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REVIEWS I

Regulatory T cell memory

Michael D. Rosenblum’, Sing Sing Way? and Abul K. Abbas?

Abstract | Memory for antigen is a defining feature of adaptive immunity. Antigen-specific

lymphocyte populations show an increase in number and function after antigen encounter and
more rapidly re-expand upon subsequent antigen exposure. Studies of immune memory have
primarily focused on effector B cells and T cells with microbial specificity, using prime—challenge

models of infection. However, recent work has also identified persistently expanded populations

of antigen-specific regulatory T cells that protect against aberrant immune responses. In this
Review, we consider the parallels between memory effector T cells and memory regulatory T cells,
along with the functionalimplications of regulatory memory in autoimmunity, antimicrobial host

defence and maternal-fetal tolerance. In addition, we discuss emerging evidence for regulatory

T cellmemory in humans and key unanswered questions in this rapidly evolving field.

In addition to the ability to respond to an almost
infinite range of foreign antigens, the cells of the adap-
tive immune system can also ‘remember’ prior antigen
encounters. Despite a fairly rudimentary knowledge of
the mediators responsible for immunological memory,
Edward Jenner first recognized this remarkable facet of
adaptive immunity more than 200 years ago through
experimental cowpox vaccination. More recently, we
have come to understand that immunological memory
is conferred by specialized adaptive immune cells that
robustly expand upon primary antigen exposure and
that retain the ability to respond with more accelerated
kinetics upon subsequent encounter with the same
antigen. To exploit immune memory against micro-
organisms, vaccines are now being engineered to induce
long-term persistence of protective pathogen-specific
antibodies, along with antibody-producing B cells and
effector T cells. However, these findings also raise excit-
ing new questions about whether newly identified regu-
latory immune cell subsets can also remember previous
antigenic exposures.

Memory T cells have an essential role in immunity
against microbial pathogens. As our appreciation of
the diversity of functional T cell lineages has increased,
s0 has our recognition of the memory features that are
shared among many T cell subsets. Immunological
memory has been most extensively characterized for
CD8" T cells. Long-standing work in this field has
established the existence of multiple subsets of memory
CD8* T cells, which differ in terms of their tissue distri-
bution and their capacity to traffic between peripheral
tissues and lymphoid organs. These memory CD8" T cell
subsets can be distinguished on the basis of their expres-
sion of cell surface markers and transcription factors,

along with their distinct epigenetic landscapes and
metabolic profiles (reviewed in REFS 1-3) (TABLES 1,2).

Compared with CD8* T cells, memory within the
CD4" T cell compartment is less well understood. This
probably stems from reduced proliferation kinetics
and expansion potential that make enumerating CD4*
T cells with defined antigen-specificity technically more
difficult. CD4" T cells differentiate into functionally dis-
tinct effector subsets, including T helper 1 (T 1), T, 2,
T,17 and T follicular helper (T,,) cell subsets, each of
which is responsible for activating specialized immuno-
logical pathways for optimal host defence against a
range of microbial pathogens. This diversity makes it
more challenging to quantify antigen-specific CD4*
memory T cells. In addition, each effector CD4" T cell
subset has inherent plasticity that further complicates
tracking the persistence of functional memory CD4*
T cells. Another interesting distinction between mem-
ory CD4" T cells compared with CD8* T cells relates to
durability. Although CD8* T cells have consistently been
shown to be maintained as a stable memory pool for
extended time periods, antigen-specific memory CD4*
T cells decline in number over time*°. Nevertheless,
antigen-specific CD4* T cells from each effector subset
have been shown to persist long term after antigen elimi-
nation, as determined by unique expression patterns of
transcription factors, cytokines, adhesion molecules and
chemokine receptors”® (TABLES 1,2).

In contrast to effector CD4* T cell subsets that pro-
mote pro-inflammatory responses, the forkhead box P3
(FOXP3)-expressing regulatory T (T, ) cell subset has
potent immune suppressive properties®'’. Conceptually,
the need for immunological memory within the effector
T cell compartment is obvious — the ability to remember
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Memory T, cells
Previously activated
regulatory T [TMJ cells that
persist in the absence of
antigen expression or in the
presence of intermittent
low-level antigen expression.
Itis currently unknown
whether central memory

T cell, effector memory T cell
or tissue-resident memory

T cell subsets of memory
Treg Cells exist.

Central memory T cells
(T, cells). Generated in
secondary lymphoid tissues
and reside in secondary
lymphoid tissues in the
absence of antigen.

Effector memory T cells

(T, cells). Generated in
secondary lymphoid tissues
and recirculate between blood
and non-lymphoid tissues in
the absence of antigen.

Tissue-resident memory
T cells

(T, cells). Generated in
non-lymphoid tissues and
stably reside in these tissues
in the absence of antigen.

Table 1 | Markers for memory T cell subsets*
Memory T cell subset

Conventional
T cells

Central memory

Effector memory

Tissue-resident

memory KLRG1'

Stem cell memory

CD127"

Memory regulatory T cells*

and CD127"

Mouse phenotype

CCR7",CD44" CD127",
L-selectin" and KLRG1""

CCR7Yv, CD44" CD127",
L-selectin®”and KLRG1"

CCR7"*,CD69", CD103" and

CD44"v, |-selectin®, CD95",
CD122", SCA1", BCL-2" and

CD25M, CD27", CD44",
FOXP3" | -selectin'¥, CTLA4"

Human phenotype

CD44", CD45RO", CD45RA"", CD127" and
express high levels of IL-2 and intermediate
levels of IFNy and TNF

CD44" CD45RO", CD45RA, CD127",
L-selectin', express high levels of IFNy and
TNF and express low levels of IL-2

CD45RO", CD45RAY, CD69"; and CD103"
and CD103"" subsets

CD27",CD28", CD45RO"", CD45RA", CD95",
CD122" CD127", L-selectin", CCR7" and
express low levels of [FNy and intermediate
levels of IL-2

CD25", CD27" CD44", CD45RO", CD45RA"Y,
CCR7", FOXP3", L-selectin¥, CTLA4",
CD127"%v,ICOS", BCL-2", Ki67°" and HLA-DR
expression not defined

BCL-2, B cell lymphoma 2; CCR7, CC-chemokine receptor 7; CTLA4, cytotoxic T lymphocyte antigen 4; FOXP3, forkhead box P3;

ICOS, inducible T cell co-stimulator; IFNy, interferon-y; IL-2, interleukin-2; KLRG1, killer cell lectin-like receptor subfamily G member 1;
SCAT1, stem cell antigen 1; TNF, tumour necrosis factor. *Table compiled from REFS 1,7,11-16,19,29,30,40,64,65,74,103—-106.

