Lamina propria

A layer of connective tissue
between the intestinal
epithelium and the intestinal
muscularis mucosae layer that
contains various myeloid and
lymphoid cells, including
macrophages, dendritic cells,
T cells and B cells.

Parabiosis experiments
Studies of parabiotic mice,
which are surgically joined and
therefore have a common
blood circulation.
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REVIEWS I

((@ TISSUE-SPECIFIC IMMUNE RESPONSES

Migration, maintenance and recall of
memory T cells in peripheral tissues

The mucosal surfaces of the respiratory, intestinal and
genital tracts, as well as abrasions of the skin, are major
portals of entry into the body for many pathogens.
Given that the total surface area of all of these periph-
eral sites can be more than 400 m?, effective surveillance
poses a formidable challenge for the immune system.
During an infection, the immune system not only
makes a rapid pathogen-specific response at these sites
to destroy the invading pathogen, but also generates
long-lived memory T cells that can persist at peripheral
sites for many months. However, our understanding of
how these peripheral memory T cells are regulated is
still in its infancy.

The development and propagation of an adaptive
immune response specific for an invading pathogen is a
highly orchestrated process that involves the activation
and proliferation of T cells and their subsequent migra-
tion to sites of inflammation. The migration of T cells to
peripheral sites is regulated by many factors, including
adhesion molecules and chemokine receptors that are
expressed by T cells, and integrins, selectins and chemo-
kines that are expressed by cells at various peripheral
sites. Effector T cells are preferentially attracted to sites
of inflammation and they are highly promiscuous in
their migratory patterns. For example, effector T cells
can enter all inflamed non-lymphoid tissues, regard-
less of where the T cells initially encountered antigen'.
This allows the immune response to remain flex-
ible should the infection spread to other tissues. After
pathogen clearance, the recruitment of effector T cells
to the site of infection is slowed by both decreasing
levels of inflammation and the sequestration of excess
chemokines by decoy receptors and apoptotic cells>*.
Antigen-specific T cells that remain in the body after
the contraction of the effector T-cell population are then
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Abstract | After the resolution of an immune response, antigen-specific memory T cells
persist at many sites in the body. The antigen-specific memory T-cell pool includes memory
T cells that preferentially reside in peripheral tissues, such as the skin, gut and lungs, where
they provide a first line of defence against secondary pathogen infection. Determining how
peripheral memory T cells are regulated is essential for our understanding of host-pathogen
interactions and for vaccine development. In this Review, we discuss recent insights into the
generation, control and recall of peripheral T-cell memory responses.

maintained indefinitely as long-lived memory T cells,
which can generate a rapid recall response to secondary
pathogen challenge’-*. However, in contrast to effector
T cells, the migration of memory T cells to non-lymphoid
tissues is more restricted, raising questions as to how the
trafficking of memory T cells to peripheral sites is con-
trolled and what role peripheral memory T cells have in
the protection against secondary pathogen challenge.

In this Review, we discuss recent evidence that
describes the cellular interactions that are required for
the generation of peripheral memory T-cell populations,
the mechanisms by which these cells are maintained, the
role of these cells in resistance to secondary infections
and how these insights can be used to improve existing
vaccination strategies.

Memory T-cell migration to peripheral sites

Although it has been known for a long time that mem-
ory T cells are widely disseminated throughout the
body, studies in several model systems have shown that
the site of infection and the type of tissue that is infected
by the pathogen greatly influence the distribution of the
resulting pathogen-specific memory T-cell population.
For example, infection of the lungs, intestines or skin
results in the establishment of markedly greater num-
bers of antigen-specific memory T cells at the site of
infection (that is, the lung airways, lamina propria or
dermis, respectively) than at other peripheral sites that
did not contain replicating pathogens’’. By contrast,
the numbers of memory T cells established in organs
such as the spleen, liver and bone marrow by these
different peripheral infections are often quite similar.
Furthermore, memory T-cell transfer and parabiosis
experiments have shown that the migration of circulating
memory T cells from the circulation to some peripheral
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sites, such as the intestines, skin and lung airways, is
limited'®'* (FIC. 1). Together, these studies show that the
controlled entry of memory T cells is a feature shared by
several peripheral tissues. Therefore, although memory
T cells generated by different infections have a common
ability to migrate to many different tissues, there are
specific tissues to which the entry of circulating memory
T cells is highly restricted.

