cells are distinguished by a core
phenotypic, functional, and transcriptional signature’8 and comprise the majority of T cells
in mucosal and peripheral tissues of adults”2-11, We found that the proportion of Tgy cells
in specific sites, including the lungs and intestine remains stable over adulthood?:9:12:13,
suggesting that the dynamic events in Trp formation occur much earlier in life.

The immune response in children is distinct from that of adults, and there are documented
differences in activation and differentiation properties of neonatal compared to adult T
cells. In mouse models of virus infection, infant T cells exhibit higher proliferative
responses and lower activation threshholds compared to adult T cells, and readily home

to tissue sites of infection4-17. Despite the ability of early life T cells to generate
tissue-homing, virus-specific effector cells, the subsequent development of memory T cells,
including T cells, is reduced in mice infected as infants compared to adults14.17-19,

In humans, T cells respond to numerous pathogens which enter barrier and mucosal sites
early after birth, as babies born without T cells (as in complete DiGeorge syndrome) develop
multiple life-threatening infections at mucosal sites and succumb before 2yrs of age unless
they receive a thymus transplant2921, In blood, there is evidence for dynamic immune
responses during the first weeks and months of life, though T cells remain predominantly
naive22:23, suggesting T cell activation is occurring elsewhere. We and others have detected
memory T cells in intestines during infancy12:24-26: however, the fate and functions of these
early memory cells remain unknown, including whether Trp cells develop directly from
early exposures or require additional maturation. The pathways and timing for generation of
functionally protective memory responses in humans have not yet been elucidated.
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In this study, we analyzed samples obtained from 96 pediatric organ donors and study
participants aged 0-10 years to reveal how T cell memory develops in mucosal sites and
lymphoid organs and is manifested in blood from birth through the first decade of life.

We identify site-specific accumulation of memory T cells in different sites, including rapid
accrual of memory T cells in lungs and intestines during the first 3 years of life, and

more gradual appearance of T cell memory in lymphoid organs and blood. We found

that memory T cells exhibit staged maturation over childhood in mucosal sites coincident
with downregulation of stem-like transcription factors; early mucosal memory T cells lack
proinflammatory function and have reduced Trpy cell marker expression compared to
mucosal memory T cells in children 4 years of age and older which exhibit mature Trm
phenotypes and function. Tracking TCR clonal dynamics reveals progressive increases in
clonality over childhood in lymph nodes, consistent with dynamic priming of memory T
cells at all ages. Our results identify key milestones in the development of T cell memory
involving rapid mobilization in mucosal sites of high antigenic exposure and age-associated
acquisition of tissue residency and functional capacity, leading to regional specialization of
memory for robust protective immunity.

Pediatric samples to define immune development in blood and tissues

Pediatric blood and tissue samples including lungs, intestines, and lymphoid organs (spleen,
lung- and gut-associated lymph nodes (LN)) were obtained from 68 organ donors, aged 0-10
years, including 30 donors <2 years of age to closely investigate this dynamic period of life
(Figure 1A, Table S1; see Materials and Methods). Additional pediatric blood samples were
obtained from children undergoing phlebotomy in the outpatient setting (aged 2 months-10
years (median age 2 years), n=28; FigurelA), including 12 subjects <2 years old. These
pediatric cohorts represented a diverse racial and ethnic composition (Figure 1B). We
analyzed these samples using confocal imaging, flow cytometry, and whole transcriptome
profiling by RNA-sequencing (RNAseq) to determine how T cells populate tissues and
develop immune memory over infancy and childhood, compared to adult tissues (n=8, Table
S1).

Accumulation of ap T cells in mucosal sites during early life

The extent to which T cells seed mucosal sites during early life was investigated by confocal
imaging of lungs and intestines. Quantitative immunofluorescence (IF) analysis revealed low
densities of conventional af T cells and y8 T cells (lymphocytes of restricted diversity
which develop early in ontogeny??) in each site in the early weeks of life (Figure 1C, Figure
S1A,B). During the first 3 years of life, there were marked increases in the densities of

aP T cells in both lungs and intestines, accumulating around airways and in the lamina
propria, respectively (Figure 1D). While the jejunum exhibited a greater density of ap T
cells than the lungs (Figure S1C), the kinetics of accumulation were similar for each site
with midpoints of their accumulation at ages 1.3 and 1.4 years, respectively (Figure 1D).

By contrast, the density of y& T cells remained constant in the lungs and declined slightly
but significantly in the jejunum during the early years of life (Figure 1D, Figure S1C).

By flow cytometry, we found decreased frequencies of -y6 T cells over childhood in the
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jejunum, consistent with imaging, and low frequencies of & T cells in the LN over age
(Figure S2 and S3A). This progressive increase in ap but not y6 T cells, in mucosal sites
over the first few years of life suggest antigen-driven mechanisms rather than an autonomous
developmental program.

Site-specific localization and accumulation of memory T cells over childhood

We hypothesized that the rapid increase in ap T cells in mucosal sites was due to
antigen-driven generation of effector and memory T cells. We used CD45RA and CCR7
expression to delineate naive and previously activated or memory subsets including effector-
memory (Tgpm), central-memory (Tcwm), and terminal effector (Temra) cells?8 in blood

and tissues of pediatric donors (Figure S2, S4). For assessing naive and memory CD4* T
cells, we excluded regulatory T cells (Treg cells, CD4*/CD127-/CD25%/FoxP3*) which are
thymically derived; Treg cell frequencies were generally low in tissues (<10%) and declined
after the early years of life in intestinal sites and associated LN (Figure S3B) consistent
with prior studies?4. Overall, naive CD4* and CD8* T cells were the predominant af T cell
subsets in lymphoid organs and lungs during the first year of life, while CD4* and CD8"
Tem (and CD8 Tgmra) cells were present in intestinal sites even at birth (Figure 2A, Figure
S4A). From ages 2-10 years, CD4* and CD8* Tgy cells were predominant in the intestines
and lungs and exhibited substantial frequencies in lymphoid organs (Figure 2A). Across all
ages, Tcm cells were more prevalent among CD4* compared to CD8* T cells, found in

low frequencies in blood, lymphoid sites, and colon, while Tgpmra cells were mostly found
among CD8™" T cells in lung, spleen, and intestines (Figure 2A, Figure S4B). Comparing
the frequencies of non-naive subsets across sites revealed significant differences between
mucosal and blood/lymphoid sites for Tgp, between gut and other sites for CD4* T, and
between spleen/lung and other sites for Tepmra (Figure S4C). Together, these findings show
compartmentalization of memory subsets during early life and childhood largely in mucosal
sites.

To depict memory T cell accumulation more clearly in each site over age, we plotted

the increase in total memory T cells (Tem*+Tem* TEmrA) and concomitant decrease in
frequency of naive T cells over age (Figure 2B). There was an exponential increase in
memory accumulation in mucosal sites (lungs, small and large intestines) compared to
more gradual, linear increases in blood and lymphoid organs (Figure 2B, Figure S5). For
mucosal sites, the frequency of memory T cells approached 100% during the first 10

years, in contrast to lower magnitudes in lymphoid organs (25-60% in LN), and blood
(~50%) (Figure 2B). These findings establish that the rate and magnitude of memory T cell
accumulation is site-specific and markedly different between mucosal versus lymphoid sites.
Moreover, T cell-based readouts of rapid memory formation during infancy are manifested
in tissues and not in blood.