*Itis currently unknown whether memory regulatory T cell subsets exist in mice or humans. SShown only in mouse skin.

and to robustly respond to eradicate pathogenic micro-
organisms more efficiently after secondary infection
would enhance survival by augmenting immunity
against recurrent infection. By contrast, the biological
benefit of T, cell memory is less apparent. It has been
postulated that memory T, cells mitigate tissue damage
during the heightened responses of pro-inflammatory
memory cells. In addition, memory T,  cells promote
reproductive fitness by reinforcing fetal tolerance dur-
ing pregnancy. The importance of regulatory memory
is supported by several recent studies that identify long-
term persistence of antigen-specific T, cells with potent
immunosuppressive properties despite the elimination
of cognate antigen''"®. In this Review, we describe
accumulating evidence for the existence of memory
T,., cells and discuss the properties and the physiological
functions of this newly identified cell population.

Regulatory memory

The concept and definition of memory T, cells. During
a primary immune response, antigen-presenting cells
(APCs) activate T cells by presenting antigen and
by providing additional co-stimulatory signals. This
results in the expansion and functional differentiation
of the T cells. Effector T cells that are generated migrate
to the site of infection and eliminate the offending
organism. Effector T cells are fairly short-lived cells;
their life cycle is defined by a rapid expansion phase,
a functional inflammatory or cytotoxic phase and a
contraction phase during which they undergo apop-
totic cell death. These cells are mainly present during
active microbial infections. By contrast, during a pri-
mary response, a subset of T cells is generated that has
potential for long-term survival — this subset is termed
memory T cells. Memory T cells escape apoptosis during
the contraction phase and persist in either secondary
lymphoid organs — in the case of central memory T cells
(T, cells) — or in the recently infected peripheral

tissue — in the case of effector memory T cells (T, cells)
and tissue-resident memory T cells'® (T, cells) — for pro-
longed periods of time after their cognate antigens have
been cleared (FIC. 1). Upon re-exposure to antigen (that
is, during the secondary immune response), memory
T cells undergo rapid population expansion and mediate
more robust effector functions compared with the pri-
mary immune response, which leads to rapid clearance
of the infection. On the basis of this fundamental under-
standing of primary and secondary immune responses,
several criteria have been suggested to distinguish mem-
ory T cells from effector T cells. It is generally accepted
that essential features of memory T cells include first,
evidence of prior expansion and/or activation, second,
persistence in the absence of cognate antigen and third,
enhanced functional activity upon antigen re-exposure.

Defining memory T cells by phenotypic markers.
Classical definitions of immunological memory are based
on our understanding of memory effector T cells. In the
CD4" T cell lineage, evidence of prior activation includes
increased expression of CD44 and reduced expression of
L-selectin (also known as CD62L), which enables migra-
tion to peripheral tissues by decreasing adhesion to high
endothelial venules in secondary lymphoid organs'”'é.
As interleukin-7 (IL-7) signalling promotes long-term
survival of T cells, expression of high levels of CD127
(also known as IL-7 receptor subunit-a) has been used
as an additional marker of effector T cell memory'>.
In addition, CD47, the transcription factor T-bet, LY6G
and specific epigenetic landscapes have all been used
as evidence of prior activation and/or differentiation in
mouse memory effector CD4* T cells? .

Although a growing number of markers that reliably
identify memory effector T cells have been identified
(TABLES 1,2), similar indicators of functional memory
for T, , cells are less clearly defined. This has been com-
plicated by the fact that many of the markers used to
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Table 2 | Selected markers for resting, effector and memory T cell subsets*

Conventional T cells
Resting Activated effector Memory
Selected CD25% v CD25" CD25b
BliobRis CDA44e CD44" CDA44"
markers
CDA45RA" CD45RA expression CDA45RA
iablet
CD45RO™ TELELI CD45RO™
CD69" CD.45RO expression CD69 expression
variable® .
L-selectin™ ' ventelble
CD69" cllest
CD127"h N selectin
L-selectin®" expression
Ki67'w CD127" variable
_2hi hi
BCL-2 " CD127
hi
BCL-20 CD27
i low
KLRG1" L
BCL-2"
Chemokine CCR7" Several, including Variable levels of
receptors CCR3,CCR6,CCR8 CCR7
and CXCR3
Transcription FOXP3tow FOXP3 expression FOXP3'ow
factors KLF2 variable*

Several, including
T-bet (T, 1 cell-
associated), GATA3

(T, 2 cell-associated),

RORy (T,17 cell-

associated) and BCL-6

(T, cell-
associated)!

Regulatory T cells
Resting Activated Memory
effector
CD25M CD25 expression ~ CD25"
CD44" variable CDaav
hi
CD45RAN CD44 CD45RARw
CD45RQb* CD45RA®™ CD45RO"N*
CD6g CDA45RO" CDes
L-selectin® CD69" expression
L-selectin®" unknown
CD127%" -selectin -
CTLA4™ CD127° L-selectin
hi CD127"s
1COSlow CTLA4 .
hi CTLA-4h
HLA-DR©v ICOS )
Kig7'ow HLA-DR"* ICOS
BCL-2" expression
BCL-2"v not defined
KLRG1" CD27"
Ki67'w
BCL-2"
KLRG1
expression
not defined
CCR7" CCR7'w CCR7"v
FOXP3"i FOXP3hish FOXP3"
Several others,
including T-bet
and IRF4