These differential migratory patterns indicate that
cell-surface molecules must regulate the entry of T cells
into peripheral sites. Indeed, many studies have inves-
tigated the relationship between antigen-specific T-cell
populations in lymphoid and peripheral tissues and the
expression of adhesion molecules and chemokine recep-
tors that control the localization of these T cells. Some
of these studies have identified molecules that seem to
have a general role in the trafficking of memory T cells
from the circulation to the surrounding tissue. For
example, the expression levels of CD44, aLp2-integrin
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Figure 1| Sites of common and restricted entry for
circulating memory T cells. The ability of memory T cells
to migrate from the circulation into the surrounding tissue
varies depending on the tissue. a | For certain sites,
migration into the tissue is strictly dependent on general
molecules expressed by memory T cells, regardless of the
route of infection or the tissue tropism of the pathogen.

b | By contrast, other peripheral sites require that memory
T cells express tissue-specific adhesion molecules and/or
chemokine receptors for optimal migration from the
circulation into the peripheral tissue.

(also known as LFA1), a4f1-integrin (also known as
VLAA4) and P-selectin glycoprotein ligand 1 (PSGL1) are
increased on antigen-experienced T cells”*~", and the
broad pattern of expression of these molecules indicates
that they are not selective markers for migration into
individual tissues. By contrast, several seminal studies
discussed below have shown that the expression of spe-
cific combinations of adhesion molecules and chem-
okine receptors is associated with T-cell migration to
distinct peripheral sites.

Imprinting to the skin and gut. The expression of differ-
ent combinations of adhesion molecules and chemokine
receptors can mediate the control of T-cell traffick-
ing (TABLE 1), and it has been well demonstrated that
T cells from the skin and gut have distinctive patterns of
expression of these molecules'®. Furthermore, the post-
translational modification (such as glycosylation) of
these surface proteins can markedly alter their inter-
actions with specific ligands®. As the molecular mecha-
nisms that drive these expression patterns, which are often
known as ‘imprinting, have been expertly reviewed else-
where?*?!, we do not describe these processes in detail.
However, an understanding of the surface receptors that
are involved in T-cell trafficking to these sites, and of the
different cell types that influence their expression, is rel-
evant to our discussion. T cells programmed to migrate
selectively to the skin express P- and E-selectin ligands
that have undergone specific protein modifications® that
allow them to bind to E-selectin expressed by vascular
endothelial cells”; these modified ligands are known
as cutaneous lymphocyte-associated antigen (CLA).
Skin-homing T cells also express CC-chemokine recep-
tor 4 (CCR4) and/or CCR10, which interact with the
dermal-associated chemokines CC-chemokine ligand 17
(CCL17) and CCL27, respectively*»*. By contrast, gut-
homing T cells express a47-integrin, which binds to
mucosal vascular addressin cell adhesion molecule 1
(MADCAMI1)*?%, and the chemokine receptor CCR9,
which interacts with the gut-associated chemokine
CCL25 (REFS 28,29). Interestingly, the mechanisms that
lead to the acquisition of a skin- or gut-homing pheno-
type by memory T cells can also suppress the expres-
sion of receptors that are associated with the opposing
phenotype®. Furthermore, the tissue tropism of estab-
lished memory T cells is not fixed and can be modified
during a secondary pathogen challenge, depending on
the route of infection and the anatomical location in
which pathogen-specific T cells interact with antigen-
bearing dendritic cells (DCs)*"*2. So, the plasticity of
tissue-tropic phenotypes allows memory T cells to be
reprogrammed to respond efficiently to secondary
infections that are localized at different anatomical sites
from the primary infection.