To define the kinetics of memory T cell prevalence more precisely, we characterized them
empirically with logit-linear and non-linear models (Figure 2C). In mucosal sites, memory
T cells accumulated rapidly, doubling their frequency each year in small intestines and
achieving comparably high rates in lungs and colon (Figure 2C); the age at the midpoint of
their accumulation was <6 months in jejunum and ileum, and approximately 1 year in lungs
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and colon (Figure 2C). In stark contrast, the increase in memory T cell frequency in blood,
LN, and spleen increased with age much more gradually--at <10% per year (Figure 2C).
Together, these analyses reveal that site and timing are critical factors for memory T cell
generation and naive T cell maintenance.

Functional maturation of memory T cells is age and site-specific

A functional hallmark of memory T cells is their capacity to rapidly secrete different

types of effector cytokines post-stimulation, known as rapid recall. To assess the intrinsic
functional capacity of Tgy cells, we used short-term stimulation with PMA/ionomycin in
the presence of protein secretion inhibitors to bypass TCR signaling and directly assess

the cytokine production within cells. Our results revealed differences in the production

of key pro-inflammatory cytokines, interferon--y (IFN-vy) and/or tumor necrosis factor-a
(TNF-a) between lineages, sites, and across age (Figure 3A). Between lineages, CD4* Tgm
exhibited higher frequencies of TNF-a production compared to CD8* Tgy, in spleen, lung,
and intestines while CD8* Tgp produced more IFN-y compared to CD4* Tgy, in all sites
examined (Figure 3A,B; Figure S6A). Between sites, Tgp in jejunum contained the highest
frequencies of cytokine producers across all ages including putative multifunctional Tgp
producing both IFN-y and TNF-a (Figure 3B)— a feature of mature memory T cells in
humans?®. These findings demonstrate tissue-specific differences in functional capacity of
memory T cells in children.

Across age, we identified progressive changes in memory T cell effector function in all
sites. Memory T cells generated during infancy exhibited the lowest capacity for cytokine
production compared to memory T cells isolated from older children (Figure 3A,C). There
were increased proportions of CD4* and CD8* Tgp, cells producing either IFN-y or TNF-a
or both throughout childhood and in all tissues, except the LLN which demonstrated similar
trends but did not reach statistical significance (Figure 3C). Between sites, the pattern of
functional maturation with age followed exponential kinetics in intestines and lungs and
linear kinetics in blood and lymphoid organs (Figure 3C), similar to the pattern of overall
memory accumulation. These results reveal three important aspects of pediatric memory T
cells in humans: 1. Early life memory T cells are functionally hyporesponsive independent
of site; 2. Memory T cells functionally mature over childhood; and 3. The magnitude and
kinetics of memory T cell functional maturation is site-specific.

Progressive acquisition of tissue residency markers over childhood

The majority of CD4* and CD8* memory T cells in lymphoid and mucosal tissues at all
pediatric ages expressed the canonical Try marker CD69, including 80-100% of mucosal
memory T cells and 40-80% of lymphoid memory T cells (Figure 4A, Figure S6B). As
expected, blood T cells lacked CD69 expression (Figure S6C). While there were slight

but significant increases in CD69 expression with age over childhood in the spleen and

LNs, (Figure 4A, Figure S6D), the high frequency of CD69* memory T cells in lungs

and intestines was similar in magnitude for these same sites in adults’13. Moreover, CD69
expression by pediatric memory T cells in tissues was not associated with activation markers
including CD25, and cytokine production in the absence of stimulation (Figure S2, Figure
3). Together, these results indicate that CD69 expression by mucosal memory T cells is a
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feature of localization in tissues and is not age-dependent; even at birth, memory T cells
in all tissues express a core phenotypic marker of Ty cells that distinguishes them from
memory T cells in blood.

Expression of additional core Tgy cell markers’, including the epithelial- and collagen-
binding integrins CD103 and CD49a, respectively, the chemokine receptor CXCR®, and the
negative regulator CD10130 showed differential expression across sites and over age (Figure
4B,C; Figure S6B). For a several Try cell markers, the levels of expression by mucosal
memory T cells in the early years of life was lower than observed in later childhood (Figure
4B, C). In particular, age-associated increases in CD103 surface expression were identified
for lung CD4* Try and jejunum CD8* Try cells, CD101 expression for CD4* and CD8*
Trm cells in the lung and jejunum, and CXCR6 and CD49a expression for CD4* Tru

cells in the jejunum and lungs, respectively (Figure 4C). These results provide evidence for
dynamic maturation and tissue adaptation of pediatric Trp, during the first decade of human
life.

Transcriptional profiling reveals distinct stages of Ty cell development

To elucidate the underlying mechanisms for developmental maturation of early life mucosal
memory T cells we assessed their gene expression profile across infancy and childhood.

We performed population-level RNA-seq of sorted CD4*CD69* and CD8*CD69* Tgm
(Trm phenotype, Figure S2) cells from lungs and intestinal sites (jejunum, ileum) and

their associated LN of 11 pediatric organ donors aged 3 months — 8 years binned into

4 different age groups: 0-1yrs; 1-3yrs; 4-6yrs, and >7years (Table S2). This strategy
enabled direct comparison of transcriptional properties of memory T cells having a Trp-like
phenotype across different ages. Principal component (PC) analysis of the transcriptional
profiles for CD8* Trp cells in mucosal tissue showed that samples separated based on tissue
(PC1) and age (PC2) with the youngest donors (<3 years) grouped together and distinct
from older donors (>4 years) (Figure 5A). The number of differentially expressed genes
(DEG) for CD8*Tgrp cells increased by age; there were low numbers of DEG between
CD8* TR cells in infants and CD8*Tgy cells from 1-3 years in both sites, while there

was a sharp increase in DEG relative to infant Trp cells in the 4-6yr and 7-10yr groups
(Figure 5B). Moreover, the number of DEG between infants and older children was higher
in the intestines compared to lungs (Figure 5B), consistent with the increased magnitude
and kinetics of changes in intestinal T cells during early childhood shown earlier. Similar
age-associated clustering and increases in DEG was observed for CD4*Tgy cells in lungs
and intestines (Figure STA, B).

Pathway analysis revealed that the genes influencing changes with age for CD8* Tgy cells
in the intestine (jejunum/ileum) and the lung were enriched for those regulating cellular
differentiation, intracellular signal transduction, response to inflammation and cellular
adhesion (Table S3). The specific genes which were significantly differentially expressed
over age for Try cells in lungs and intestines are depicted in heat maps (Figure 5C). For
both sites, there was a set of genes which were more highly expressed in the youngest
donors, <3 years of age, and another set of genes that was significantly elevated in the
older children >4 years of age (Figure 5C). The genes with increased expression in Trm
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cells from the youngest donors (0-3 years of age) included fate-determining transcription
factors involved or implicated in T cell development: /KZ2F (Helios)3!, ZBTB16 (PLZF)32,
SOX4#334 IDFB5, Early Trpy cells also increased expression of the transcription factor
LEF1, associated with stem-like properties3®.

