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SUMMARY

T cells coordinate multiple aspects of adaptive immunity throughout life, including responses to
pathogens, allergens, and tumors. In mouse models, the role of T cells is studied in the context of a
specific type of pathogen, antigen, or disease condition over a limited timeframe, while in humans,
T cells control multiple insults simultaneously throughout the body and maintain immune
homeostasis over decades. In this review, we discuss how human T cells develop and provide
essential immune protection at different life stages and highlight that tissue localization and subset
delineation are key determinants of the T cell functional role in immune responses. We also
discuss how anatomic compartments undergo distinct age-associated changes in T cell subset
composition and function over a lifetime. Considering age and tissue influences on human T cells
is important for developing targeted strategies to modulate T cell-mediated immunity in vaccines
and immunotherapies.

ETOC BLURB

Recent studies on human T cells in diverse tissue sites have revealed that the functional role of T
cells is closely linked to the anatomical location, subset and developmental stage. Kumar et al.
review these advances and highlight aspects of T cell immunity that are specific to humans.
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Introduction

The establishment and maintenance of immune responses, homeostasis, and memory
depends on T cells. T cells express a receptor with the potential to recognize diverse
antigens from pathogens, tumors, and the environment, and also maintain immunological
memory and self-tolerance. T cells are also implicated as major drivers of many
inflammatory and autoimmune diseases. The /n vivo functional role of T cells in immunity
and immunopathology and the underlying mechanisms involved have been largely
elucidated from mouse models, and have led to the development and advancement of
immune-based cures and immunotherapies in humans (Cohen, 2014; Rosenberg, 2014).
However, the power and utility of mouse models to test hypotheses depends on reducing the
scope of inquiry to one type of infection or disease perturbation over a defined time period
in sterile, pathogen-free conditions. By contrast, humans are continuously exposed to
multiple benign and pathogenic microorganisms, harbor chronic pathogens, yet can survive
for many decades free of major infections even in advanced years (Evans et al., 2014). In
order to elucidate mechanisms for the unique longevity and stability of human immunity, it
is necessary to study T cells within the complex environment of the human body—in
multiple sites, at all ages, and across many individuals.

T lymphocytes originate from bone marrow progenitors that migrate to the thymus for
maturation, selection, and subsequent export to the periphery. Peripheral T cells comprise
different subsets including naive T cells, which have the capacity to respond to new
antigens, memory T cells that derive from previous antigen activation and maintain long-
term immunity, and regulatory T (Treg) cells which keep immune responses in check.
Immune responses commence when naive T cells encounter antigen and costimulatory
ligands presented by dendritic cells (DC), resulting in interleukin 2 (IL-2) production,
proliferation, and differentiation to effector cells that migrate to diverse sites to promote
pathogen clearance. Activated effector cells are short-lived, although a proportion survive as
memory T cells which persist as heterogeneous subsets based on migration, tissue
localization, and self-renewal capacities. Each memory subset can participate in maintaining
long-term immunity and recall protective responses, although their origin and lineage
relationship remains unresolved.

Because humans experience a relatively long lifespan, the critical role of T cells in immunity
needs to be studied in the context of different life stages (Fig. 1). In early life (infancy and
early childhood), the majority of T cells are naive T cells newly emerged from the thymus,
with Treg cells also significantly represented. During this formative stage when the greatest
number of new antigens are encountered, naive T cells play key protective roles in fending
off pathogens, Treg cells are critical for developing tolerance to innocuous and ubiquitous
antigens, and long-term reserves of memory T cells are established. Memory T cells
accumulate with antigen experience during childhood, with the level of memory T cell
accumulation plateauing in adulthood and maintained over decades (Saule et al., 2006). The
change in T cell predominance from naive to memory after childhood and the relative
stability of immunity over decades of adulthood suggests changing roles for T cells in adults
compared to children (Fig. 1). In adulthood, fewer new antigens are encountered and
tolerance establishment may be less prevalent, with the role of T cells shifting to maintain
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homeostasis and immunoregulation in the context of repeat and chronically encountered
antigens, with surveillance for tumors also important during this period. At the later stages
of life, there are well-documented immunosenescent changes (for a review, see (Goronzy
and Weyand, 2017)), including increased inflammation and a decline in T cell functionality,
contributing to immune dysregulation and associated pathology.

The role of T cells in immune responses and at different life stages is not uniform across the
body. T cells populate virtually every organ and tissue in the body including primary and
secondary lymphoid tissue, mucosal and barrier sites, exocrine organs, fat, and even the
brain and central nervous system (CNS). In terms of numbers, the majority of T cells in the
human body are likely found within lymphoid tissues (bone marrow, spleen, tonsils, and an
estimated 500-700 lymph nodes) with large numbers also present in mucosal sites (lungs,
small and large intestines) and skin, with estimates of 2—-3% of the total T cell complement
found in human peripheral blood (Clark, 2010; Ganusov and De Boer, 2007). In early life,
newly generated naive T cells and Treg cells populate major lymphoid and mucosal sites in
the body and memory T cells begin to develop largely in mucosal sites such as small
intestine and lung (Thome et al., 2016a). After childhood, memory T cells are the
predominant subset throughout the body; however, the accumulation of memory in lymphoid
tissues occurs at a slower rate during childhood and reaches a lower maximum frequency
compared with mucosal and barrier sites (Thome et al., 2014). These findings suggest
distinct roles for T cells in immunity not only at different life stages, but in specific anatomic
compartments.