BCL, B cell lymphoma; CCR CC-chemokine receptor; CTLA4, cytotoxic T lymphocyte antigen 4; CXCR, CXC-chemokine receptor; FOXP3, forkhead box P3;
GATA3, GATA-binding factor 3; 1COS, inducible T cell co-stimulator; IRF4, IFN-regulatory factor 4; KLF2, Krueppel-like factor 2; KLRG1, killer cell lectin-like receptor
subfamily G member 1; RORYy, retinoic acid receptor-related orphan receptor-y; T_, T follicular helper; T, T helper. *Table compiled from REFS 1,7,11-16,19,29,

30,40,64,65,74,103-106.*Human only. SShown only in mouse skin. ICD4* T cells only.

identify memory effector T cells cannot be applied to
T, cells. Almost all T, cells in secondary lymphoid
organs and peripheral tlssues express high levels of CD44
(REFS 25,26), which makes CD44 expression of little use
in defining prior activation of T,  cells. In fact, there are
few T, cell-intrinsic molecules linked with immune sup-
pression that have been shown to be expressed de novo
on T, cells upon activation. Instead, activated T, cells
generally increase their expression of molecules that they
already express in the steady state. For example, upon
encounter with antigen, T, _ cells increase their expres-
sion of cytotoxic T lymphocyte antigen 4 (CTLA4),
CD25 (also knwn as IL-2 receptor subunit-a), inducible
T cell co-stimulator (ICOS), and glucocorticoid-induced
TNEFR-related protein (GITR; also known as TNFRSF18),
all of which are expressed at fairly high levels on resting
T cells”?. Quantitative shifts in expression of these
proteins are therefore the most useful markers of prior

antigen encounter but are not definitive. Despite these
caveats, some markers that are used to define T, cells
may be of value in defining memory T, cells. It has been
shown that a population of memory T, cells in mouse
skin can express high levels of CD127, which is expressed
atlowlevels on T, cells in secondary lymphoid organs®.
However, this does not seem to be true for TRCY cells with
amemory phenotype found in human skin®, which sug-
gests that this marker is not a robust indicator of memory
T,., cells across species. In addition, expression of CD127
will probably vary with respect to the specific location at
which memory T cells reside, as not all tissues express
high levels of IL- 7 REF 31).

Defining memory T,  cells by epigenetics. Shifts in
the epigenetic landscape and in transcriptional sig-
natures may represent complementary approaches
for identifying memory T,  cells. Fully activated and
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T cell
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Figure 1| Life cycle of regulatory and conventional CD4* T cells. Naive conventional CD4* T cells and regulatory T (T
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Tcells memory T cells
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Reg’

cells are generated in the thymus. Upon antigen-specific activation in secondary lymphoid organs, these populations give

rise to conventional effector T cells and ‘effector’ TReg
peripherally derived Toeo

cells. Effector T,
cells. Central memory T cells are generated from a subset of activated conventional effector
T cells and remain in secondary lymphoid organs. It is currently unknown whether central memory T, _
Effector memory cells are generated from a subset of both conventional T cellsand T,

. cells can arise from both thymus-derived and

cells are generated.
cells. These cells migrate to

antigen-expressing peripheral tissues where they stably reside (as tissue-resident memory T cells) or where they
recirculate between blood and non-lymphoid tissues (as effector memory T cells). It is currently unknown whether

the memory T, _
memory T

, cell populations that are found in peripheral tissues comprise tissue-resident memory T,
cells or both of these subsets. APC, antigen-presenting cell; FOXP3, forkhead box P3; TCR, T cell receptor.

cells, effector

lineage-committed T, , cells have defined epigenetic
marks in FOXP3 (REF. 32). For example, demethylation
of a conserved intronic regulatory element in FOXP3
(termed the conserved non-coding sequence 2 (CNS2)
locus) is required for the maintenance of FOXP3 expres-
sion and for T, cell stability upon exposure to inflam-
matory cytokines®. Furthermore, T, cells activated in
specific T, -skewing environments express transcription
factors that are also expressed by the effector CD4* T cell
lineage they most potently suppress®*-*. For example,
T, cells that preferentially suppress T, 1 cell responses
express T-bet, the canonical transcription factor that
promotes T 1 cell differentiation®. Thus, it is conceiv-
able that prior activation or differentiation in memory
T,., cells can be identified by epigenetic markers that are
indicative of stable and open FOXP3 expression in addi-
tion to transcriptional regulators that control effector
CD4" T cell differentiation.

Challenges in defining memory T,  cells. Perhaps the
greatest challenge in defining memory T, cells has been
alack of evidence that T, cells can persist for prolonged
periods of time in the absence of antigen. In the thymus,
maturing thymocytes that express T cell receptors (TCRs)
that have fairly high affinity for self peptide-MHC com-
plexes differentiate into thymus-derived T, cells”

(BOX 1). Thus, it is inferred that most, if not all, TReg cells
have specificity for self antigen. In turn, given that most
self antigens are constitutively expressed, a challenge in
defining memory T, _ cells is identifying cells of defined
specificity that persist in the absence of cognate antigen.
One approach to address this issue has relied on mouse
models in which expression of surrogate self antigens in
tissues can be precisely turned on and off, allowing identi-
fication of antigen-specific T, _ cells that persist after anti-
gen expression is extinguished'>**. In addition, there
are T, _ cells that recognize foreign microbial antigens
expressed by pathogens that cause acute transient infec-
tion, facilitating the identification of pathogen-specific
T cells that persist after the infection resolves'*'>. These
models have been instrumental in defining memory
T, cells and are discussed in detail below.