Conversely, genes specifically elevated in lung and intestinal Ty cells from older (>4
years) compared to the youngest children included multiple Trp signature genes (/7GA1
(CD49a), CD101, ITGAE (CD103), CXCR6), PRDM], a central regulator of Trp cell
formation in mice3”, and genes associated with tissue adaptation (LGALSI, ANXAI)?E. We
also found increased expression of site-specific genes in Trpy cells from older children
including CCR9in intestinal Trpy cells, encoding a gut-homing marker3® and CTLA4in
lung Tru cells, a negative regulator known to be elevated in adult lung Try cells’ (Figure
6C). There was also increased expression of genes encoding multiple effector cytokines,
such as /FNG, IL17A, and /L2, in Try cells from older compared to the youngest donors
within the lung (Figure 5C). Analysis of the gene expression for CD4* Tgp cells revealed
similar age-related gene expression patterns with /KZF2, SOX4, and LEFI expressed by
early life T cells and LGALS1, PRDM1, CD101, expressed by Trwm cells from older
children (Figure S7). These results demonstrate a marked shift in the transcriptional profile
of early life memory T cells from a stem-like cell state lacking signatures for certain effector
functions and tissue residence, to a fully differentiated Trpy cell expressing genes for core
signature molecules, tissue adaptation, and effector function. These transcriptional results
are also consistent with progressive increased expression of Try cell surface phenotypes
and cytokine production shown above.

Distinct cytokine capacity of memory CD4* T cells in early compared to late childhood

Given the heterogeneity of CD4* T cell effector functions3?, we further interrogated changes
in cytokine gene expression across age for mucosal memory CD4* T cells using the RNAseq
dataset (Figure 6A). Across both lung and intestinal sites, CD4* T cells demonstrated

age related changes in cytokine expression. In the intestine, transcripts encoding multiple
cytokines associated with T2 cell responses (/L4, /L5, and /L 13) and the chemokine IL8
(CXCL8), which recruits and activates neutrophils, were highest in memory CD4* T cells
from the youngest donors (0-3yrs of age) and decreased in older children >4 years of

age (Figure 6A). These results in intestines are consistent with previous studies showing
predominant Th2 responses in neonatal mice#%41 and IL-8 was produced by newborn human
T cells*2; however, we did not see similar age-associated trends for Th2 and 1L-8 genes

in lung memory CD4* T cells (Figure 6A). Over childhood, lung memory CD4* T cells
exhibited increased expression of transcripts encoding TNF-a (Figure 6A), consistent with
cytokine secretion assays (Figure 3).

To further validate the functional state of mucosal memory CD4" T cells, we assessed the
surface expression of chemokine receptors associated with major T-helper cell lineages
including CXCR3 for Th1 cells, CCR4 for Th2 cells, and CCR6 for Th17 cells#3:44,
Expression of CCR4 denoting Th2-like cells was higher in the intestine of donors <2

years of age compared to donors >4 years old and was also increased in lung CD4 T

cells of younger compared to older children (Figure 6B). Expression of CXCR3 and CCR6
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showed greater variation in intestinal compared to lung CD4" T cells but was not different
between age groups. Together, these findings point to a shift in the functional profile

of mucosal memory CD4* T cells in early years of life as being skewed to production

of Th2-like cytokines and certain inflammatory mediators compared to memory CD4* T
cells in children >4yrs of age which exhibit mature Thl-like profiles and variable IL-17
production depending on site. These functional distinctions for memory CD4* T cells are
more strikingly manifested in the intestine, though they are more functionally heterogeneous
across sites and donors than for memory CD8* T cells.

Dynamic shifts in clonal diversity and tissue compartmentalization over childhood

Antigen exposure results in clonal expansion of T cells. To examine whether memory
formation at different ages is associated with expansion of specific clones within or across
tissues, we investigated the TCR repertoire including clonal expansion, distribution, and
overlap across sites. We applied MiXCR to our population RNA-seq dataset, which included
data from lung- and gut-associated LN (Table S5) (Figure 7A). Across sites and donors,
CD8* Trwm cells were more clonally expanded than CD4* Try cells, and T cells in mucosal
sites were more expanded compared to LN (Figure 7A). These trends are similar to our
previous TCR repertoire analysis of memory T cells in adult tissues*®.

To characterize the extent of clonal expansion across tissue sites and age, we calculated

R20 and R50, which denotes the fraction of total clones which cumulatively account

for 20% and 50%, respectively of the sequenced repertoire (Figure 7B). R20 and R50

were similar (5-10%) across sites in the youngest donors, indicating a polyclonal memory
response, but decreased over age rapidly in mucosal sites following exponential kinetics,
and more gradually in lymphoid sites. This decrease in frequency occupied by R20 and

R50 indicates clonal expansion over age, consistent with antigen-driven activation. We then
assessed how the clonal repertoire was shared across tissue sites within individual donors
(Figure 7C). Clonal overlap between sites was minimal in the youngest donors (<2 years

of age); however, after 2 years of age, overlap between certain tissues was evident and
increased with age (Figure 7C). Across all donors, the highest overlap was observed between
adjacent mucosal sites (jejunum-ileum) followed by clonal overlap between mucosal sites
and corresponding LNSs (jejunum-GLN, ileum-GLN), which also increased with age. (Figure
7D). Across all ages, however, overlap was negligible between intestinal and lung sites
(Figure 7D), suggesting compartmentalization of clonal repertoires. These results provide
evidence that early life memory T cells comprise expanded and tissue-segregated clones,
which become more expanded, and migrate between adjacent sites over childhood.

DISCUSSION

Our study provides a high-dimensional analysis of T cell development and memory
formation during the critical developmental window of early life and childhood in multiple
tissues and blood. We reveal rapid generation of memory T cells targeted specifically to
mucosal sites, with slower accumulation in lymphoid sites and blood. Mucosal memory T
cells in early life exhibit low effector function and expression of tissue residence markers,
but progressively mature over childhood to resemble functional, tissue adapted Trp cells
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by the end of the first decade of life. We further establish that Try cells generated in

the early years of life comprise a distinct and transcriptional state expressing stem-like
transcription factors, suggesting a role in establishing a memory cell niche for maturation
of functionally protective Trp cells that predominate later in childhood. Finally, we reveal
that seeding of clonally related memory T cells across distinct tissue environments occurs
progressively over the course of childhood. These results establish the timing, localization,
and developmental pathways promoting regional specialization of immune memory.

It is well-established in mouse models that tissue-localized Try cells are important for
protective immunity at sites of pathogen exposure®46:47_ In mice, one can track and analyze
the primary response to a new pathogen and the subsequent development of memory in a
completely naive host. In humans, pathogen exposure in naive hosts occurs mainly during
early life and childhood, yet little is known about memory generation during this critical
life stage. Here, we present a comprehensive analysis of memory T cell development across
blood, multiple lymphoid organs, and key mucosal sites (lungs and intestines) obtained
from infant and pediatric donors spanning birth through 10 years of age. We reveal that
memory T cells are found predominantly in mucosal sites during the early years of life and
exhibit rapid and exponential accumulation in the first 1-3 years both by frequency and
absolute number. This biased accumulation of memory T cells in mucosal sites correlates
with continuous exposure to a plethora of new antigens through breathing, eating, and the
environment, and the known protective requirement of T cells in response to respiratory and
enteric pathogens21:48. In mouse models, memory phenotype T cells can also be generated
by lymphopenia-induced proliferation; transfer of naive T cells into lymphocyte-deficient
mice results in conversion to a memory phenotype driven by self-antigens, microbiome,
and/or cytokines#9-51, In humans, the rapid accrual of mucosal memory T cells over the first
2-3 years suggests that multiple types of antigens and factors may be involved.