In this review, we will consider the development, function, and differentiation of human T
cells within the complexities of the human condition, involving long-term survival with
multiple environmental, pathogenic, and benign antigens through many routes and tissue
sites of exposure. We will discuss these multiple aspects of human T cell responses starting
from T cell development, the role of naive and regulatory T cells, differentiation to effector
and memory subsets and how tissue localization impacts T cell function and maintenance.
We will also discuss how all of these aspects of human T cells function at distinct stages of
life from infancy through adulthood, and how specific sites experience different rates of
immunosenescence relating to T cell function and persistence.

Thymopoiesis

The thymus is the primary site of T cell development, where progenitors from the bone
marrow lacking CD4* and CD8™ coreceptor expression undergo T cell receptor (TCR)
rearrangement to generate CD4*CD8™" double positive (DP) thymocytes. DP cells undergo
selection giving rise to CD4* or CD8™ single positive (SP) thymocytes that ultimately
emerge into the periphery as naive T cells exhibiting CD45RA*CCR7* phenotypes. Newly
developed Treg cells, defined as CD4*CD25™ cells expressing the Foxp3 transcription factor
(Hori et al., 2003), represent 9-10% of human CD4* SP thymocytes (Watanabe et al., 2005),
and express naive CD45RA*CCR7* phenotypes (Seddiki et al., 2006). Most of our
knowledge of thymopoiesis, the genesis of new T cells and mechanisms for their selection
and development derive from studies in mouse models using thymectomy, bone marrow
reconstitution, and genetic manipulation (for reviews, see (Germain, 2002; Klein et al.,
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2014)). In humans, similar manipulations are not possible; however, “natural” experiments
involving thymectomy and thymic transplantation and studies of recent thymic emigrants
(RTE) provide key insights into human thymopoiesis and how it differs from mice.

Unlike mice who are born lymphopenic, with T cells populating secondary lymphoid organs
only at the end of gestation, humans are born with a full complement of T cells (Burt, 2013).
In utero, human T cell progenitors are detected in fetal thymii as early as 9 weeks of
gestation, with mature T cells appearing in the thymus by 12—-13 weeks and the spleen and
lymph nodes (LNs) by 24 weeks of gestation (Haynes et al., 1988). Human Treg cells also
develop early in fetal life and are detected in thymii at 12 weeks and in LN at 14 weeks
(Cupedo et al., 2005; Michaelsson et al., 2006). It was established some time ago that
neonatal thymectomy in mice results in profound immunodeficiency and multi-organ
lymphocytic infiltration (Dalmasso et al., 1963; Sakaguchi et al., 1982), due to defects in
development of both naive T cells and Treg cells, respectively (Sakaguchi et al., 1995). By
contrast, neonatal thymectomy in humans, which is performed during cardiac surgery to
repair congenital abnormalities, does not impair survival or result in deleterious
consequences. Adults who underwent neonatal thymectomy (many now in their third-to-
fourth decade of life) do not experience increased incidence of infections (Mancebo et al.,
2008; Wells et al., 1998), and remain healthy despite having more extensive declines in
naive T cell frequencies with age compared to control individuals (Prelog et al., 2009; van
den Broek et al., 2016). Moreover, neonatally thymectomized adults do not have increased
incidences of autoimmunity or allergy compared to aged-matched controls (Silva et al.,
2017), consistent with their maintenance of normal blood Treg cell frequencies and numbers
(Silva et al., 2016). However, infants born with a congenital defect in Treg cell development
(based on deletion or mutation of the Foxp3 transcription factor) present with Immune
dysregulation, Polyendocrinopathy, Enteropathy, X-linked (IPEX) syndrome manifested by
systemic autoimmunity and multi-organ infiltrates (Bennett et al., 2001). Therefore, the
critical events in T cell development commence prior to birth in humans, and humans are
born with a T cell complement sufficient for anti-pathogen immunity and
immunoregulation—at least in the developed world.

T cell development in the thymus involves rigorous selection events as determined in mouse
models with newly generated DP thymocytes undergoing positive selection for self human
leukocyte antigen (HLA) recognition based on interactions with thymic epithelial cells (non-
hematopoietic) and negative selection to remove strongly self-reactive clones through
interactions with thymic DC. Treg cells undergo a different type of selection, and tend to be
more self-reactive (Stritesky et al., 2012). It is unclear whether thymic selection events occur
similarly in humans, but novel insights have emerged from studies of thymus
transplantation—a rare surgery used to reconstitute the T cell compartment in infants with
complete DiGeorge syndrome who lack a functional thymus (Hudson et al., 2007).
Transplantation of fully allogeneic thymus tissues from unrelated infants resulted in
thymopoiesis, generation of polyclonal functional naive T cells and anti-pathogen immunity,
enabling these individuals who otherwise would have died of infections to survive (Markert
etal., 2010; Markert et al., 2003). Interestingly, thymic recipients are tolerant of self and the
thymic transplant (they require no immunosuppression) and also generate Treg cells with
diverse repertoires (Chinn et al., 2013; Markert et al., 2010). Based on mouse studies, the
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generation of functional immunity requires positive selection on thymic epithelial cells
(TEC); however, in human thymic transplants TEC are of donor origin, yet functional T cells
emerge that can respond to antigens presented by the host antigen presenting cells (APCs)
(Li et al., 2011). Whether human thymocyte selection is more permissive than mouse,
occurring through interactions with donor epithelium and/or thymic APC is not known but
suggests that rules for selection in mice do not apply wholly to humans.