Intricately associated with the difficulty in testing
whether T, cells can persist in the absence of antigen
stimulation are challenges in showing that these cells
respond more robustly upon repeated antigen expo-
sure. For memory effector T cells, this is measured by the
kinetics and the magnitude of proliferation and effector
cytokine production, as well as by the kinetics of patho-
gen clearance. However, these criteria cannot be used for
memory T, cells. T, cells secrete a limited repertoire
of cytokines, most of which are difficult to quantify on
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Box 1| Regulatory T cell subsets

Forkhead box P3 (FOXP3)-expressing regulatory T (TReg) cells can be separated into several
subsets on the basis of the sites in which they are generated, their relative differentiation
state and the tissues in which they primarily reside. Cells derived in the thymus are often
termed ‘natural’ T, _cells, and those derived outside of the thymus are often referred to as
‘induced’ or ‘adaptive’ TReg cells. There has been a consensus to rename these subsets
‘thymus-derived’ TReg cells (tTReg) and ‘peripherally-derived’ TReg cells (pTReg), respectively'®%.
Naive or resting T, _ cells are those that have yet to encounter their cognate antigen in
the periphery or those that are constantly being exposed to antigen but the interactions
are below the threshold for full activation. By contrast, effector T, cells are cells that
have received strong antigen stimulation outside of the thymus and have become fully
activated, reflected by their proliferative index, changes in surface markers and enhanced
suppressive function. MemoryTReg cells have responded to antigen and are capable of
surviving for fairly long periods of time even in the apparent absence of antigen (FIC. 1).
Ty, cellsin tissues have different phenotypes and functional capacity compared with
those found in secondary lymphoid organs and peripheral blood. Specialized populations
of these cells have been identified in visceral adipose tissue, muscle, the gastrointestinal
tract and skin (reviewed in REFS 38,40).

a per cell basis and may differ with respect to the tis-
sues in which the cells reside®. The best criterion for
functional changes associated with T, cell memory is
enhanced cell-intrinsic suppressive capacity and this
is often difficult to measure with precision.

Early evidence for memory T, cells. Despite inherent
caveats in their phenotypic and functional characteri-
zation, there are several lines of evidence that support
the existence of memory T, cells. The first report of
memory in a regulatory (also known as suppressor)
T cell population was almost four decades ago®. Using
an immunization approach with haptenated human
IgG, Loblay and colleagues® showed that suppressor
cells were generated in the T cell compartment upon
primary exposure to antigen. Using adoptive transfer
experiments, they went on to show that these cells were
long-lived (at least 9 months) and suppressed immune
responses with accelerated kinetics upon secondary
challenge. In addition, during the secondary response,
far fewer of these suppressor cells (5-10-fold fewer) were
required to achieve a level of suppression equivalent
to that observed in primary responses. These authors
postulated that memory suppressor cells could have an
important role in maintaining long-lived tolerance to
self antigens. Although this work introduced the con-
cept of regulatory memory, experiments during this
time were considerably hampered by the lack of mark-
ers to isolate and functionally characterize suppressor
cell populations. However, the discovery of FOXP3
as a lineage-defining marker for T, cells has enabled
more precise analyses of regulatory cell populations’.
A wealth of phenotypic and functional characterization
of T, cells has emerged, and the potential for memory

in this compartment has been recently revisited using

REVIEWS

that immune suppression by T, cells is also required
to regulate inflammation in non-lymphoid tissues. In
turn, T, cells recovered from different tissues seem to
have distinct functional properties®*. To investigate
the nature of T, cell responses in the skin, transgenic
mice were generated in which a defined model antigen
could be inducibly expressed in keratinocytes'. In this
model, expression of the model antigen was constitutive
in the thymus but tightly regulated in the skin, mimick-
ing the expression pattern of tissue-restricted self antigens.
Importantly, antigen expression in skin could also be
silenced, allowing characterization of antigen-specific
memory T cells that persist without ongoing exposure
to cognate antigen. As expected, constitutive expres-
sion in the thymus resulted in the generation of a large
population of antigen-specific T, cells that seeded all
secondary lymphoid organs. Upon antigen induction
in the skin, these cells robustly proliferated, increased
expression of T, cell-intrinsic molecules that mediate
immune suppression (such as CTLA4) and migrated
to the skin to resolve the inflammatory response medi-
ated by antigen-specific effector T cells''. Although
few antigen-specific T, cells were present before the
induction of antigen expression, a distinct population
that retained high levels of CTLA4 expression persisted
in the skin long after antigen expression had been turned
off. Upon re-expression of antigen (analogous to a sec-
ondary response), skin inflammation was attenuated
and resolved with accelerated kinetics compared with
the primary response. Depletion of Theg cells in the inter-
val between initial and subsequent antigen expression
ameliorated these beneficial effects against skin disease.
This was the first evidence that antigen-specific FOXP3*
T, cells could fulfil immunological criteria for memory
and persist as bona fide memory cells.

In most TCR-transgenic systems, the a-chain of the
expressed TCR can pair with endogenous TCR a-chains*'.
This results in more than one TCR specificity being
expressed on a single transgenic T cell, giving the cell the
potential to recognize multiple different antigens. This
caveat is circumvented by breeding TCR-transgenic mice
onto a recombination-activating gene (RAG)-deficient
background. In this setting, endogenous TCR chains are
not expressed and thus cannot combine with transgenic
TCR chains, which results in the production of T cells
that bear only the transgenic TCR. As experiments in the
inducible skin antigen system described above used TCR-
transgenic T cells on a RAG-sufficient background, it is
conceivable that T, cells that persisted after cessation of
antigen expression were maintained in the tissue through
continued recognition of self antigen by alternative TCRs.
To circumvent this caveat and to definitively test whether
T cells could persist in tissues in the absence of antigen,
an adoptive transfer approach was used, in which TCR-

Tissue-restricted self
antigens

Self antigens that are
expressed in specific tissues
during defined periods of time.
Hair follicle-associated
antigens are an example of
tissue-restricted self antigens
in skin.

several experimental models (FIC. 2). transgenic T cells on a RAG-deficient background were
transferred into recipient mice capable of induced anti-
gen expression in skin". Antigen was induced for only
7 days and then extinguished. Consistent with previous
results, a subset of T, cells persisted in the skin for at
least 60 days after cessation of antigen expression and

had a low basal rate of proliferation, properties that are

Memory T, cells with self antigen specificity

Many early studies of T, cell biology focused on how
these cells are generated in the thymus and the mech-
anisms by which they function in secondary lymphoid
tissues. However, it has become increasingly appreciated