Here, we identify that development of human Try, cells in mucosal sites occurs in
discrete stages. Mucosal memory T cells generated during the first 3 years are distinct
from those detected in later childhood in their reduced ability to produce multiple
proinflammatory cytokines such as IFN-y and TNF-a, and their reduced expression

of Trm markers. However, these early mucosal memory T cells still exhibit the core
features of antigen-experienced cells including expression of tissue memory phenotypes
(CD45RO*CCR7-CD69%), upregulation of effector cytokine genes that are known to be
associated with infant responses (i.e., IL-8, IL-4, and 1L-13)*2, and clonal expansions that
increase with age. These early mucosal memory T cells could play roles in establishing
the tissue niche and tolerance to mucosal exposures. Our results show that the Th2 bias

is enhanced in intestines and may play a role in tolerance to food antigens that is known
to occur in humans through early life exposures®2. The second stage of Tgry development
is manifested after 3—4 years of age and marked by a functional shift to proinflammatory
cytokine production including IFN-vy, reduced Th2 responses, and an increase in expression
of Trm and tissue adaptation markers. These pediatric Trp cells resemble functionally
protective Ty cells in mice and mature Ty cells in human tissues® 73753,

The exact mechanisms for this staged maturation of human memory T cells over infancy
and childhood are not clear; however, antigenic exposures and the tissue environment are
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likely contributing factors. Repeat exposures to ubiquitous pathogens over childhood could
promote functional differentiation of memory T cells. We previously showed that children
exhibited lower frequencies of influenza-specific T cells and Ty, phenotypes in the lungs
and LLN compared to adults®, consistent with this phenomenon. The tissue environment
itself including the microbiome that is known to undergo dynamic maturation in the first

3 years of life%®, and different cytokines and factors that result from the endogenous flora
and developing tissue could also influence memory T cell maturation and phenotype. This
maturation likely occurs /n situ in mucosal sites, given our findings that lungs and jejunum
retain clonal segregation of the TCR repertoire throughout childhood. In later childhood,
priming in mucosal-associated lymph nodes and migration to the associated mucosal sites
begins to establish local clonal neighborhoods, along with expansion of existing mucosal
clones. This regional specialization of T cell memory is therefore established in the critical
window of childhood.

Tissue compartmentalization of memory T cells at the earliest life stage as suggested by
our findings has multiple implications for Trp, cell longevity and for site- and age-specific
targeting of tissue responses. We have reported that Trp cells in adult lungs and intestines
express tissue-adapted phenotypes and transcriptional profiles and contain expanded clones
that are segregated in each site”45:56:57 similar to what we find in childhood. These results
suggest that Trp cells generated during childhood may establish an early niche and persist
long term. Moreover, the focused generation of memory in tissues during early life and

the relative paucity of memory T cells in blood further suggests that blood may not be a
reliable site for quantitative assessment of T cell responses during childhood. Conversely,
site-directed strategies for promoting tissue-specific memory generation and immunity to
vaccines may be particularly successful during the early years of life.

In summary, our results provide compelling evidence for tissue directed maturation of
adaptive immunity during the formative years of early life and childhood to establish the
landscape of immune protection and health for a lifetime.

Limitations of the Study

Because this is a study in humans and in samples obtained from deceased organ donors,

it is not possible to assess the antigen specificity of the diverse population of memory

T cells that are generated from the many different antigens encountered during early life

and childhood. The low numbers of memory T cells present in mucosal sites during the

first year of life also precludes direct testing for antigen-specific T cells by conventional
peptide stimulation or tetramers using current technologies. Identifying the different types of
stimuli, antigenic, microbiome, self-antigen, and cytokines involved in early memory T cell
formation remains an avenue for further research. The direct role of specific transcription
factors in the developmental shift from early life to mature Trp cells in humans also
requires additional studies.
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STAR Methods
RESOURCE AVAILABILITY

Lead contact—Further information and requests for reagents should be directed to and
will be fulfilled by the lead contact Donna L. Farber (df2396@cumc.columbia.edu)

Materials availability—This study did not generate new unique reagents.

Data and code availability—Population RNAseq data has been uploaded to GEO and
are publicly available as of the date of publication. Accession number is listed in key
resources table.

No original code was created for the purposes of this study.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human samples

Organ Donors: Tissues from deceased organ donors were obtained at time of organ
acquisition for clinical transplantation from donors whose consent for use of tissues

for research was obtained by next-of kin through collaborations and research protocols
with organ procurement organizations (OPO). Tissues from pediatric organ donors were
obtained through the Human Atlas for Neonatal DEveLopment (HANDEL) program

based on the network for Pancreatic Organ Donors with Diabetes (nPOD) program®8
involving Material transfer agreements with OPOs throughout the USA. Tissues from adult
organ donors were obtained through an approved and longstanding protocol and material
transfer agreement with LiveOnNY, the OPO for the New York metropolitan area, as
previously described”-24:59.60, Donors used in this study (see Table S1) were free of cancer,
seronegative for hepatitis B, C, and HIV, and had no evidence of active infection based on
respiratory, blood, and urine surveillance testing. The use of tissues from organ donors does
not qualify as human subjects research as confirmed by the Columbia University IRB, as
tissues are obtained from deceased, not living, individuals.

Outpatient Subjects: Informed consent was obtained from parents under a protocol
approved by the Institutional Review Board of Columbia University Medical Center (New
York, NY) to collect blood for research from children aged 0-10yrs having routine
phlebotomy for clinical purposes. Subjects were seen across medical campus for routine
pediatric care or elective surgical procedures.

METHOD DETAILS

Sample Processing—Organ donor samples (whole lungs, intestinal blocks, spleen,
blood) in saline or University of Wisconsin solution were placed on ice, transported to the
laboratory, and processed within 24-36 hours of procurement. Single cell suspensions were
obtained from spleen, lungs, small and large intestines, and associated lymph nodes (LN)
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using mechanical and enzymatic digestion as previously described?459.61, | ymph nodes
were isolated by dissection from the mesentery of intestinal blocks and the tracheobronchial
tree of the lung. Isolated LN and spleen samples were placed in complete media (IMDM
(Gibco, ref #12440-053) +1% PSQ (100 U/ml penicillin, 100 pg/ml streptomycin, 2

mM L-glutamine, GeminiBio, cat #c400-110) + 10% FBS (GeminiBio, cat #100-106))

and mechanically disrupted with scissors and double filtered through 100um strainers.
Suspensions were washed with wash buffer (PBS (Corning, cat #20-030-CV) + 2mM
EDTA (Corning, cat #46-034-Cl) + 5% FBS) followed by red blood cell lysis (ACK lysing
buffer, Gibco, ref A10492-01), then resuspended in complete media. Lung parenchyma
were separated from the large airways (trachea) using scissors then placed into digestion
media (IMDM + Collagenase D 1mg/mL (Millipore Sigma cat# 11088882001) and +
DNAse 0.1mg/mL (Millipore Sigma cat# DN25-5G) on a shaker at 37°Cfor 30 minutes.
Intestinal tissue was washed with sterile PBS to remove luminal contents, chopped into
pieces using scissors, then placed into digestion media on a shaker at 37°C for 30 minutes.
Following incubation, lung and intestinal samples were strained and washed with wash
buffer. Samples were centrifuged with resultant cell pellet diluted for mononuclear cells
isolation by density gradient centrifugation (Lymphocyte Separation Medium, Corning, cat
#25-072-Cl) followed by resuspension in complete media. Peripheral blood mononuclear
cells were isolated from blood samples by density centrifugation.