How long does thymopoiesis persist in humans? The thymus is largest at birth, and age-
related changes in the thymus including a reduction in thymic volume, loss of epithelial
cells, increase in perivascular space, and replacement of thymic tissue by fat begin during
childhood (Haynes et al., 2000). Thymic function can be assessed in peripheral T cells based
on markers of new thymic emigrants including surface CD31 expression (Junge et al., 2007;
Tanaskovic et al., 2010) and TCR excision circles (TREC) as products of gene
rearrangement (Hazenberg et al., 2002; Hazenberg et al., 2001). There are well-documented
decreases in CD31 expression and TREC content in peripheral blood T cells with age
(Douek et al., 1998; Jamieson et al., 1999; Junge et al., 2007). The greatest decline in
thymopoiesis was generally believed to occur during puberty; however, more recent studies
suggest that this steep reduction may occur later in life. In human thymic tissue obtained
from organ donors aged several months to >70 years, DP thymocytes (indicating ongoing
selection) were detected at the expected frequency (60-80%) in active thymus tissue from
donors <40 years of age, while few DP cells were detected in thymus tissues of adults >40
years of age (Thome et al., 2016b). Similarly, TREC levels of naive T cells from human
blood, spleen, and LN exhibited a steep reduction in individuals over 40 years of age (Douek
etal., 1998; Thome et al., 2016b). Residual thymic activity can still persist beyond the fifth
decade of life, as RTE-like cells can be detected in peripheral blood (Jamieson et al., 1999)
and in renal transplant recipients following T cell depletion therapy (Gurkan et al., 2010).
Together, these findings suggest that while thymic function effectively ceases after the fourth
decade of life, persistence of residual thymus tissue in some individuals may be amenable to
regeneration therapies to rejuvenate the human immune system.

Naive and Treg cell maintenance

In light of declining thymic output, how do adults maintain a functional and diverse naive T
cell repertoire for responding to new antigens? Studies examining T cell turnover in human
volunteers and mice administered deuterated water demonstrated important differences
between the two species regarding thymopoiesis and naive T cell maintenance. In both
young and old mice, the majority of naive T cells derive from thymic output, with minimal
peripheral division of naive T cells, while in humans, the majority of naive T cells derived
from peripheral turnover, even in younger adults with active thymic output (den Braber et
al., 2012; Vrisekoop et al., 2008). These studies also showed that the while the average life
span of mouse naive T cells is only 6-10 weeks, in humans, individual naive T cells can
persist 5-10 years (den Braber et al., 2012; Vrisekoop et al., 2008). The intrinsic long
lifespan and turnover of human naive T cells can account for their persistence well into old
age.
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A mechanistic view of human naive T cell maintenance has emerged from studies using high
throughput DNA sequencing for assessing TCR repertoires and through examination of
naive T cells in tissue sites. TCR sequencing can measure clonal diversity and quantitate
expanded clones. Human naive T cells exhibit a highly diverse TCR encompassing up to 100
million different specificities (Qi et al., 2014). Naive phenotype cells in the blood of elderly
individuals (70-85 years old) still maintain a diverse repertoire of unique TCRp amino acid
sequences that while reduced compared to that of young adults (Qi et al., 2014), suggests
that humans are capable of responding to novel antigens even at advanced ages. Study of
naive T cells in circulation and multiple tissue sites obtained from organ donors has enabled
a novel assessment of how naive T cells are maintained over the lifespan (Thome et al.,
2016a; Thome et al., 2016b; Thome et al., 2014). Naive T cells comprise a significant
proportion (20-50%) of total T cells within multiple lymph nodes for decades after cessation
of thymic output. Naive T cells also maintain functionality with age, with no overt
functional differences between naive T cells from younger individuals with active thymic
output and older individuals with no thymic output (Thome et al., 2016b). TCR repertoire
analysis of lymphoid naive and memory T cells via CDR3 sequencing revealed high
diversity (and corresponding low clonality) of CD4" and CD8* naive compared to the
corresponding memory subset in spleen and multiple LN (Thome et al., 2016b), indicating
that naive T cells in tissues maintain their capacity to respond to diverse antigens.

Treg cells also emerge from the thymus and exist in high frequencies in tissues during early
life; however their persistence and frequency differs from naive T cells. The early
establishment of Treg cells in utero is followed by elevated levels in early life with to 10—
30% of all CD4*T cells in blood, lymphoid tissue, and mucosal sites being Treg cells
compared to less than 5% in adults (Mold et al., 2008; Thome et al., 2016a). Despite
differences in overall frequency, pediatric and adult Treg cells share similar features. Treg
cells maintain a TCR repertoire entirely distinct from corresponding non-Treg cell
populations, with minimal overlap of TCRp sequences between these subsets in umbilical
cord blood and in adult peripheral blood (Golding et al., 2017). At all ages, Treg cells in
blood and lymphoid tissues are CD45RA*CCR7*, indicating a naive phenotype, while Treg
cells in mucosal sites are CD45RA™ and express CD45RO0, like conventional memory T
cells (Thome et al., 2016a). Functionally, pediatric Treg cells in LN can express increased
levels of FoxP3 compared to adult LN Treg cells (Thome et al., 2016a); however, more
studies are needed to assess how early life Treg cells may differ from those which persist in
later life.