The local microenvironment in which T cells are
primed is an important factor for determining the
development of tissue-specific migratory capabilities.
For example, pulmonary infection with rotavirus, which
is normally an intestinal pathogen, generates antigen-
specific T cells with a different trafficking profile to the
memory T cells that are generated after an intestinal
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Table 1| Receptors involved in the migration of peripheral memory T cells

Cell-surface molecule
CD44

CD43

alB2-integrin (LFA1)

P-selectin and E-selectin ligands

a4B1-integrin (VLA4)
a4p7-integrin
CLA-modified ligands
alpl-integrin (VLA1)
CD62L

CCR4

CCR10

CCR9

CCR7

Receptor Tissue tropism
Hyaluronate and fibrinogen General
E-selectin General
ICAM1 General
P-selectin and E-selectin General
VCAM1 and fibronectin General
MADCAM1 Gut
E-selectin Skin
Collagen and laminin Lung*

PNAd Lymph node
CCL17 Skin

CCL27 and CCL28 Skin

CCL25 Small bowel
CCL19 and CCL21 Lymph node

*Itis currently unclear whether this molecule is involved in memory T-cell recruitment to, or
survival in, the lung airways. CCL, CC-chemokine ligand; CCR, CC-chemokine receptor;
CLA, cutaneous lymphocyte-associated antigen; ICAM1, intercellular adhesion molecule 1;
LFA1, lymphocyte function-associated antigen 1; MADCAM1, mucosal vascular addressin
cell adhesion molecule 1; PNAd, peripheral lymph node addressin; VCAM1, vascular cell
adhesion molecule 1; VLA, very late activation protein.

Homeostatic proliferation
The periodic division of cells

in the periphery that allows for
the long-term maintenance of
memory T-cell populations.
This process is mediated by
the cytokines IL-7 and IL-15.

infection®. So, the route of infection and site of replica-
tion, rather than the pathogen itself, are the main factors
that influence the development of tissue tropism of the
memory T-cell response.

Most of the aforementioned studies that investigated
the migration of T cells to the skin and gut have shown
that DCs isolated from the lymph nodes that drain
these tissues are sufficient to programme T cells with
a tissue-tropic phenotype**. However, several recent
reports have shown that non-haematopoietic periph-
eral tissue cells and lymph node-resident stromal cells
can also influence the tissue tropism of T cells***. For
example, one elegant study recently showed that periph-
eral lymph nodes transplanted into the gut mesenteries
could not generate T cells with a gut-homing phenotype,
despite the presence of gut-derived DCs in the trans-
planted lymph nodes®. These studies indicate that the
programming of antigen-presenting cells such as DCs
by non-haematopoietic cells in the local environment is
a prerequisite for imparting tissue tropism to antigen-
specific T cells.

Imprinting to other peripheral sites. The identification
of tissue-homing T-cell phenotypes for the skin and
gut has led to considerable interest regarding whether
T cells can be imprinted to migrate selectively to other
peripheral sites. Although the mechanisms involved
have not yet been identified, there is evidence to sug-
gest that T-cell imprinting does occur for other sites of
restricted entry, such as the lung airways and central
nervous system. For example, T cells that were acti-
vated in the cervical lymph nodes acquired preferential
tropism for the central nervous system®. In addition,
memory CD4" T cells were found to be enriched in
the cerebrospinal fluid of humans with no known
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neurological disorders*’, and large numbers of memory
CD8" T cells are maintained in the brains of mice for
several months after clearance of dengue virus infec-
tion*'. A comparison of lymphocytes from the lung
airways and from the peripheral blood of humans has
shown that memory CD8* T cells specific for respira-
tory pathogens, but not memory CD8" T cells specific
for systemic pathogens, are selectively enriched in
the lung airways*. One adhesion molecule that could
direct the recruitment of memory T cells to the lungs is
alPl-integrin (also known as VLAL), which is highly
expressed by respiratory virus-specific memory CD8*
T cells in the airways®. In addition, blocking VLA1
interactions with VLA1-specific antibodies inhibited
the induction of protective immunity during a second-
ary pathogen challenge. However, it is currently unclear
whether VLAL is required for the migration of memory
T cells to the airways or whether its main role is in the
retention of T cells after migration to the site.