NATURE REVIEWS [ IMMUNOLOGY ADVANCE ONLINE PUBLICATION | 5

© 2015 Macmillan Publishers Limited. All rights reserved



REVIEWS

a Inducible tissue expression of
surrogate self antigen

b Exposure to foreign paternal-fetal
antigen during pregnancy

turned on

Inducible antigen

Allogeneic
pregnancy

turned off

Inducible antigen

Memory T, cells
retained a?ter antigen
expression silenced

\

Memory T, cells with
fetal speci'ﬁcity retained
after parturition

c Response to microbial antigen
after acute respiratory infection

Pathogen clearance

Memory T, cells with
pathogen specificity
retained after infection

Figure 2 | Mouse models for studying memory TReg cells. Three primary mouse models have been used to identify and
to characterize memory regulatory T(T, ) cells. a | In a tissue-specific inducible antigen model, expression of a pseudo-

self antigen can be precisely turned on and off. This system facilitates the generation of memory T

Req cells (by turning on

the antigen) and their isolation and characterization in both secondary lymphoid organs and peripheral tissues after the
antigen is turned off'"*. b | In an antigen-specific gestational model, maternal CD4* T cells with surrogate fetal specificity
can be precisely identified during primary pregnancy, post-partum and with fetal antigen restimulation in subsequent
pregnancies'?. ¢ | In an acute infection model with influenza virus, the initial infection is rapidly cleared but virus-specific
memory T, cells are generated and maintained long term. These memory T, cells mitigate the tissue damage that

occurs upon reinfection with the virus'**.

characteristic of tissue memory cells*2. Moreover, in this
model, all T, cells are generated peripherally (that is,
outside of the thymus) as there are no thymus-derived
T, cells present in the initial inoculum, which suggests
that memory T, cells can be generated in vivo from a

peripherally generated T, cell population.

Memory T, _ cells in antimicrobial host defence

The finding that high affinity for self antigen has a major
role in generating T, cells in the thymus suggests that
most, if not all, thymus-derived T,  cells are specific for
self. However, several studies have identified T, _ cells that
recognize pathogen-derived peptides and some of these
T, cells seem to be generated in the thymus®-*. The
abifity to identify and to track T,  cells that are specific
for foreign microorganisms offers a more conventional
setting in which memory T, cells can be identified. In
a model of acute lung infection with influenza, virus-
specific T, cells increased 50-fold during the primary
infection. Virus-specific T, _ cells expressed low levels
of L-selectin but did not differ from resting T, cells
with respect to CD44 expression (which, as discussed
above, is constitutively expressed at high levels even on
resting T, cells). Similar to effector T cell populations,
the majority of virus-specific T, cell populations also
contracted after resolution of the primary infection.
However, a small fraction of antigen-specitfic TReg cells

persisted for more than 50 days after infection, repre-
senting a surviving population of memory cells. Upon
reinfection, the virus-specific memory T cell pool
underwent a 10-fold expansion that closely mirrored the
expansion of the memory effector T cell population in
kinetics and magnitude. Moreover, memory T, cells sig-
nificantly suppressed effector T cell population expan-
sion and cytokine production in both systemic and
tissue-specific models of reinfection'. In addition, they
mitigated tissue damage without compromising viral
clearance. These results were essentially repeated by a
different group using a very similar model of infection'*.
Taken together, this work supports the hypothesis that
memory T, _cells are generated to regulate potent mem-
ory effector responses and to thwart collateral damage
to tissues that occurs with robust immune stimulation
during infection®. Nonetheless, how memory T, _ cells
attenuate tissue inflammation without compromising
pathogen clearance remains to be determined.

Memory T, cells in maternal-fetal tolerance

Among genetically distinct individuals in naturally
occurring outbred populations, pregnancy requires
maternal tolerance to genetically foreign paternal anti-
gens expressed by the developing fetus. Multiple mech-
anisms have evolved to establish and to reinforce fetal
tolerance to protect immunologically foreign fetal tissue
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from maternal rejection. One such mechanism is the sys-
temic expansion of maternal T, , cell populations, which
primarily comprise FOXP3* cells with defined fetal speci-
ficity. Reciprocally, reduced expansion of these maternal
T, cell populations has been widely associated with
human pregnancy complications including pre-elampsia,
premature birth and spontaneous abortion***. However,
the fate of these T, cells after parturition is not clear. Are
they lost shortly afier birth and generated de novo with
each pregnancy or are they maintained for long periods
of time in the non-pregnant state? If they persist, would
they confer a reproductive advantage by reinforcing fetal
tolerance in subsequent pregnancies?

To address these questions, the differentiation of
maternal CD4* T cells with specificity for a defined
surrogate fetal antigen was evaluated after primary preg-
nancy and in response to fetal antigen restimulation in
subsequent pregnancies'. Fetus-specific maternal CD4*
T cells accumulated throughout pregnancy and persisted
at increased levels for the first 100 days after parturition.
However, the level of maternal T, _cells with fetal specifi-
city also progressively diminished within this post-partum
time frame, similarly to the reduction in numbers of
antigen-specific effector CD4" T cells with antigen elimi-
nation after acute infection. Re-exposure to the same fetal
antigen in subsequent pregnancies primed previously
generated memory T, cell populations to re-expand with
accelerated kinetics compared with the initial pregnancy.
In turn, the highly enriched pool of fetus-specific T, cells
in secondary pregnancy compared with primary preg-
nancy conferred remarkable protective properties against
disruptions in fetal tolerance'2. These findings suggest that
memory T, cells in mothers reinforce fetal tolerance and
establish an immunological basis for partner-specific pro-
tection against complications in secondary compared with
primary human pregnancies**.