Immunofluorescence Imaging—Lung and intestinal tissue were cut into 0.5cm
thickness samples and fixed with 4% paraformaldehyde, lysine and periodate buffer

(PLP, 0.05 M phosphate buffer, 0.1 M L-lysine, pH 7.4, 2mg/mL NalQ,4, and 10mg/mL
paraformaldehyde). Samples were then placed on a shaker and maintained at 4°C overnight.
Samples were then washed with PLP buffer and placed into 30% sucrose solution for

48 hours at 4°C followed by embedding in OCT (Fisher Healthcare, cat#23-730-571)
compound. Samples were then frozen and stored at —80°C. Frozen samples used for
imaging were sectioned using a Leica CM1950 cryostat to 20um thickness. Prior to antibody
staining, Fc blocking was performed using human TruStain FcX (Biolegend, cat #422302)
diluted in PBS (Corning, cat #20-030-CV) containing 2% goat serum and 5% FBS for

1 hour at room temperature (RT). Sections were then stained with DAPI and fluorescent
tagged antibodies for 1 hour at RT protected from light. Images were acquired using a
Nikon Al confocal microscope. Imaged data were analyzed using Imaris software (Bitplane;
Oxford Instruments) using surface creation and spot detection functions. Two sections per
donor were imaged for intestinal sites with area and positive cells calculated per 1cm of
tissue. Three sections per donor were imaged for lung tissue with area and positive cells
calculated around 4-5 central airways per donor.

Flow cytometry and Cell Sorting—Single cell suspensions were stained with
fluorescently labeled antibodies for flow cytometry analysis and sorting. For analytical
flow cytometry, cells were washed with FACS buffer (PBS with 2% heat inactivated
FBS) then resuspended in human TruStain FcX for 10 min at RT. For surface staining,
fluorochrome-conjugated antibodies (STAR methods) in FACS buffer were added to cell
suspensions for 20 minutes at RT protected from light, followed by washing with FACS-
buffer, centrifugation, and resuspension in fixation buffer (Invitrogen, cat #00-5223-56

Immunity. Author manuscript; available in PMC 2024 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Connors et al.

Page 14

and #00-5123-43) for 20 minutes on ice. Following fixation, cells were washed with

FACS buffer, and stained with antibodies for intracellular detection (STAR methods) in
permeabilization buffer (Invitrogen, cat #00-8333-56) for 20 minutes on ice, followed by
washing and resuspension in FACS buffer. Stained cells were analyzed using the BD LSRII
or Cytek Aurora flow cytometer. For cell sorting, cells were washed with EasySep Buffer
(PBS with 2% heat inactivated FBS and 1mM EDTA) then resuspended in TruStain FcX
for 10 min at RT. Surface stain was added to cell suspension using fluorochrome-conjugated
antibodies in FACS buffer for 20 minutes at RT protected from light, then washed in FACS
buffer followed by centrifugation and resuspension in FACS buffer. Cell populations were
sorted into FBS on an BD Influx Cell Sorter.

Ex vivo T cell stimulations—Single cell mononuclear suspensions isolated from blood
and tissue samples prepared as above were plated in 96 well U-bottom plates (5X10°

cells per well) in 500uL of complete media (as described above) containing PMA (Sigma,
Cat#P1585) (50ng/mL) plus ionomycin (Sigma, Cat#19657) (1pg/mL). Stimulated cells were
incubated at 37°C for 4 hours in the presence of GolgiStop (BD Biosciences, cat#554724)
and GolgiPlug (BD Bioscience cat#555029). Cells were washed, stained with fixable
viability marker (Zombie NIR, Biolegend, cat#423106) prior to surface and intracellular
staining.

Whole transcriptome profiling by RNAseg—Tissue resident memory phenotype
(CD45RA"CCR7-CD69") CD4* and CD8™ T cells were sorted from lungs, jejunum, ileum,
colon, and associated lymph nodes from organ donors aged 0.33-8 years of age (Table

S2). Following sorting, samples (>10,000 cells) were centrifuged and resuspended in RLT
Buffer Plus (Qiagen, cat #1053393) with B-mercaptoethanol (Sigma, cat #M6250-250ML)
and stored at —80°C until RNA extraction. RNA extraction was done using the RNeasy
Micro Kit (Qiagen, cat#74004) and the resultant RNA was resuspended in water and run

on an Agilent Bioanalyzer using the RNA 6000 Pico Kit (Agilent, cat #5067-1513) to
assess RNA integrity. Library preparation was done using the SMART-Seq® ultra-low input
RNA kit (Takara bio). RNA samples were sequenced (2x150 paired end) at GENEWIZ
(South Plainfield, NJ) using a HiSeq2500 system (llumina). Trimmed paired-end reads were
aligned to the Homo sapiens GRCh38 reference genome available on ENSEMBL using the
STAR aligner v.2.5.2b. Read quantification was done by Genewiz using featureCounts on
the Subread package v.1.5.2. Differential gene expression analysis and principal component
analysis was performed using DESeq252. Visualization of differentially expressed genes
between age groups was done using Venn diagrams®3, diffggplot2, and GraphPad Prism.
Heatmaps were generated using the pheatmap®* package. Geneset enrichment analysis was
performed using GSEA software5%66(ver 4.3.1; UC San Diego and Broad Institute) using

a preranked gene list based on log2 fold change of differentially expressed genes between
infant organ donors (<1 year) and oldest organ donors (>4 years) by tissue site.

Extraction and analysis of TCR repertoire from T cell RNA-seq data—The
MiXCR analysis pipeline®” was used to extract TCR repertoire data from the RNA-seq
datasets described above. Using default parameters, sequencing reads within the fastq files
were aligned against reference V,D,J, and C genes, followed by contig assembly and export
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of all TCR clonotypes with associated clone counts. We used the 7”8V CDR3 nucleotide
sequence as a proxy of T cell clonal identity and was analyzed using metrics of diversity
and clonal overlap. Repertoire diversity was quantified using the R20 score, which is defined
by the fraction of unique clones, in descending order of frequency, which account for 20%
of the sequenced repertoire8. Repertoire overlap between tissues was quantified as the ratio
of intersection to union of total clonotypes from compared tissues. The correlation between
ages and diversity/clonal overlap was analyzed using the linear least-squares regression
function of SciPy®.