Maintenance of peripheral T-cell memory
Although pathogen-specific memory T cells are rela-
tively quiescent, they nonetheless undergo many
changes in phenotype, function and location over time.
Once established, the overall size of the memory T-cell
pool that is specific for a particular antigen remains rela-
tively constant and it is maintained through homeostatic
proliferation driven by interleukin-7 (IL-7) and IL-15
(REF. 44). However, dividing the total antigen-specific
memory T-cell pool into peripheral and lymphoid tissue-
resident populations reveals a much more dynamic
picture. Although memory T cells in peripheral and lym-
phoid sites seem to undergo a similar rate of homeostatic
turnover*>*, the number of antigen-specific T cells at
peripheral sites steadily decreases in the months after
pathogen clearance. As this waning of peripheral T-cell
memory correlates with decreased protection from sec-
ondary infections (discussed below), it is essential to
understand the mechanisms that regulate the distribu-
tion and survival of pathogen-specific memory T cells
in the periphery.

Memory T cells localized in peripheral tissues, par-
ticularly at sites such as the mucosal epithelium that
interface directly with the surrounding environment,
are often exposed to more strenuous physiological con-
ditions than are memory T cells in lymphoid organs. For
example, memory T cells in the lung airways exist at near
atmospheric oxygen concentrations and are bathed in
hydrophilic surfactant proteins that help to maintain low
surface tension in the airway environment. The main
pulmonary surfactants, surfactant protein Al (SP-Al;
also known as SFTPA1) and SP-D (also known as
SEFTPD), also have immunoregulatory functions, which
might contribute to cellular stress for T cells in the lung
airways”. In addition, memory T cells in the mucosa
decrease their expression of the receptors for IL-7 and
IL-15, which might prohibit the homeostatic turnover
of these T cells*. Evidence to indicate how peripheral
memory T cells survive these pressures was provided
by a recent study showing that lymphoid and peripheral
memory T cells have marked differences in their ability to
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Apoptosis

A common form of cell death,
which is also known as intrinsic
or programmed cell death.
Apoptosis involves cell
shrinkage, chromatin
condensation in the periphery
of the nucleus, cell-membrane
blebbing and DNA
fragmentation into multiples of
~180 base pairs. Eventually,
the cell breaks up into

many membrane-bound
apoptotic bodies, which are
phagocytosed by neighbouring
cells.

Annexin V

A molecule that binds
phosphatidylserine, which is
usually located on the inner
leaflet of the plasma
membrane but flips to the
outer leaflet during apoptosis.
Positive staining with annexin V
is an indicator of apoptosis.

Central memory T (T, cells
Antigen-experienced CD8"

T cells that lack immediate
effector function but can
mediate rapid recall responses.
They also rapidly develop the
phenotype and function of
effector memory T cells after
restimulation with antigen.

T,y cells retain the migratory
properties of naive cells and
therefore circulate through the
secondary lymphoid organs.

Effector memory T (T,
cells

Terminally differentiated T cells
that lack lymph-node-homing
receptors but express
receptors that enable these
cells to home to inflamed
tissues. T, cells can exert
immediate effector functions
without the need for further
differentiation.

resist apoptosis®. T cells in the periphery had decreased
levels of annexin V staining and were more resistant to
apoptosis. Interestingly, splenic memory T cells placed
in a peripheral environment rapidly acquired increased
resistance to apoptosis. Therefore, the ability of memory
T cells to survive in the periphery is regulated after their
entry to peripheral sites™.

Effector memory and central memory T cells. Memory
T cells established after infection can be divided into two
subsets based on expression of the lymphoid homing
receptors CD62L and CCR?7: central memory T (T,) cells
are CD62L'CCR7" and preferentially localize to lym-
phoid tissues, whereas effector memory T (T,,,) cells are
CD62L-CCR7- and preferentially localize to peripheral
tissues®*? (BOX 1). Immediately after pathogen clearance,
the antigen-specific memory T-cell pool is comprised
mainly of T, cells, which gradually converttoa T, -
cell phenotype over time. Although the mechanism is
still controversial, it seems that this conversion of the
systemic memory T-cell pool occurs mostly through the
gradual outgrowth of the T , -cell population as a result
of homeostatic turnover®™. This phenomenon can have
a marked effect on the propensity of memory T cells to
localize to peripheral tissues because, although both T,
and TEM cells are found in the circulation, the homing
receptors expressed by T, cells dictate their preferential
localization to lymphoid, rather than peripheral, sites.
So, the number of circulating pathogen-specific memory
T cells that selectively traffic to peripheral tissues (that
is, T}, cells) gradually decreases over time. It should be
noted, however, that a recent study showed that repeated
vaccination to boost a pre-existing memory T-cell popu-
lation resulted in the accumulation of large numbers of
antigen-specific T, cells**. Therefore, re-exposure to a
pathogen could generate more T cells that can localize
to peripheral tissues.