The decline in Treg cell frequency in humans begins earlier in childhood than the decline in
conventional naive populations (Thome et al., 2016a), suggesting both thymic and peripheral
mechanisms at play. Studies in mice along with complementary analyses in humans
indicates that age-associated reductions in Treg cell generation is due to interactions
between thymic output, peripheral induction and maintenance. In mice, mature Treg cells
migrate back to the thymus and suppress thymic production of Treg cells but not
conventional naive T cells (Thiault et al., 2015). Mature Treg cells were also detected in
human pediatric thymii (Thiault et al., 2015), suggesting a similar mechanism controlling
Treg cell production in humans. Compared with naive T cells, human Treg cells exhibit
higher turnover, as measured by Ki67 expression (Silva et al., 2016; Thome et al., 2016a),
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which could also contribute to their declining frequency with age. Treg cell frequency may
also be affected by changes in dendritic cell (DC) populations. In a recent study, human fetal
DC were shown to promote Treg cell induction more readily than adult DCs (McGovern et
al., 2017). Together, these results suggest multiple interacting mechanisms for control of
Treg cell frequencies after childhood, consistent with the optimal window for tolerance
induction occurring early in life.

T cell effector and memory differentiation

Peripheral T cell differentiation has been extensively characterized in mouse infection
models and occurs in 3 phases: clonal expansion, in which activated pathogen-specific T
cells expand and differentiate into effector T cells that mediate infection clearance;
contraction, in which the majority of effector T cells die by apoptosis following infection;
and a memory phase, in which a fraction of these primed T cells persist as long term
memory T cells that protect against subsequent infection (Gourley et al., 2004; Kaech and
Wherry, 2007). In humans, studying T cell differentiation to effector and memory T cell
fates requires specific cohorts that are challenged and followed over time. Elegant studies
using the live-attenuated Yellow fever virus vaccination (YFV-7D) show activated CD4* and
CD8*T cells co-expressing CD38 and HLA-DR detectable in the blood within 2-3 days;
YFV-specific CD8" T cells are subsequently detectable in blood and exhibit peak responses
after 14-21 days (Akondy et al., 2015; Blom et al., 2013; Miller et al., 2008; Wieten et al.,
2016a). As in mouse infection models, the magnitude of the effector CD8* T cell response
correlates to the initial viral load (Akondy et al., 2015), and contracts rapidly, returning to
near baseline levels by 30 days (Kohler 2012, Miller 2008, Akondy 2015). Virus-specific
memory T cells subsequently persist in frequencies reduced from the effector response (5-
6%) (DeWitt et al., 2015; Miller et al., 2008; Wieten et al., 2016b), and are detectable 25
years after vaccination (Fuertes Marraco et al., 2015; Wieten et al., 2016b). Similar kinetics
of effector expansion and memory development were observed following smallpox
(vaccinia) and influenza vaccination (Miller et al., 2008), with vaccinia-specific memory T
cells detected after many decades (Hammarlund et al., 2003). Together, these studies
indicate that human effector T cell expansion, contraction, and memory formation following
viral infection is similar in kinetics and magnitude to many acute viruses investigated in
mice.

While the majority of effector T cells contract rapidly and are not present in significant
proportions at steady state, a population of terminal effector cells (Temra) exhibiting
CD45RA*CCR7~ phenotypes can persist in circulation. Temra cells are mostly present
within the CD8" T cell lineage, exhibit high capacity for IFNy production and low
proliferative capacity, and their frequency in blood is correlated with persistent CMV
infection (Larbi and Fulop, 2014). The proportion of CD8* Temra cells in blood and bone
marrow increases with age, specifically in CMV seropositive donors (Di Benedetto et al.,
2015; Gordon et al., 2017), suggesting a role for Temra cells in persistent infections. CD4*
Temra cells are rarely detected, but expansion of CD4*Temra cells with cytotoxic function
occurs in individuals infected with Dengue virus and is associated with protection (Weiskopf
et al., 2015). These findings suggest that certain viruses trigger terminal effector
differentiation and Temra cell formation, which may relate to antigen load or persistence.
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Interestingly, Temra cells appear to be specific to humans, with no clear correlate in mouse
infection models.

Memory T cell heterogeneity and tissue distribution

Memory T cells represent a major circulating population in human blood and are subdivided
based on phenotype into central memory (Tcm, CD45RA-CCR7Y), effector-memory (Tem,
CD45RACCR7"), and stem-cell memory (Tscm, CD45RA*CCR77CD95*CD122%) T cells
(Gattinoni et al., 2011; Sallusto et al., 1999). Functionally, both Tcm and Tem cells are both
capable of producing IL-2 and effector cytokines upon stimulation; however, Tcm cells
exhibit lymphoid homing profiles, and high proliferative capacity, while Tem cells produce
more effector cytokines (Gattinoni et al., 2011; Sallusto et al., 1999; Willinger et al., 2005).
Tscm cells are a relatively rare subset with high proliferative and self-renewal capabilities,
but no effector function (Gattinoni et al., 2011). Models for the linear and bifurcated
generation of human memory T cell subsets have been previously inferred from functional
analysis, differentiation markers, and analysis of cell division (Ahmed et al., 2009).
However, recent studies using epigenetic and transcriptional analysis have provided new
insights into their differentiation hierarchy. For CD4*T cells, epigenomic profiling based on
assessment of methylation status, DNA accessibility, and histone modifications revealed a
progressive loss of DNA methylation, of key genes that control memory development, in the
order naive — Tcm — Tem cells (Durek et al., 2016). A linear progression of differentiation
for human CD8* T cells in the order naive—Tscm—Tcm—Tem cells was suggested by
methylation analysis and chromatin accessibility (Abdelsamed et al., 2017; Moskowitz et al.,
2017). However, these lineage analyses are based on the fraction and subsets of T cells that
emerge into circulation and not the majority populations contained within lymphoid and
peripheral tissues sites.