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry data were analyzed using FCS express (ver. 7.12.0005) and FlowJo (ver.
10.7.1). Descriptive analyses and statistical testing of compiled flow cytometry and imaging
data were performed using Prism (GraphPad ver. 9.3.1) and R. To analyze the kinetics of
memory T cell prevalence within the mucosal and lymphoid sites (Figure 2), percentages
were converted to frequencies and then logit-transformed to normalize scatter across the
range of measurements. For each memory T cell subset at each location we then fitted two
descriptive models to the time course of its frequency, using least-squares approaches (the
Im() and nls() functions in /). One model assumed a linear dependence of the transformed
frequency (# on age (9, 5 = f + pt. The other took a nonlinear (saturating exponential)
form, () = f + (A - K)(1L - ', where £ and £ are the initial and endpoint values of

the transformed memory T cell frequency, respectively, and the rate rreflects the steepness
of the approach to the endpoint. We compared the fits of these non-nested models using
the Akaike Information Criterion (AIC), with the simpler linear model favored for absolute
differences in AIC smaller than 2. The trajectories of memory T cell frequencies in mucosal
tissues were uniformly described best by the saturating exponential model (AAIC between
4 and 22 relative to the linear model). The linear model was favored for all subsets in all
lymphoid sites, except for CD4* T cell memory in GLN (AAIC = 11 in favor of nonlinear).
In that instance the fitted predictions were visually very close to linear in form and we
selected the linear model for clarity. Prediction curves for all models were generated using
the inverse logit-transform to map fitted values back to cell frequencies. For nonlinear

fits, rates of accumulation of memory are quoted at the mid-point of the growth curve on
the untransformed scale. For the log-linear fits we quote the average growth rates on the
untransformed scale. 95% confidence intervals on all rate estimates and best-fit prediction
curves were generated by bootstrapping (N=1999). The 95% confidence intervals on the
estimated growth rates of memory CD4* and CD8* T cells in blood spanned zero but are
truncated in Figure 3C due to the logarithmic scale.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Memory T cells preferentially accumulate in human mucosal tissues during early life.
Tissue resident memory T cells (TRM) undergo functional maturation over childhood

TRM exhibit distinct transcriptional programs and site-specific expansion over age.
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Figure 1. Pediatric samples for examining T cell differentiation across blood and tissues over
childhood and accumulation in mucosal sites.

(A) Donor and subjects included in this study organized by age (left; organ donors:

n=68, outpatients: n=28) and samples (right) used in this study. (B) Donor and subject
demographics. Pie charts show stratification of pediatric donors and subjects combined by
reported ethnicity and race. (C) T cell accumulation in mucosal sites over early life and
childhood. Immunofluorescence imaging on sections obtained from lungs and intestines of
organ donors (n=9). Representative staining with antibodies to T cell receptor (TCR) B,
TCR 8, and DAPI on lung (left) and jejunum (right) sections from 5 organ donors paired
by row. CD3* cells are shown based on their expression of TCR 8 (green) and TCR 6
(red). Sections shown at 40x magnification (with line demonstrating 100um distance) with
dotted square box shown as inset at 80x (line depicting 50um distance). (D) Compiled
analysis of ap and y8 T cells by area (y-axis, cells/mm?2) and age (x-axis, years) from
lung (left) and jejunum (right). Data points represent mean cell/mm? of sections from each
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individual donor (n=3-6 sections/donor) with shading depicting one standard deviation from
the mean. Statistical testing was performed by Pearson correlation demonstrated correlation
between age and cells/mm?: lung af; p=0.0025, jejunum ap; p = 0.0292, and jejunum

v8; p =0.0026. Line depicts best fit as determined by modeling (see methods). T cell
subsets displayed as lung ap (blue circles), lung y& (purple diamonds), jejunum ap (orange
squares), jejunum y& (green diamonds). See also Figures S1-3 and Table S1.
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Figure 2. Memory T cells develop rapidly in mucosal sites with slower accumulation in blood and

lymphoid organs.

High-dimensional flow cytometry analysis was performed to identify major T cell subsets
by tissue and age. (A) T cell subsets were defined by expression of CCR7 and CD45RA:

Naive (CCR7*CD45RA", blue), Central Memory (T¢m cells; CCR7*CD45RA™, light gray),
Effector Memory (Tgp cells; CCR7"CD45RA™, red), and Effector Memory cells expressing
CD45RA (Temra cells; CCR7-CD45RA*, dark gray). Piecharts showing the proportion of
CD4* (left) and CD8* (right) memory subsets within each tissue (row) for representative
donors (column) of indicated ages over the first 10 years of life. (B) Compiled data from

all donors showing relationship of total memory cells (Tem + Tem + TEmra) (green) to
naive (blue) T cells vs age over the first 10 years of life, organized by tissue with lymphoid
(left; blood n = 31, spleen n = 36, lung lymph node (LLN) n = 33, gut lymph node (GLN)

n = 35) and mucosal (right; lung n = 36, jejunum n = 41, ileum n = 29, and colon n= 25).
Lines depict best fitting model (see methods) logit-linear (lymphoid tissues) or nonlinear
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(mucosal tissues) with shading indicating 95% confidence intervals. C) Graph depicts log
scaled maximal % accumulation rate per year (x-axis) of CD4* and CD8* memory T cells
by tissue site (y-axis) with data organized by highest to lowest rate. Dots represent mean and
bars represent 95% confidence intervals. See also Figure S2-5 and Table S1.
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Figure 3. Functional maturation of effector-memory T cells over childhood.
T cells from lymphoid and mucosal sites of organ donors aged 0-10 years were stimulated

with PMA/ionomycin and effector cytokine production (TNF-a., IFN-y) from Tgp, cells was
assessed by intracellular cytokine staining (ICS). (A) Representative cytokine production by
CD4* (top) and CD8* (bottom) Tgp cells from indicated tissues obtained from an infant (7
months, left) and older pediatric (8 years, right) organ donor, showing frequency of IFN-y*,
TNF-a* or IFN-y/TNF-a* cells in each site. Quadrants delineated based on unstimulated

controls. (B) Effector cytokine production stratified by tissue site. Plots show cytokine

Spleen Lung Jejunum Spleen Lung Jejunum
i3 3| 4 i 6 ia 6 4 38 5 50
| ) | ] ]
CD4' Ty, : : ! i
1@ @ i (B i C i
i & i & i L H r
&6 SN S 88 -~ s I ] ]
18 2| 10 2 2 I3 41 i26 33
i H i ] J {
( L] §
e L1 s 8., .= 29 AR} S N b < 8
TNF-a
G -©-TNF-a* or IFN
N -0t or -y -
CD4" Ty, |-2- TNF-aIFN+y* CD8'Ty,
1007-6-ns 71-©- ns
{E-ns {8
» 80 ns
£
£ 607 1 oo ° o
= 401 T o °
8) % ° o /ﬁ
3 ° o o
oo _go oo lefme o "o
@ % 0B o ff o8 me f§ 868
0 T # T T ] T T T !
10070« 1-e-*
w  80E e =
c
£ 60 8
L o ° e 8
£ i ] 4
Q 40 o o Q// yﬁ/L:
R 4 © o N - O . B
o o—‘gfﬁlo e ‘; oo o g - g o
¥ - P .
100-0- w4k o wxx
% g0 "B *¥* -5 werenn
c
% 604 b
2 ® @ e ° 5
> 404 2 4 —
(&) //&,;a/ ° 3 /g °
F o, o g°° oo a o
= = 7o Jgo ey wo
[ T T T T 1 T i T 1
1007-©-** 70wk
- -5k A=) °
s
P o g 60 € 5 . S
oE S & ° R
0 > 404 s 4 °© 81 °
80 2 20 oo/a/é/:’*:“é L) o o8 © % o
B 4 © Q o = =]
SEgs B lgegso®
0 T T T T ] T < T |
1007-0- #x 7o *x
o 80 & * . @ i3 i g °
£ Qo =" o= ©: o o
2 60 - o A — o
2 o /60 5 Bgo o 8
S 40 /e, ° o {1 . °
x ] o o T 5
& 20ysa @ 145 g ° o
po p o2
0 T T T T | T T T |
0 2 4 6 0 0 2 4 6 8 10
Age (Years) Age (Years)