Although the gradual loss of systemic T, cells cor-
relates with the finding that the number of peripheral
memory T cells decreases during the first 6 months after
infection, animal models have shown that pathogen-
specific memory T cells can be found in small but detect-
able numbers at some sites, such as the lung airways and
intestinal epithelium, long after the systemic population
has converted to a T, -cell phenotype®™*. Although it is
not clear how peripheral memory T cells are maintained
over time in the skin and gut, this finding is at odds with
the observation that memory T cells in the lung airways
have a limited lifespan such that the population must be
maintained by continual recruitment from the circula-
tion”. It could be that a low frequency of T, cells in
the circulation is required to maintain memory T cells
in the lung airways at later times after infection, but it
is also possible that T, cells, having shed CD62L from
their surface and thereby having gained the phenotypic
characteristics of TEM cells, contribute to memory T-cell
populations at peripheral sites. This hypothesis is sup-
ported by studies of transgenic mice expressing CD62L
in which no differences in the number of peripheral
memory T cells were observed, despite constitutive
CD62L expression®. Importantly, the migration of sys-
temic memory T cells to non-lymphoid sites also results
in the modulation of their functional properties, in addi-
tion to their phenotype® (BOX 1). Therefore, circulating
T,,, cells probably contribute to the maintenance of
peripheral memory T-cell populations to a small extent,
and once in peripheral tissues, these T cells can mount
localized responses to a secondary pathogen challenge.

The role of residual antigen. During chronic infec-
tions, persistent antigen stimulation has been shown to
be an important factor in shaping the T-cell response.
By contrast, during an acute infection, antigen was
thought to be cleared from the host quite rapidly after

Box 1| Functional differences between lymphoid T_,, cells and tissue-resident T, cells

(see the figure). Although both subsets of memory T cells
produce large amounts of effector cytokines such as
interferon-y (IFNy) and tumour-necrosis factor (TNF)
after antigen stimulation, a greater frequency of T,
cells also produce interleukin-2 (IL-2), which could
increase their ability to proliferate in response to
antigen®. By contrast, T, cells have more potent lytic
activity ex vivo compared with T, cells. This is probably
due to the increased expression of perforin by both
resting and activated T, cells®, and because resting
tissue-resident memory T cells (that is, T, cells) can
maintain the expression of mRNA transcripts that
encode cytolytic proteins®®. The presence of this
pre-formed mRNA enables T ,, cells to express cytolytic
proteins, such as granzyme B, more rapidly, thereby
increasing their ability to rapidly kill infected cells. In
addition, a small fraction of T, cells can express the
low-affinity Fc receptor for IgG llla (FcyRllla) (not
shown), which allows them to directly mediate
antibody-dependent cell-mediated cytotoxicity?’.

The localization of effector memory T (T,) cells in peripheral tissues before infection is clearly an important factor
in their ability to provide protection from a secondary infection. However, several studies have also shown that
T, cells and central memory T (T ) cells have different effector functions in response to antigen stimulation®*?