The identification in mouse infection models of heterogeneous tissue distribution of memory
T cells and distinct features of T cells in specific sites (Bingaman et al., 2005; Masopust et
al., 2001; Masopust et al., 2004) suggested that circulating T cells in humans may not be
representative of their counterparts in tissues. However, human tissue samples for research
purposes are often limited to surgical explants from disease-affected patients or isolated
biopsies, and are derived from low numbers of individuals. More recently, the use of organ
donor tissues has enabled assessment of T cell subset distribution, compartmentalization,
and function across blood and multiple lymphoid and mucosal sites in healthy humans of all
ages (Carpenter et al., 2017; Sathaliyawala et al., 2013; Thome et al., 2014). Analysis of T
cell subsets in tissues over six decades of adult life revealed that Tem cells were the
predominant population in lungs, small and large intestines, spleen, and blood, and 30-50%
of the LN T cell complement, while naive T cells were primarily found in blood, spleen, and
LN (Sathaliyawala et al., 2013; Thome et al., 2014). For CD4* T cells, Tcm cells are present
in similar frequencies (average 20%) in lymphoid sites with lower frequencies in mucosal
tissues and few Temra cells, while for CD8* T cells, significant fractions (~30%) of Temra
cells were found within blood and blood-rich tissues (spleen, bone marrow, and lung) but not
in other sites, with only low frequencies of CD8" Tcm-phenotype cells in blood and
lymphoid sites (Gordon et al., 2017; Thome et al., 2014). Notably, these subset frequencies
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were quite stable across highly diverse donors, suggesting tissue-specific
compartmentalization of human T cell subsets.

Tissue resident memory T (Trm) cells

It has recently been established in mouse models that a large fraction of memory T cells in
tissues comprise a distinct subset, designated tissue resident memory T (Trm) cells (for
reviews about mouse Trm cells, see (Mueller and Mackay, 2016; Schenkel and Masopust,
2014)). Mouse Trm cells have been described in diverse types of tissues including barrier
sites, mucosal tissues, liver, salivary glands, and brain, where they are retained and do not
recirculate as shown by parabiosis and /7 vivo labeling studies (Jiang et al., 2012; Mueller
and Mackay, 2016; Steinert et al., 2015; Teijaro et al., 2011). Functionally, mouse Trm cells
mediate rapid /n situ protection against diverse viral, bacterial, and parasite infections, and
are more effective than circulating memory T cells in pathogen clearance (Fernandez-Ruiz et
al., 2016; Gebhardt et al., 2009; Glennie et al., 2015; Jiang et al., 2012; Sakai et al., 2014;
Schenkel et al., 2014; Teijaro et al., 2011; Thom et al., 2015). The clinical importance of
Trm cells is also underscored by the fact that mouse Trm cells can be generated in response
to vaccines, non-infectious allergens, autoantigens, and tumors (Hondowicz et al., 2016;
Morawski et al., 2017; Shin and Iwasaki, 2012; Zens et al., 2016).

Phenotypically, mouse Trm cells express the early T cell activation marker CD69 (Anderson
et al., 2014; Mueller and Mackay, 2016; Turner et al., 2014), which can promote retention
through sequestration of the sphingosine-1-S1PR1 (Mackay et al., 2015; Shiow et al., 2006).
CD8*Trm cells in skin and mucosal sites also co-express CD103 in addition to CD69
(Bergsbhaken and Bevan, 2015; Mueller and Mackay, 2016). While CD69 expression is a
common feature of both CD4" and CD8*Trm, CD69~Trm cells defined based on tissue
retention properties have been identified in mouse tissues (Steinert et al., 2015). Whether
CD69 is required for Trm formation also remains a matter of debate; CD69-deficient CD8*T
cells exhibit reduced Trm formation in skin (Mackay et al., 2015), while CD69~/~ CD4*T
cells can generate Trm in lymphoid sites (Ugur et al., 2014).

Recent studies have identified cells with a Trm phenotype in multiple human tissues.
Analysis of memory T cells from healthy organ donors and tissue explants revealed that
CD69 is expressed by the majority of CD4* and CD8* memory T cells in multiple sites
including mucosal tissues (lungs, small and large intestines, genital mucosa), skin, lymphoid
sites (spleen, LN, BM), and exocrine tissues (pancreas, salivary glands), while blood
memory T cells are largely CD69™ (Booth et al., 2014; Clark et al., 2006; Gordon et al.,
2017; Kumar et al., 2017; Okhrimenko et al., 2014; Pallett et al., 2017; Radenkovic et al.,
2017; Swaims-Kohlmeier et al., 2016; Thome et al., 2014; Trimble et al., 2010; Watanabe et
al., 2015; Wong et al., 2016; Woon et al., 2016). CD103 is expressed by a subset of CD69*
memory CD8* T cells in barrier and oral-gastro mucosal sites, but not significantly by
lymphoid memory CD8* T cells or by CD4* memory T cells in any tissue (Kumar et al.,
2017; Thome et al., 2014; Watanabe et al., 2015), suggesting that CD69 is the primary
marker distinguishing tissue from circulating memory T cells i. Although CD69 can be
upregulated following T cell activation (Cibrian and Sanchez-Madrid, 2017), CD69*
memory T cells in tissues do not exhibit features of activation such as HLA-DR, CD38, or
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CD25 expression (Kumar et al., 2017; Okhrimenko et al., 2014; Thome et al., 2014; Woon et
al., 2016). Together, these findings indicate that human tissue memory T cells exhibit
features of resting memory T cells along with CD69, and in some cases CD103 expression.