Page 26

Jejunum

production (TNFa* (top), IFNy* (middle), and TNFa*/IFNy* (bottom)) by CD4* (left) and
CD8™ (right) Tgp cells for each site for each individual pediatric donor. Lines depict mean
with standard deviation. Statistical testing by Kruskal-Wallis Anova with Dunn’s correction
for multiple comparisons. (C) Progressive acquisition of effector function over childhood.
Cytokine production by CD4* (left) and CD8™ (right) Tgpm cells in indicated sites over age
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showing frequency of cells expressing either TNFa* or IFNy™ (blue circles) and or both
TNFa*/IFNy* (green squares). Lines depict best fitting linear or nonlinear model. Statistical
testing using Spearman correlation. Donors; lung lymph node n= 21, gut lymph node n =

24, spleen n =17, lung n = 22, and jejunum n=20. ns = p>0.05, * = p<0.05, **= p<0.01,
***=p<0.001, ****=p<0.0001. See also Figures S2,S6 and Table S1.
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Figure 4. Site- and age-regulated expression of tissue resident markers by mucosal memory T
cells.

Flow cytometric analysis of expression of CD69 on effector memory (Tgp) T cells. (A)
Compiled data of all CD4* (top) and CD8* (bottom) % CD69* T\ cells over age based
on tissue site. Data organized by left (lymph nodes (LN); lung, gut), middle (spleen), right
(mucosal; lung and jejunum). Statistical testing via Pearson or Spearman correlation with
lines depicting best fitting model (linear vs nonlinear). Donors; spleen n = 35, LLN n = 31,
GLN n =36, lung n = 33, jejunum n = 39. (B) Flow cytometry histograms of core Trm
marker expression by CD4* (top) and CD8* (bottom) CD69" Tgy cells from the jejunum
of representative donors displayed by age grouping; <1 year, 2-4 years, and 5-10 years.
Histograms normalized to mode. (C) Expression of Trp cell core markers (CD103, CD101,
CXCR®6, and CD49a) in the lung and jejunum over age shown in compiled data from infant
(n=13-16) and adult organ donors (n=4 per graph, 8 total donors) by CD4* (left) and CD8*
(right) CD69" Tgp cells. Values from adult donors (aged 20-50 years) are shown in each
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plot. Statistical testing performed using Pearson or Spearman correlation. * = p<0.05, **
p<0.01. See also Figures S2,S7 and Tables S1.
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Figure 5. Transcriptional maturation of mucosal memory T cells over childhood.
CD8*CD69* T cells were sorted from lungs and intestines from donors of indicated ages

for whole transcriptome profiling by RNAseq (See methods). (A) Principal component
analysis (PCA) of samples from the lung (circles; n = 10) and intestine squares; jejunum
n=10, and triangle; ileum n=9) from n=11 organ donors (aged 3 months — 8 years) colored
based on donor age. Circles represent one standard deviation based on tissue site (lung

or intestine). (B) Differentially expressed (DE) genes from pediatric organ donors based

on age groups (1-3 years, 4-6 years, and >7 years) relative to the youngest donors (<1
year). Venn diagrams (left) depicting DE genes (log2fold > +0.5, p<0.05) within and across
donor groups compared to the youngest donors. Line graph depicting unique DE genes

in each age group compared to youngest donor group (lungs; blue squares and intestines;
orange squares). (C) Heatmaps depicting row normalized gene expression of key genes
differentially expressed over age by memory T cells isolated from lungs (left) and intestines
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(right) with donors (columns) arranged in increasing age. Statistical testing by Spearman or
Pearson correlation analysis. * = p<0.05. See also Figure S2,S8 and Table S1-4.
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Figure 6: Dynamic shifts in functional capacity for memory CD4* T cells over childhood.
(A) Heatmaps depicting row normalized cytokine gene expression from CD69" CD4" Tgpy

cells within mucosal sites (lung; blue circles, n = 10 and intestine (jejunum and ileum);
orange squares, n = 19) from n = 11 organ donors over age (0.3 — 8 years)). Statistical
testing by Pearson or Spearman correlation. (B) Expression of indicated chemokine
receptors denoting T-helper cell differentiation states by memory CD4* T cells in lung

(top; n=7) and jejunum (bottom; n=8) from organs donors aged 0.02—7 years shown as
representative histograms (normalized to mode) from infant (<2 years; purple) and older
child (>4 years; green) and compiled data from multiple donors. Statistical testing done with
Mann-Whitney T test, lines depict mean and standard deviation. * = p <0.05, ** = p <0.01,
*** = p<0.001. LLN = lung lymph node, GLN = gut lymph node. See also Figure S2 and
Tables S1,S2.
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Figure 7. T cell receptor analysis reveals loss of diversity and differential overlap between sites
over age.

T cell receptor (TCR) analysis performed on population RNA sequencing of CD69" Tgpy
cells as in Fig. 5. (A) Clonotype analysis organized by tissue site (columns) and CD4* (top)
and CD8* (bottom) with proportion of repertoire space (y-axis) occupied by clonotypes

vs individual donors (x-axis; stacks) organized by increasing age. Gray bars depict donors/
tissues were no sample was available. (B) R20 (top) and R50 (bottom) over age for CD4*
(blue circles) and CD8™ (red squares) T cells by tissue site. Statistical testing performed by
Wald test. Line depicts best fitting linear or non-linear model. (C) Clonal overlap matrices
for individual donors with CD4* (top) and CD8" (bottom) organized by individual donors
(columns) by increasing age. Box color depicts % overlap. Gray boxes depict tissues were
no sample was available. (D) Dotplots showing clonal overlap over age (years) for CD4*
(blue circles) and CD8™ (red squares) T cells. Line depicts best fit with 95% confidence
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interval. Statistical testing with Wald test. ns = p>0.05, * = p<0.05, ** = p<0.01, *** =
p<0.001, **** = p<0.0001.
Abbreviations; lle- lleum, Jej- Jejunum, Lg- Lung. See also Tables S1,S5.
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Reagent or Resource

Source

Identifier

Antibodies

Flow Cytometry

Anti-Human CCR4 BV605

Biolegend

L291H4, Cat. #359418

Anti-Human CCR6 BV480

BD Biosciences

11A09, Cat. #11A9

Anti-Human CD101 APC

Biolegend

BB27; Cat. # 331007

Anti-Human CD101 BV786

BD Biosciences

V7.1, Cat. # 747545

Anti-Human CD103 BB515

BD Biosciences

Ber-ACT8; Cat 564578

Anti-Human CD103 BUV395

BD Biosciences

Ber-ACTS8; Cat. # 564346

Anti-Human CD103 PE/Cy7 Biolegend Ber-ACTS8; Cat. # 350212
Anti-Human CD103 PerCP/Cy.5.5 Biolegend Ber-ACTS8; Cat. # 350226
Anti-Human CD127 AF647 Biolegend A019D5; Cat. # 351318