The immunological parameters controlling post-
partum retention of maternal T, _cells with pre-existing
fetal specificity remains to be determined. However, the
ubiquitous engraftment of genetically distinct fetal cells
in mothers after pregnancy opens up the intriguing
possibility that microchimeric fetal cells may provide
a source of cognate antigen required for sustaining the
accumulation of maternal memory T, cells®**'. In other
words, pregnancy-induced maternal T,  cells may not
represent bona fide memory cell but may instead be
maintained by antigenic stimulation from fetal cells that
establish microchimerism in mothers after pregnancy?2.
This idea is consistent with recent findings that micro-
chimeric maternal cells retained in offspring prime the
sustained increase in T, cells with non-inherited mater-
nal antigen specificity™. Compulsory early developmen-
tal exposure to genetically foreign maternal antigens
primes in offspring sustained tolerance to non-inherited
maternal antigens and persistently increased T, cells
with specificity to these genetically foreign maternal
antigens®*°. Conversely, targeted depletion of micro-
chimeric maternal cells in offspring causes a rapid and
precipitous decline in the increased accumulation of
T, cells with non-inherited maternal antigen specifi-

Reg
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consistent with effector or memory T,  cells remains
to be determined. Nevertheless, these results imply that
some T, cell subsets may require persistent cognate
antigen stimulation for long-term numerical persistence,
which is analogous to the necessity of antigen exposure
reminders for numerical and functional maintenance of
effector CD4" T cells with microbial specificity™~>°.

Evidence for memory Teeo cells in humans
The mouse models described above define memory
T}, cells phenotypically and functionally in various bio-
logical settings. In all cases, the approach used relied on
inducing and analysing cells specific for defined antigens
in a highly controlled in vivo environment. The inher-
ent complexity of carrying out clinical experiments and
the limited availability of tools for tracking T,  cells of
defined antigen specificity precludes these types of stud-
ies in humans. Instead, studies of human memory T, ,
cells have mostly relied on phenotypic characterization
and in vitro assays. Human T cells express the RO iso-
form of CD45 in the thymus and convert to CD45RA
upon emigration to peripheral tissues®**'. Upon antigen
recognition in the periphery, these cells switch back to
CD45R0. Almost all CD45RA-expressing CD4* T cells
in vitro lose CD45RA expression and transition to
CD45RO" cells after 4 days of TCR stimulation®?. Thus,
circulating human T cells are often termed ‘memory’
cells if they express the CD45RO isoform. Although
this marker is commonly used to distinguish naive
T cells from memory T cells, it should be noted that
expression of CD45RO alone does not define a T cell
as being a bona fide memory cell. This marker does not
distinguish between cells that persist in the absence of
antigen and those that are continually being exposed
to antigen. In addition, isoform switching from CD45RO
back to CD45RA in the periphery has been reported®.
Nevertheless, expression of CD45 isoforms together with
chemokine receptors and selectins is now widely used
to distinguish naive and memory T cells in humans®.
Using a combination of CD25, CD45RA and FOXP3
expression, Miyara and colleagues® showed that periph-
eral blood of healthy humans contains two phenotypi-
cally and functionally distinct subsets of T, cells:
CD45RA*FOXP3"*" and CD45RA-FOXP3" cells, termed
‘resting’ and ‘activated’ T, cells, respectively®. Both
populations were stable, highly suppressive T, _ cell sub-
sets that lacked effector cytokine production. However,
CD45RA"FOXP3" T,,, cells expressed higher levels of
cell-intrinsic activation markers such as CTLA4, ICOS
and HLA-DR. Resting T, _ cells were highly prevalent in
cord blood and expressed higher levels of CD31, which
suggests recent emigration from the thymus, whereas
activated T, cells were reduced in cord blood and
increased with age. In addition, resting T, cells readily
proliferated and converted to activated T, cells upon
stimulation in vitro and in vivo. Taken together, these
results suggest that, in humans, naive or resting T, cells
emigrate from the thymus in early life and, upon encoun-
ter with antigen in the periphery, these cells proliferate
and differentiate into ‘activated’ effector T, cells. As the
antigen specificity of these subsets was not determined,
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it is not known whether activated T, cells were con-
stantly being exposed to their cognate antigen or whether
these cells persist at expanded levels in the absence of
cognate antigen stimulation. However, given the fact
that these results correlate well with the persistence of
T, cells with specificity for tissue-restricted self antigens
that have been defined in mouse models, it is conceiv-
able that a subset of activated T, cells in human periph-
eral blood mononuclear cells are memory T, cells that
persist and remain activated in the absence of ongoing
antigen stimulation.

Several reports show that CD45RA* T,  cells pro-
gressively decline in peripheral blood with age, accompa-
nied by a reciprocal increase in CD45RO* T, cells®%7,
Human umbilical cord blood contains the highest
percentage of CD45RA* T, cells®*". These results are
consistent with the idea that CD45RA" T, cells rep-
resent a resting population that convert to CD45RO*
activated or memory T, cells upon antigen exposure
in peripheral tissues. Interestingly, antigen-experienced
CD45RA™ T, cells can be further subdivided on the
basis of HLA-DR expression®. Distinct populations of
CD45RA"HLA-DR™ and CD45RA"HLA-DR* TReg cells
are present in human peripheral blood, thymus and
umbilical cord blood. Phenotypic and functional analysis
of these populations revealed that they express a common
core’ Ty, cell gene signature and are both highly sup-
pressive. However, they differ with respect to their acti-
vation state, suppressive capacity and cytokine secretion.
Compared with HLA-DR™ T, cells, HLA-DR* Treq cells
expressed higher levels of T, cell-associated activation
markers, were more suppressive in vitro and produced
lower levels of effector cytokines. Given the more differ-
entiated phenotype observed in the HLA-DR? fraction, it
is interesting to speculate that these cells might represent
bona fide memory T,  cells. By contrast, HLA-DR" cells
may be recently activated but not fully differentiated
TReg cells. However, because HLA-DR has been shown to
be expressed on recently activated conventional T cells in
humans®, itis possible that CD45RA"HLA-DR* T, _ cells
represent recently activated ‘effector’ T, cells and not
memory T, cells. Important next steps will be to estab-
lish the antigen specificity of these phenotypically distinct
human T, cell populations.