Dendritic
cell
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effector molecules

Tissue resident Ty, cell Lymphoid T, cell
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- et IFNy - et
_ e TNF - e
- + IL-2 = ++
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Figure 2 | The relative contribution of residual antigen to the maintenance of memory CD8* T cells in the lung
airways decreases over time. a | One month after the clearance of a respiratory virus infection, large numbers of
antigen-specific memory CD8* T cells are found in lung airways. Although this population contains some cells that have
not recently encountered antigen (resting memory T cells), most memory CD8* T cells in the airways at this time have
been recently activated by residual antigen in the draining lymph node and have subsequently migrated to the airways.

b | By 3 months after infection, residual antigen is mostly depleted from the draining lymph node, and the number of
recently activated memory CD8* T cells that contribute to the population of memory T cells in the airways is subsequently
decreased. ¢ | By 6 months after infection, the residual antigen has been cleared from the draining lymph node and the
number of antigen-specific memory CD8* T cells in the airways has stabilized at a low level that is maintained solely by
the recruitment of resting memory T cells from the circulation. TCR, T-cell receptor.

destruction of the pathogen. This antigen clearance is
accomplished through both elimination of the antigen
source (that is, the pathogen) and the CXC-chemokine
receptor 3 (CXCR3)-dependent migration of activated
T cells to the draining lymph nodes, where they kill
antigen-bearing DCs through cytolytic mechanisms®.
The selective deletion of these DCs in an antigen-
specific manner is thought to assist in the termination of
primary immune responses, thereby limiting deleterious
immunopathology. However, a recent study that inves-
tigated antigen presentation after acute influenza virus
infection showed that antigen was present in the drain-
ing lymph node for several weeks after virus clearance®'.
These persistent antigen ‘depots’ contributed to the gen-
eration of influenza virus-specific CD4", but not CD8",
memory T cells through the prolonged activation of
naive T cells®”. Importantly, similar antigen depots were
also observed after the clearance of vesicular stomatitis
virus infection, which indicates that persistent antigen
might be a common feature of acute viral infections®.
However, this same study showed that acute bacterial
infection failed to result in prolonged antigen presenta-
tion, so it is currently unclear whether this phenomenon
is unique to viral pathogens.

The initial report of the existence of residual anti-
gen after influenza virus infection did not indicate that
these antigen depots were involved in the generation
of memory CD8* T cells from naive T cells or if there
was an effect on the antigen-specific memory CD8*
T-cell population that was generated during the acute

infection. Additional studies have shown that memory
CD8* T cells in the lung airways have an activated
phenotype that is indicative of recent antigen stimula-
tion®*%, which indicates a potential link between this
peripheral population of memory T cells and persistent
antigen presentation. Proof for this link was established
using an elegant parabiotic approach that showed that
the ability of blood-borne memory CD8* T cells to
migrate to the lung airways depended on their stimu-
lation by antigen that persisted in the lung-draining
lymph nodes®. However, this requirement for residual
antigen for the recruitment of memory CD8" T cells
to the lung airways seemed to conflict with reports
that this population was maintained in the airways in
small numbers for many months after infection, long
after antigen depots had been depleted. This appar-
ent discrepancy was explained by the finding that a
small number of systemic memory CD8" T cells that
were generated after a respiratory virus infection could
migrate to the lung airways even in the absence of spe-
cific antigen®. Therefore, both antigen-dependent and
antigen-independent mechanisms contribute to the
maintenance of peripheral T-cell memory in the lung
airways (FIC. 2). This model correlates with the observa-
tion that the number of memory CD8* T cells in the
lung airways gradually decreases in the first few months
after infection before stabilizing at a small but sustained
number®. It will be interesting to investigate whether
residual antigen has a similar role in the maintenance
of T-cell memory at other peripheral sites.
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Protection by peripheral memory T cells

Owing to their location at sites of pathogen entry, mem-
ory T cells that reside in peripheral tissues are thought
to provide a first line of defence against secondary
infections. In this capacity, antigen-specific memory
T cells could have a dual function both as ‘sentinels’ at
peripheral sites that alert the immune system to danger
through the production of pro-inflammatory cytokines
and chemokines, and to limit early pathogen replication
through the destruction of infected host cells. Indeed,
numerous studies have shown that memory T cells in the
lung, skin and gut provide increased protection during
asecondary infection at these sites””-%, and that the effi-
cacy of this protection is directly linked to the number
of pathogen-specific memory T cells in the tissue before
secondary infection’.