Anti-Human CD127 APC-R700

BD Biosciences

HIL-7R-M21; Cat. #565185

Anti-Human CD127 BV510 Biolegend A019D5; Cat. # 351332
Anti-Human CD197 (CCR7) AF488 Biolegend G043H7; Cat. # 353206
Anti-Human CD197 (CCR7) BV650 Biolegend GO043H7; Cat. # 353234
Anti-Human CD25 APC Biolegend BC96; Cat. # 302610
Anti-Human CD25 BV605 Biolegend BC96; Cat. # 302632
Anti-Human CD25 PE Biolegend BC96; Cat. # 302606

Anti-Human CD279 (PD-1) BB700

BD Biosciences

EH12.1; Cat. # 566460

Anti-Human CD3 BV510 Biolegend OKTS3; Cat. # 317332
Anti-Human CD3 BV605 Biolegend OKT3; Cat. # 317322
Anti-Human CD3 BV650 Biolegend OKTS3; Cat. # 317324

Anti-Human CD4 BU737

BD Biosciences

SK3; Cat. # 612748

Anti-Human CD4 BV421 Biolegend SK3; Cat. # 344632
Anti-Human CD4 PE/Cy7 Biolegend SK3; Cat. # 980808
Anti-Human CD4 cFluor YG584 Cytek SK3; Cat. #R7-20041
Anti-Human CD45 Alexa Fluor® 700 Biolegend 2D1; Cat. # 368514
Anti-Human CD45 PerCP Biolegend HI130; Cat. #304026
Anti-Human CD45RA BV570 Biolegend H1100; Cat. 304132
Anti-Human CD45RA BV605 Biolegend HI100; Cat. # 304134
Anti-Human CD45RA PE/Cy7 Biolegend HI100; Cat. # 304126
Anti-Human CD45RA PerCP/Cy.5.5 Biolegend HI100; Cat. # 304122
Anti-Human CD45R0 PerCP/Cy.5.5 Biolegend UCHLZ1; Cat. # 304222
Anti-Human CD45RO PerCP-eFluor710 eBioscience UCHL1; Cat. # 46-0457-42

Anti-Human CD49a BUV615

BD Biosciences

SR84; Cat. # 751437

Anti-Human CD49a PE

Biolegend

TS2/7; Cat. # 328304

Anti-Human CD69 BV711

Biolegend

FN50; Cat. # 310944
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Reagent or Resource

Source

Identifier

Anti-Human CD69 PE/Dazzle 594 Biolegend FN50; Cat. # 310942
Anti-Human CD69 PerCP/Cy.5.5 Biolegend FN50; Cat. # 310926
Anti-Human CD8 APC/Fire 750 Biolegend SK1; Cat. # 344746

Anti-Human CD8 BUV496

BD Biosciences

RPA-T8; Cat. # 612942

Anti-Human CD8 BV711

Biolegend

SK1,; Cat. # 344734

Anti-Human CD8 BV805

BD Biosciences

SK1,; Cat. # 612889

Anti-Human CXCR3 BB700

BD Biosciences

1C6/CXCR3, Cat. # 566532

Anti-Human CXCR6 BV750

BD Biosciences

13B 1ES5; Cat. # 747052

Anti-Human CXCR6 PE/Dazzle 594 Biolegend KO041E5; Cat. # 356016
Anti-Human FoxP3 PE Invitrogen 236AJET; Cat. # 72-5774-40
Anti-Human FoxP3 PE/Dazzle 594 Biolegend 206D; Cat. # 320126

Anti-Human IFNy BV480

BD Biosciences

B27, Cat. #566100

Anti-Human TCR /6 PerCP-eFlour710 Invitrogen B1.1; Cat. #46-9959-42
Anti-Human TCR /6 BV421 Biolegend B1; Cat. # 331217
Anti-Human TNFa BV785 Biolegend Mab11; Cat. #502948

Biological Samples

Human Pediatric deceased Organ Donor samples

Organ procurement organizations
throughout the USA

https://bruskolab.diabetes.ufl.edu/research/handel-i/

Human adult deceased organ donor samples

LiveOnNY

https://www.liveonny.org/

Human Subjects Blood Samples

NYP Audubon Clinic

CUIMC IRB #AAAQ6732

Immunofluorescence Imaging

Anti-Hu TCR V beta F1 APC

Invitrogen

8A3; Cat. # 17-5766-42

Anti-Hu TCR y6PE

Life Technologies

MHGDO04; Cat. # 2188772

Anti-Hu CD3 Alexa Flour488 Biolegend OKTS3; Cat. # 317310
Chemicals, peptides and recombinant proteins

10% Zinc Formalin Anatech Cat#170

ACK Lysing buffer Gibco Ref#A10492-01
B-mercaptoethanol Sigma Cat#M6350-250ML
Collagenase Millipore Sigma Cat#11088882001
DAPI Chemometec Cat. #910-3013
DNAse Millipore Sigma Cat#DN25-5G
DPBS Corning Cat #20-030-CV
EDTA Corning Cat #46-034-Cl
Fetal Bovine Serum GeminiBio Cat#100-106

Fixable Viability Dye eFluor™ 780

Thermo Fisher Scientific

Cat. # 65-0865-18

Fixable Viability Dye Zombie NIR

Biolegend

Cat. # 423106

Fixation Buffer

Invitrogen

Cat#00-5223-56

GolgiPlug

BD Biosciences

Cat#555029
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Reagent or Resource Source Identifier
GolgiStop BD Biosciences Cat#554724
IMDM Gibco Ref#122440-053
lonomycin Sigma Cat#19657
Lymphocyte Separation Media Corning Cat#25-072-Cl

O.C.T. Compound

Fisher Healthcare

Cat#23-730-571

Penicillin/Streptomycin/L-glutamine GeminiBio Cat#c400-110
Permeabilization Buffer Invitrogen Cat#00-8333-56
PMA Sigma Cat#P1585

RLT Buffer Qiagen Cat#1053393
Rneasy Micro Kit Qiagen Cat#74004
RPMI 1640 Corning Cat #10-040-CM
TrueStain FcX BioLegend Cat #422302
True-Stain Monocyte Blocker BioLegend Cat #426102
Critical Commercial Assays

RNA 6000 Pico Kit Agilent Cat#5067-1513
SMART-Seq Ultra-low input RNA kit Takara Bio Cat#634894
Deposited Data

Population RNA-seq Data This article GSE220094

Software and Algorithms

Imaris Software v9.8.2

Oxford Instruments

https://imaris.oxinst.com

FlowJo v 10.7 software

Tree Start

https://www.flowjo.com

FCS express v 7.12.0005 software

Denovo Software

https://denovosoftware.com

GSEAV4.3.1

UC San Diego/ Broad Institute

https://www.gsea-msigdb.org/gsea/index.isp

Prism v 9.4.0 software

GraphPad

www.graphpad.com

Rstudio version

Rstudio, Inc. (2019)

https://www.rstudio.com

R version

R Foundation for Statistical

Computing

https://www.R-project.com
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