Defining human Trm as a distinct subset is supported by transcriptional profiling studies of
phenotypic subsets. Two recent studies showed that human tissue memory T cells expressing
the Trm cell markers CD69 and/or CD103 are a transcriptionally distinct memory subset in
humans, with key homologies to mouse Trm cells (Hombrink et al., 2016; Kumar et al.,
2017). Notably, a core signature defining human Trm cells has been established through
whole transcriptome profiling combined with phenotypic and functional validations in
multiple tissues sites for both CD4* and CD8* T cells (Kumar et al., 2017) (Fig. 2). Human
CD69* (or CD103") tissue memory T cells relative to circulating (CD69~ CD1037) Tem
cells cells in tissue and blood, share key transcriptional features of mouse Trm cells
including downregulation of the homing receptor S1IPR1 and its associated transcription
factor KLF2 (Hombrink et al., 2016; Kumar et al., 2017; Woon et al., 2016), shown to be
required for Trm cells formation in mice (Skon et al., 2013). Like mouse Trm cells, human
Trm cells also exhibit upregulation of CXCR6 and ITGA1 (CD49a), a collagen binding
integrin, and downregulation of SELL (CD62L) and CX3CR1 to avoid egress cues
(Hombrink et al., 2016; Kumar et al., 2017; Wong et al., 2016). However, the transcriptional
regulators of human and mouse Trm cells may be different. In mice, the transcription factor
Hobit is exclusively expressed by and required for the development of Trm cells following
infection (Mackay et al., 2016), while in humans, Trm phenotype cells express low-to-
negligible levels of Hobit transcripts (Kumar et al., 2017; Vieira Braga et al., 2015).

Functional aspects of the core signature reveal a dual role for human Trm cells
encompassing both protection and regulation (Fig 2B). Human Trm cells produce increased
levels of cytokines associated with protective immunity such as IFN-y, IL-17, TNF-a, and
IL-2 compared to circulating Tem cells, but also produce higher levels of the
immunoregulatory cytokine 1L-10 (Hombrink et al., 2016; Kumar et al., 2017; Pallett et al.,
2017; Watanabe et al., 2015). Moreover, human Trm cells express surface receptors known
to potently inhibit T cell function including PD-1, LAG3, and CTLA-4 (Hombrink et al.,
2016; Kumar et al., 2017; Woon et al., 2016), and also CD101 (Kumar et al., 2017), a
molecule associated with inhibition of proliferation (Soares et al., 1998). Interestingly,
human Trm cells also exhibit reduced expression of the proliferation marker Ki67 compared
with circulating Tem cells (Kumar et al., 2017). We propose that these dual protective and
regulatory capabilities are critical for long term maintenance; Trm cells exist in a quiescent
state to promote longevity, have anti-inflammatory/regulatory function to prevent
unnecessary activation and tissue damage, but also retain the ability to respond quickly upon
pathogen invasion.

In addition to the core signature, there is evidence for heterogeneity within human Trm cells.
CD103 expression can vary on human CD8* Trm cells, and in mice, CD103* and CD103~
Trm cells are developmentally distinct subsets (Bergsbaken and Bevan, 2015; Kumar et al.,
2017). A recent study examining Trm cells from human skin found that the CD49a*CD103*
subset of CD8* Trm cells represented a subset with superior cytotoxic abilities compared
with CD49a™ counterparts (Cheuk et al., 2017). Furthermore, Trm cells may adopt tissue-

Immunity. Author manuscript; available in PMC 2019 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kumar et al.

Page 11

specific functional or migration capacities, which will be an important area for future
studies.

Human Trm cells likely have key roles in mediating protective responses and maintaining
long term immunity. Indirect evidence that Trm cells are the critical protective subset derives
from studies of patients given alemtuzumab, an agent which profoundly depletes circulating
T cells while preserving Trm cells as assessed in skin (Clark et al., 2012). Remarkably, these
patients do not experience high rates of infection (Clark et al., 2012) and transplant
recipients, who are also treated with depletional agents and other types of systemic
immunosuppression, do not succumb to infections, suggesting memory T cells residing
within tissues can adequately control ongoing and new infections. Further, the presence of
CD8* resident T cells in human skin is associated with immune responses to herpes simplex
virus (HSV) (Zhu et al., 2007; Zhu et al., 2013), analogous to findings in mice which
showed skin Trm-mediated protection to HSV (Gebhardt et al., 2009; Gebhardt et al., 2011).
These early findings suggest that targeting Trm cells may be an effective strategy to promote
vaccine-mediated protection, based on promising results in mouse models (Shin and
Iwasaki, 2012; Zens et al., 2016).

One potential mechanism for how human Trm cells may be optimized for protection is in
their maintenance of T cell clones specific to pathogens encountered at their site of
residence. For example, studies have found biased maintenance of influenza-specific CD8*T
cells within the human lung Trm subset (Purwar et al., 2011; Turner et al., 2014), hepatitis B
virus (HBV)-specific CD8 T cells within liver CD69* memory T cells (Pallett et al., 2017),
and EBV specific CD8" Trm cells in the spleen and tonsils (Woon et al., 2016). The tissue
distribution of T cells specific for systemic viruses that infect and/or persist in multiple sites
is more complex. CMV-specific T cells exhibit different distribution patterns with
predominance in either blood, bone marrow (majority of donors), or lung and lung LNs,
with higher frequencies of total and activated virus specific T cells being associating with
lower viral loads. (Gordon et al., 2017). Bone marrow was also found to be enriched
compared to blood for specificities to multiple systemic pathogens (Okhrimenko et al.,
2014), suggesting compartmentalization of long-lived memory populations in the bone
marrow. Taken together, these findings suggest specific generation and/or retention of
memory T cells at the infection site.