Activation of peripheral memory T cells. Although the
precise mechanisms by which memory T cells medi-
ate protection against these different pathogens have
not been formally shown, a common feature of mem-
ory T cells at peripheral sites is their ability to rapidly
become activated and mediate effector functions (BOX 1).
These findings have given rise to additional questions
regarding the mechanisms by which memory T cells at
peripheral sites are activated during a secondary infec-
tion, particularly as these cells are not subject to the
classic method of T-cell activation by antigen-bearing
DCs in the draining lymph nodes. It is possible that pro-
inflammatory cytokines, such as IL-12, IL-18 and type I
interferons, produced by innate immune cells can act
directly on local memory T cells to induce their effec-
tor functions” 7. In addition, non-haematopoietic cells
have been shown to present antigen and induce the pro-
liferation of effector T cells in vivo™, although there is no
direct evidence that this process contributes to the acti-
vation of peripheral memory T cells. More recently, how-
ever, a seminal study has shown that resident memory
T cells can be directly activated by DCs in peripheral tis-
sues”. Using a transplant model of herpes simplex virus
reactivation, the authors observed that DCs recruited
to the site of pathogen replication, together with CD4*
T cells, induced the local proliferation of antigen-specific
memory CD8* T cells. Together, these studies show that
memory T cells can be activated at non-lymphoid sites
by both antigen-dependent and antigen-independent
mechanisms, and that each of these mechanisms prob-
ably contributes to the immune protection mediated by
tissue-resident memory T cells.

Dynamics of peripheral T-cell recall responses. Once
a secondary infection has been established at a periph-
eral site, the localized production of pro-inflammatory
cytokines and chemokines recruits circulating mem-
ory T cells to the site of inflammation. This increased
recruitment is not antigen specific, and it therefore
results in the recruitment of memory T cells of vari-
ous specificities to the site of infection”®"%. However,
as T cells specific for the invading pathogen comprise
a fraction of the circulating memory T-cell pool, this
process does result in a transient local increase in

the number of pathogen-specific memory T cells™.
Recently, the CCR5-dependent migration of circulating
memory T cells to the lung airways during a secondary
respiratory virus challenge was shown to be essential
for limiting virus replication®, which shows that the
rapid recruitment of memory T cells to the infected tis-
sue in response to localized inflammation is important
for protective immunity. In addition, transplant studies
of infected ganglia have shown that recruited antigen-
specific memory T cells can undergo extensive prolifer-
ation in peripheral tissues if antigen is present, resulting
in a local amplification of pathogen-specific immune
responses®. All of these events can occur before the
arrival of secondary effector T cells that are generated
in the draining lymph nodes. Although it has not been
formally shown for all peripheral tissue types, these data
indicate that recall responses in peripheral tissues can
be divided into distinct phases (FIG. 3). Memory T cells
present in the tissue at the time of infection provide an
immediate response that is further increased by mem-
ory T cells that are recruited from the circulation. These
two phases combine to limit the early replication of the
pathogen, which probably contributes to the increased
survival observed during secondary infections com-
pared with primary infections. Limiting pathogen
burden before the development of a secondary effector
T-cell response might also decrease immunopathology
by shortening the duration of an acute infection®’. So,
tissue-resident memory T cells are not only capable
of providing immediate effector function at the site of
infection, but can also generate an effective secondary
immune response in peripheral tissues.

Implications for vaccination

The robust protective immunity provided by memory
T cells localized in peripheral tissues, together with the
finding that memory T cells can be imprinted to migrate
selectively to certain sites, provides hope that site-
specific vaccination strategies can be developed. This
could be particularly advantageous in the case of a vac-
cine for HIV, as the magnitude of the virus-specific CD8*
T-cell response in mucosal tissues has been directly
linked to decreased viral load®*®. However, there have
been several conflicting reports regarding the efficacy
of mucosal versus systemic vaccination for the genera-
tion of peripheral T-cell memory*-*". One factor that
might account for the differences observed in these and
other studies is the use of protein-based versus live viral
immunization strategies. Systemic vaccination with
replication-competent viral vectors is considerably more
efficient for generating mucosal T-cell memory than
are systemic protein-based strategies, and replication-
competent viral vectors were able to provide increased
protection regardless of the route of immunization.
These findings led to the question of how antigen-specific
memory T cells could acquire tropism for tissues that did
not contain replicating pathogens. An explanation was
provided by a study that showed that the acquisition of
tissue-homing T-cell phenotypes after different routes
of live viral vaccination depended on the trafficking of
activated T cells to antigen-free lymph nodes that were
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Figure 3 | Dynamics of the memory T-cell recall response in peripheral tissues. The memory T-cell response to a
secondary pathogen challenge can be divided into three distinct stages. a | Antigen-specific memory T cells located