As a result of the technical limitations of analysing and
isolating cells from non-haematopoietic tissues, the study
of memory T,  cells in humans has mainly focused on
peripheral blood cells. However, it is well known that a
large fraction of memory cells reside within peripheral
tissues and that blood may simply be a conduit for mem-
ory cells that are actively trafficking between tissues or
between tissues and secondary lymphoid organs'®. Thus,
itis important to study human memory T, _ cells in tissues
in addition to blood. To this end, T, cells have recently
been isolated from human skin and phenotypically and
functionally characterized™®. It was found that almost all
T,,, cells in adult skin express CD45RO, whereas a con-
siderable fraction of T, cells in fetal skin lacked CD45RO
expression and instead were CD45RA*. In addition,
T, cells in adult skin express high levels of other mark-
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ers associated with T cell memory, including CD27 and

B cell lymphoma 2 (BCL-2). Compared with cutaneous
memory effector T cells, memory T, cells expressed
unique TCR sequences, did not express CC-chemokine
receptor 7 (CCR7) and failed to migrate out of skin
in vivo. These results suggest that human skin contains
T, cells with an ‘effector memory’ phenotype that recog-
nize unique antigens and that stably reside in this tissue.
This population may be most similar to tissue-resident
memory cells'®. The factors required for maintaining
these activated memory T, cells in skin and the specific
antigens that they recognize remain to be elucidated.

Generation and maintenance of memory T, _ cells
How memory T,  cells are generated and maintained
is a fundamentally important question and an area of
active investigation. Several factors are likely to be
involved — we discuss these below, and a summary of
the ontogeny of memory T, cells as well as salient fea-
tures of resting, effector and memory T, _ cell subsets is
suggested in FIC. 3.

Cytokines. Specific cytokine growth factors probably
have a role in the generation and the maintenance of
memory T, cells. Both IL-2 and IL-7 have been impli-
cated in the generation and the maintenance of mem-
ory CD4" T cell subsets™. After acute infection with the
intracellular bacterial pathogen Listeria monocytogenes,
increased expression of CD25 (the high-affinity IL-2
receptor a-chain) was preferentially seen on bacteria-
specific effector memory T cells, and cell-intrinsic
genetic deficiency of CD25 significantly compromised
the ability to generate this population’. In a separate
model using TCR-transgenic cells, IL-2 signalling early
after vaccination was required for IL-7 receptor (IL-7R)
expression and for the generation of long-lived memory
cells. Given that IL-2-mediated signalling is important
for the generation of effector memory cells and because
IL-2 has a major role in T, cell generation and main-
tenance”, it follows that this pathway might also be
important in the generation of memory T, cells.

The a-chain of the receptor for IL-7, CD127, is
expressed at high levels on CD4" effector memory
T cells and has a major role in their maintenance in
peripheral tissues'. The majority of T,  cells found in
secondary lymphoid organs express low fevels of IL-7R;
however, memory T,  cells in skin have increased
expression of IL-7R, which suggests that this pathway
may be involved in maintaining these cells in tissues®.
To dissect the relative contribution of the IL-2 and the
IL-7 pathways in the generation and the maintenance
of memory T, cells, both genetic deletion and anti-
body—mediatecf neutralization approaches have been
used in the aforementioned model of inducible antigen
expression in skin®. Results from these studies showed
that IL-2 was necessary for the generation of mem-
ory TReg cells, whereas IL-7 but not IL-2 was required
for their maintenance in skin. Consistent with these
results, Smigiel and colleagues™ found that a subset of
CD44"CD62L**CCR7"" T, cells have reduced lev-
els of IL-2 receptor signalling and that IL-2 was not
required to maintain these cells in vivo™.
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Memory T, cells

e Limited immunosuppressive
capacity

e Primarily found in blood and
secondary lymphoid tissues

¢ Recent emigration from thymus

¢ Enhanced immunosuppressive
capacity

e Primarily found in blood and
secondary lymphoid tissues

¢ High proportion of actively

¢ High immunosuppressive capacity

e Primarily found in peripheral tissues (however,
a subset may reside in secondary lymphoid

organs)
¢ Decreased proliferative index

e Lifespan unknown
¢ Unknown metabolic requirements
¢ Probably dependent on IL-2

proliferating cells

e Short lifespan

e Transcriptionally active; unknown
metabolic requirements

¢ Highly dependent on IL-2

¢ Increased induction of anti-apoptotic pathways

¢ Probably dependent on fatty acid oxidation

¢ Poised for accelerated recall responses

e Persist in the absence of antigen or low-level
intermittent antigen exposure

¢ Relatively long lifespan
* May be less dependent on IL-2

Figure 3 | Predicted model for the relationship between resting, effector and memory Tkég cells. Regulatory T
(TReg) cells that are derived in the thymus are maintained in the periphery in a resting or naive state. They are
intermittently exposed to their cognate antigens but these T cell receptor-MHC interactions are below the
threshold for full activation. Upon strong stimulation with antigen in secondary lymphoid organs, resting TReg cells
are activated, proliferate and differentiate into effector 'I'Reg cells. A subset of effector TReg cells is capable of
differentiating into long-lived memory T, cells. Memory T, cells can reside in non-lymphoid tissues and are
capable of surviving in the absence of antigen or low levels of intermittent antigen exposure. The figure highlights
key features of each population*-15293053.657484 1| -7 ‘interleukin-2.

Transcription factors. For CD8' T cells, several studies
have identified transcripts that are uniquely expressed
in memory cells’”>7%; however, lineage-defining genes
that drive differentiation of long-lived memory subsets
have not been defined. Thus, the prevailing view is that
complex networks coordinately drive memory cell gen-
eration and stability. Relative levels of specific transcrip-
tion factors and specific epigenetic landscapes seem to
be major determinants. For example, high levels of the
transcription factor T-bet with concomitant low levels of
the transcription factor eomesodermin (EOMES) pro-
mote the differentiation of naive CD8"* cells into short-
lived effector cells, whereas low levels of T-bet and high
levels of EOMES drive their development into memory
cells”*. The same paradigm seems to hold true for CD4*
T cells. The transcription factors B lymphocyte-induced
maturation protein 1 (BLIMP1; also known as PRDM1)
and BCL-6 have been shown to coordinately influ-
ence the development of effector and memory CD4*
T cell fates® . Interestingly, high levels of BLIMP1 are
expressed in a subset of T, cells with an ‘effector’ pheno-
type and in follicular TReg cells, which also express BCL-6
(REFS 83,84). Thus, it is interesting to speculate that gradi-
ents of specific transcription factors drive effector and
memory T, cell fates, similarly to what is seen in other
CD4" T cell subsets.