In humans, a lifetime of exposure to pathogens and commensal microbiota likely has a
profound impact on the development and maintenance of human Trm cells in ways that do
not occur in conventional mouse models. For example, the fraction of Trm phenotype cells
in tissues is consistently higher in humans than in mice, and memory T cells with a
canonical Trm cell phenotype (CD69*CD49a*CD103* S1PR1°CD62L9) can be found in
human lymphoid tissue (Kumar et al., 2017) but are not typically present in mouse lymphoid
sites. The cumulative effects of multiple pathogen exposure on establishment of Trm cells in
tissues is also suggested by studies of “dirty” pet store mice which contain increased
frequencies of CD69™ T cells within tissues compared to conventional mice in spf (specific
pathogen free) facilities (Beura et al., 2016). In addition, the accumulation of Trm cells with
age occurs more rapidly in intestines, followed by lungs (Thome et al., 2014), where
multiple commensal organisms are also present. Taken together, these results suggest that
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the rate and extent of Trm cell establishment in tissues may be directly related to antigen
load at specific sites.

Tissue residency and other subsets

Tissue residency may not be unique to memory T cells. There is evidence that naive T cells
can persist in tissues, and particularly within LN. Clonal analysis of naive T cells in spleen
and LN of individuals revealed no overlap between the TCR repertoires of naive T cells
from different lymphoid sites, regardless of age (Thome et al., 2016b). Even naive T cell
clones that were modestly expanded were largely limited to a single lymphoid site, in
contrast with expanded memory populations which showed high overlap between sites
(Thome et al., 2016b). These data suggest that naive T cells take up long term residence in
lymph nodes where they can expand /n situ, with lymph nodes serving as reservoirs for their
maintenance. Given that naive T cells lack expression of canonical Trm cell markers, we
propose that retention mechanisms for naive T cells in LN may be more dependent on
cytokine signaling rather than specific cell-cell interactions.

The concept of tissue residency has also been described for Treg cells. In mice, tissue Treg
cells in fat, lung, and muscle serve key roles in metabolic homeostasis and tissue repair and
exhibit distinct phenotypes and transcriptional profiles compared to lymphoid Treg cells (for
a review, see (Panduro et al., 2016)). In human tissues, a proportion of Treg cells (40-50%)
express the Trm cell marker CD69 (Thome et al., 2016a). Treg cells residing in human skin
also express skin-homing receptors CLA, CCR4, and CCR6 (Clark and Kupper, 2007).
Increased proportions of Treg cells which differentially produce IL-17 have been identified
in psoriatic skin lesions compared to unaffected skin (Sanchez Rodriguez et al., 2014),
suggesting roles for Treg cells in controlling local homeostasis. Treg cells have also been
identified in human fat with decreased Treg cells correlating with obesity (Feuerer et al.,
2009). Human tissue Treg cells in LN may preserve homeostasis as their depletion results in
increased T cell proliferation and cytokine production ex vivo (Peters et al., 2013; Thome et
al., 2016a). More studies are required to dissect the importance and functional role of human
tissue Treg cells in maintaining homeostasis.

T cell subsets over the human lifespan

As described in the sections above, human T cell development, differentiation and
maintenance are all dynamic processes with changes occurring over the course of human
life. Combining T cell subset frequency with age along with their anatomic localization as
diagrammed schematically in Fig. 3, reveals that tissue sites exhibit different qualitative and
quantitative changes in the T cell compartment with age. The thymus is the immune organ
exhibiting the earliest functional role in production of new T cells during fetal life, yet
undergoes the fastest rate of decline compared to other lymphoid sites. Notably, the
contribution of thymopoiesis to new naive T cells (and Treg cells) is highest during infancy,
declining in early childhood with conversion of active thymus tissue to fat. During
adulthood, thymic output is very low and continues until the fourth or fifth decade of life,
when it ceases altogether.
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In the periphery, new naive T cells emerging from the thymus populate blood and multiple
mucosal and lymphoid tissue sites in early life (Thome et al., 2016a). These sites exhibit
global and tissue-specific changes in T cell subset composition with age (Fig. 3). In all sites,
there is a progressive reduction in naive T cells along with a compensatory increase in
memory subsets from childhood throughout adulthood; however the rate of this change is
fastest in mucosal sites, intermediate in spleen and slowest in lymph nodes and blood.
Notably, early memory T cells appear primarily in intestines and lungs, with memory T cells
predominating in these sites by late childhood (Fig. 3). These mucosal memory T cells
exhibit Trm cell phenotypes, which develop gradually in the first two years of life, but
rapidly accumulate to become the predominant subset throughout all ages of adulthood. In
spleen and lymph nodes, the loss of naive and accumulation of memory with age is more
gradual, with an average of 40-50% memory T cells adopting Trm cell properties in these
sites. However, LN exhibit the slowest decline in naive T cell frequency and accumulation of
memory T cells with age, compared to spleen and blood (Thome et al., 2016b)(Saule et al.,
2006). CD4* Treg cells in blood and tissue sites are highest in frequency during early life,
declining during childhood, with relatively low, but stable proportions (1-8%) maintained in
blood and tissues in adults (Thome et al., 2016a). CD8* Temra cell populations tend to
increase with age in blood and blood-rich sites such as BM, spleen and lungs with a steeper
increase in individuals with persistent CMV infection (Gordon et al., 2017) (Fig. 3). Thus,
age-associated changes in the T cell compartment exhibit site-specific and subset-specific
dynamics.