in the peripheral tissue are the first to respond to an invading pathogen such as a virus. After antigen recognition, these
tissue-resident memory T cells can proliferate and generate a secondary effector T-cell response. b | Localized inflammation
recruits both antigen-specific and antigen-nonspecific memory T cells from the circulation into the infected tissue by the
localized expression of chemokines. Although most of these memory T cells will not have the correct antigen specificity,
and therefore are not likely to contribute to the response, the small frequency of antigen-specific memory T cells that are
recruited to the infected tissue can also generate a local secondary effector T-cell response after antigen encounter at this
site. Also at this time (24-72 hours after infection), antigen-bearing dendritic cells have migrated to the draining lymph
node, where they activate lymphoid-resident memory T cells (not shown). ¢ | Large numbers of secondary antigen-specific
effector T cells generated from lymphoid-resident memory T cells exit the draining lymph node and traffic through the
bloodstream to the infected tissue. Together, these three stages limit the early replication of a pathogen during secondary

infection and result in the rapid resolution of infection.

distant from the site of infection®. Once in these distant
lymph nodes, the T cells not only continued to divide but
also began to express homing molecules associated with
the local environment. Furthermore, activated T cells
that redistributed to antigen-free lymph nodes could
develop into long-lived memory T cells* that retained
the same tissue tropism.

Although studies with live or attenuated viral immu-
nizations have provided a wealth of information regard-
ing correlates of vaccine-induced protection, the safety
concerns surrounding these types of vaccine might
preclude their widespread use in humans. So, much
research is currently directed towards applying these
lessons to more traditional protein-based or replication-
deficient viral vaccination strategies”. The use of new
adjuvants to boost site-specific immunity is one such
area of study. For example, a peptide immunogen that
is linked to modified cholera toxin can elicit strong
mucosal immune responses to the peptide immunogen,
even when it is administered at non-mucosal sites”'. In
addition, the use of Toll-like receptor agonists as adju-
vants can greatly increase the magnitude and quality of
the immune response to prime—boost immunizations®.
Finally, directed targeting of peptide-based vaccines to
DCs resulted in robust T-cell memory responses that
provided increased protection from subsequent path-
ogen challenge®. In future studies, it will be of great
interest to determine whether these strategies can be
modulated to take advantage of the natural mechanisms
by which the immune system imparts tissue tropism to
memory T cells.

Concluding remarks
A growing body of evidence indicates that memory T cells
located in peripheral tissues have an important role in
immune protection. These cells can mount an effective
secondary T-cell response at the site of infection, thereby
eliminating the time required for antigen-presenting cells
to traffic to the draining lymph node before eliciting a sec-
ondary effector T-cell response. The ability to mount these
immediate responses leads to increased pathogen clear-
ance, and the importance of peripheral memory T cells
in this process is evident from the finding that the loss of
pathogen-specific memory T cells in the periphery over
time is accompanied by decreased protective immunity.
There is still much we do not understand regarding the
dynamics and mechanisms of protection mediated by
peripheral memory T cells, but the advent of new intravi-
tal techniques could provide new insights by allowing us
to visualize these responses directly and in greater detail.
Although the distinction between lymphoid and
peripheral memory T cells is often imprecise, it is
clear that individual tissues can govern the tropism of
pathogen-specific T cells that arise after localized infec-
tions. This is true for the gut and skin, and the search for
tissue-specific T-cell phenotypes at other peripheral sites
is currently an area of intense investigation. The poten-
tial benefit of understanding the factors that influence
memory T-cell migration to specific sites is considerable,
as this information could be used to increase vaccine
efficacy against pathogens that selectively infect certain
tissues, and it could also provide new therapeutic avenues
for the amelioration of site-specific autoimmunity.
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