Epigenetic modifications. Although differential tran-
scription factor expression will probably have a major
role in promoting memory T, cell development, bind-
ing of these factors to the appropriate DNA elements
will be crucial. Chromatin accessibility and specific
epigenetic modifications are proving to be major deter-
minants of T cell memory fate***>%. How chromatin is

assembled and modified early after T, cell activation
will probably differ between cells that are destined to be
short-lived effectors and long-lived memory T, cells.
Elucidating these differences and the mechanisms by
which they are established is central to our understand-
ing of how memory T, cells are generated and main-
tained. An assay for transposase-accessible chromatin
using sequencing (ATAC-seq) is currently being used
to map chromatin accessibility across the entire genome
with great resolution using very small numbers of cells®".
This technology may be well suited to discover how epi-
genetic landscapes differ between naive and memory
T, cell subsets and has the potential to reveal which
transcription factors bind at specific enhancer regions
in these cells.

Metabolic pathways. Different metabolic pathways are
used during different stages of T cell activation and dif-
ferentiation. It is now well understood that the metabolic
demands of resting T cells are quite different from cells
that are actively proliferating and mediating effector
functions in the face of an ongoing immune response.
Memory CD8* T cells use unique metabolic pathways
compared with both naive and short-lived effector cells.
Whereas proliferating effector cells rely more on aero-
bic glycolysis, memory cells are dependent on fatty acid
oxidation®®. Sustained glycolytic activity inhibits the
formation of memory, whereas inhibiting glycolysis pro-
motes the development of memory cells***. Consistent
with this, inhibition of mammalian target of rapamycin
(mTOR) promotes fatty acid oxidation and increases
the formation of memory cells®. It is hypothesized that
memory T cells rely on fatty acid oxidation because
it affords a greater capacity to generate energy under
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stress and enables a more rapid response upon reinfec-
tion®. Interestingly, the same metabolic pathways that
promote T cell memory also promote the development
of Ty, cells. Compared with effector T cells, T, cells
express lower levels of glucose transporter 1 (GLUT1;
also known as SLC2A1) and have higher basal lipid
oxidation rates, which suggests that they primarily rely
on fatty acid oxidation for their energy requirements*.
Consistent with this, blocking either glycolysis or mTOR
signalling promotes T, cell development™”. Given the
metabolic similarities between memory effector cells
and T, cells, it has been suggested that activated naive
cells differentiate into effector T, cells if mTOR signal-
ling is high and into long-lived memory T, cells in the
presence of low levels of mTOR activating signals®®*.
Local levels of transforming growth factor- (TGEp) are
thought to have a role in this process®. Taken together,
these studies support the idea that the metabolic require-
ments for T,  cells differ from those of other CD4*
T cell populations. However, it is currently unknown
how metabolism differs between specific T, cell sub-
sets. Whether memory T, cells can be distinguished
from naive and effector T,  cells on the basis of different
metabolic requirements (that is, glycolysis versus fatty
acid oxidation) remains to be determined.

Unanswered questions and future directions

Functional studies in mice and complementary studies
with human cells and tissues have identified the exist-
ence of FOXP3-expressing memory T, _ cells. However,
our current understanding of memory T, _ cell biology
is rudimentary compared with that of memory effector
T cells. This primarily stems from the very recent identi-
fication of memory T, cells and the lack of memory-
specific phenotypic markers for identifying these cells.
Fundamental questions remain to be answered, with
perhaps the first being, are there specific markers that
can reliably separate memory T, _ cells from short-lived
‘effector’ T, cells and resting T, cells? Comprehensive
gene-expression profiling combined with flow cyto-
metric characterization of memory T, cells in mouse
models in which these cells can be reliably generated and
purified will be required to elucidate a ‘core’ memory
T, cell signature. Contrasting this profile with that of

Re;
purified resting and recently activated effector T, cells
eg

will probably establish a set of parameters that can
more reliably identify memory T,  cells in both mice
and humans. As heterogeneity will probably exist in
seemingly pure T, cell populations, single cell expres-
sion analysis may be required to more precisely define
these subsets. To determine whether memory T, cells
consist of central, effector and tissue-resident suf)sets,
this analysis will need to be carried out on cells isolated
from both secondary lymphoid organs and peripheral
tissues. Once candidate markers are identified, crucial
next steps include investigating which represent true
lineage-defining indicators of cell ‘fate’ versus those that
reflect a transient cell ‘state’ influenced by local inflam-
matory signals — a task currently plaguing the much
more mature memory CD8" T cell field'. In addition,
it will be important to discern whether memory exists
in other regulatory immune populations, such as type 1
regulatory T (T, 1) cells' and regulatory B cells'".
It is conceivable that these cells work together with
FOXP3-expressing memory T, cells to promote self
tolerance and to maintain immune homeostasis.

The identification of T, cells as a dedicated immune
suppressive CD4* T cell lineage and the essential role
that these cells have in maintaining immune homeo-
stasis has raised many exciting new questions regarding
the fundamental biology of these cells. These efforts
are beginning to bear fruit, as novel treatment strat-
egies aiming to either augment or to inhibit T, cells are
beginning to enter the clinic to treat human disease. We
now appreciate that T, cells are heterogeneous, com-
prised of multiple subsets that differ depending on the
tissues in which they reside and on their differentiation
state. Comprehensively defining these subsets, both
phenotypically and functionally, may result in new and
more targeted therapeutic strategies. We are in the early
stages of dissecting the biology of memory T,  cells and
the potential role that they have in health and disease.
However, the highly suppressive nature of these cells and
the exciting potential for their persistence as memory
cells make them promising candidates for therapeutic
manipulation in a range of clinical settings (for example,
transplantation, autoimmunity, microbial immunity and
maternal-fetal medicine) in which the balance between
immune stimulation and suppression requires more
stringent regulation.
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