What are the potential implications of this differential immunological aging of T cells in
various sites? The rapid accumulation of memory T cells in mucosal sites likely reflects the
high antigen load encountered, particularly for new antigens during infancy and early
childhood. Spleen is also a site for diverse antigen encounter via bloodborne antigens, and
accumulates both circulating and resident memory T cells. By contrast, lymph nodes, which
receive antigenic signals via DC migrating from tissues, are likely to experience lower
antigen loads compared to other sites. The early accumulation of Trm cells in mucosal and
barrier sites can act to control antigen load and inflammation, and in turn limit DC
maturation and migration to draining LNs. In this way, /n situ responses in the sites of
pathogen entry prevent LN involvement and provide a protective tissue niche for
maintenance of naive and resting memory populations. Evidence from mouse infection
models further suggest that Trm cells can promote a generalized anti-pathogen environment
in the tissue by local cytokine production and immune cell activation (Ariotti et al., 2014;
Schenkel et al., 2014). We propose that the high Trm cell content in mucosal and barrier
tissues during adulthood promotes a similar protective environment and limits pathogen
spread, without the need to input from circulating and lymphoid reservoirs. It is for this
reason that adults can tolerate immunosuppression for transplantation and autoimmune
diseases and chemotherapy for cancer without succumbing to multiple infections.

There are also site-specific and temporal dynamics to Treg cells which may impact
immunoregulation at different life stages. The higher prevalence of Treg cells early in life
compared to older children and young adults suggests a distinct early role for
immunoregulation during a period of new antigen exposure. Following this initial
immunoregulatory phase, memory T cells and specifically Trm cells in tissues, may also
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provide regulatory roles, particular in tissues as Trm cells exhibit regulatory capacities like
IL-10 production and low proliferation (Kumar et al., 2017). The role of Treg cells in adult
immune responses is challenging to assess, as frequency estimates in disease rely only on
circulating Treg cells; however, altered frequencies and functionality of circulating Treg
cells have been associated with human autoimmune diseases including type 1 diabetes,
multiple sclerosis, rheumatoid arthritis, and inflammatory bowel disease (for reviews see
(Bacchetta et al., 2007; Dejaco et al., 2006)). Analysis of tissue-specific regulation by Trm
cells and tissue Treg cells in future studies will be important for understanding mechanisms
for controlling T cell homeostasis at different life stages.

Concluding Remarks

While traditional studies on human T cells have focused on the blood as the most highly
accessible site, more recent studies have revealed profound anatomic compartmentalization
of T cell subsets. Notably, newly defined subsets of tissue-resident memory T cells and
tissue localization of other subsets indicate anatomic complexity of the T cell response. T
cell subsets have specialized functions which are associated with the life stage and anatomic
compartment, with different sites exhibiting distinct kinetics of changes with age. Molecular,
phenotypic and functional profiling on the single cell level will be an important focus for
future studies to dissect how alterations in tissue-based immunity may promote or be
associated with disease processes, including autoimmune and inflammatory diseases and
cancer. Understanding mechanisms for tissue specialization of T cell responses, including
potential epigenetic changes that are driven by the tissue environment will also reveal how
long term health and immune homeostasis is maintained in the face of diverse antigens,
persistent and newly encountered pathogens that are an integral part of the human condition.
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Figure 1. Overview of changing role of T cells in at distinct life stages
In early years, when humans encounter many antigens for the first time, T cells mediate

pathogen clearance for multiple acute infections, develop memory responses, and establish
tolerance to innocuous foreign antigens. After childhood, the T cell compartment is more
stable with fewer acute infections and reduced generation of memory. During many decades
of adult life, T cells maintain homeostasis in tissues by controlling chronic infections,
surveilling for cancer cells, and maintaining proper immunoregulation. Finally, in advanced
age there is a well-documented decline in T cell function and a corresponding increased
susceptibility to infection, cancer, and autoimmunity.
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Figure 2. Defining features of human Trm cells
Trm cells have a unique profile of transcription factor expression, surface expression of

homing receptors and adhesion markers to maintain tissue residency, and a distinct
functional profile with increased expression and ability to secrete both pro and anti-
inflammatory cytokines. Trm cells also upregulate a number of inhibitory genes and exhibit
reduced proliferative turnover compared to circulating memory T cell counterparts.
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Figure 3. Distinct changes in human T cell subsets with age in diverse tissue sites
The T cell compartment in humans undergoes major changes from infancy to old age, with

key differences by tissue site. Thymic output declines from a very early age and by middle
adulthood there is negligible thymic output as measured by peripheral TREC content or DP
thymocytes. After early childhood, the relative contribution of the thymus to the peripheral
pool of naive T cells is low due to peripheral mechanisms for naive T cell maintenance. In
all tissues, there is a shift from naive to memory predominance that occurs with this
transition observed during childhood in barrier tissues such as lung and intestines with only
very low levels of naive T cells persisting in adulthood, and much later in adult years in
lymphoid sites with lymph nodes exhibiting the slowest transition to memory T cell
predominance. Resident memory T cells comprise a varying fraction of the memory
compartment in tissues (highest in barrier tissues, lower in lymph nodes); however, the
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development of Trm cells lags slightly behind the development of memory. Terminally
differentiated T cells that re-express CD45RA (Temra) comprise an important fraction of
CD8™ T cells in blood, spleen, and lungs, with increased frequencies in old age and with
CMV infection.
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