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Summary

Tissues such as the genital tract, skin, and lung act as barriers against invading pathogens. To
protect the host, incoming microbes must be quickly and efficiently controlled by the immune
system at the portal of entry. Memory is a hallmark of the adaptive immune system, which confers
long-term protection and is the basis for efficacious vaccines. While the majority of existing
vaccines rely on circulating antibody for protection, struggles to develop antibody-based vaccines
against infections such as herpes simplex virus (HSV) and human immunodeficiency virus (HIV)
have underscored the need to generate memory T cells for robust antiviral control. The circulating
memory T-cell population is generally divided into two subsets: effector memory (Tgp) and
central memory (Tcpn)- These two subsets can be distinguished by their localization, as T¢y home
to secondary lymphoid organs and Tgy circulate through non-lymphoid tissues. More recently,
studies have identified a third subset, called tissue-resident memory (Trp) cells, based on its
migratory properties. This subset is found in peripheral tissues that require expression of specific
chemoattractants and homing receptors for T-cell recruitment and retention, including barrier sites
such as the skin and genital tract. In this review, we categorize different tissues in the body based
on patterns of memory T-cell migration and tissue residency. This review also describes the rules
for Trn generation and the properties that distinguish them from circulating Tgp and Ty cells.
Finally, based on the failure of recent T-cell-based vaccines to provide optimal protection, we also
discuss the potential role of Try cells in vaccine design against microbes that invade through the
peripheral tissues and highlight new vaccination strategies that take advantage of this newly
described memory T-cell subset.

Introduction

The development of vaccines is one of the most significant achievements of modern
medicine. The use of vaccines has eliminated the threat of many debilitating and deadly
diseases around the world. The lasting protection that vaccines provide depends on the
ability of the immune system to generate memory against a given pathogen. While all
successful vaccines thus far have relied almost solely on production of circulating antibody
for protection, focus has recently shifted to T-cell-based vaccines in the face of global health
threats such as human immunodeficiency virus (HIV). HIV and other sexually transmitted
infections (STIs) such as herpes simplex virus (HSV) pose unique challenges in the design
of an efficacious vaccine, due to both the nature of the pathogen as well as primary site of
transmission.

The T-cell response to almost any immunogen occurs in three major steps: priming,
expansion, and contraction. Naive T cells are largely quiescent, and they circulate through
secondary lymphoid tissues at very low precursor frequencies (1). After engagement of T
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cell by an antigen-presenting cell via the peptide and major histocompatibility complex
(MHC) and costimulatory molecules, the T cell becomes activated, or primed. Primed T
cells begin to divide, thus initiating the expansion phase, during which the naive T cell
differentiates into a heterogeneous population of effector T cells and acquires properties
such as cytokine production and cytolytic capacity for CD8" T cells (2). After the expansion
phase, the effector T-cell population begins to contract. During this contraction phase, 90—
95% of the activated T-cell pool dies, while the remaining 5-10% go on to differentiate into
different types of memory T cells (2). This model of memory T-cell differentiation generally
occurs after acute infection, when antigen is cleared from the host (3).

Tissues such as the skin or mucosal lining of the respiratory tract, gut, and genital tract stand
as barriers against pathogen invasion. Many infectious diseases with the highest rates of
morbidity and mortality begin primarily as local infections at one of these barrier sites. For
example, HIV is often contracted through the genital mucosa, where infection starts with
replication of a single founder virus (4, 5) in a local pool of CD4* T cells before becoming
systemic (6-8). While these tissues possess intrinsic defense mechanisms such as the
production of defensins and other antimicrobial peptides (9), the immune system is critical
for optimal control and elimination of invading microbes at these barriers. While systemic
immunity, particularly circulating antibody, may be sufficient in protecting these peripheral
sites against certain pathogens, the establishment of tissue-resident memory T cells (Trnm)
may be required for optimal control of pathogens such as HSV. Further understanding of
how tissue-resident memory T-cell populations are generated and maintained in peripheral
tissues such as skin and mucosa will aid in the design of not only vaccines but also
immunotherapies for a wide variety of infections and diseases.

of T cells for tissue homing

Upon infection at a mucosal surface, antigen is carried into the draining lymph node (dLN)
by dendritic cells (DCs) or drained directly into the dLN via the lymphatics (10). Upon
reaching the lymph node, the DCs present antigen to naive T cells to induce their
proliferation and differentiation. Activated T cells then leave the dLN and enter systemic
circulation and are recruited to peripheral tissues through the engagement of chemokine
receptors and adhesion molecules (11). T cells in circulation enter the tissue through three
stages of activation: rolling and tethering to endothelial cells mediated by selectins, followed
by chemokine-mediated activation of integrins, which promote firm adhesion and diapedesis
(12). Trafficking of activated T cells to peripheral sites such as the skin and gut is mediated
by pathways specific for each tissue. Skin-homing T cells are positive for P-selectin ligands
and E-selectin ligands, including PSGL-1, cutaneous lymphocyte-associated antigen (CLA),
CD43, and CD44 (13-16). Binding of these ligands to the selectins expressed on inflamed
skin induces rolling on the vascular endothelium. T cells expressing the chemokine receptors
CCR4 (17, 18) and CCR10 (19, 20) are stimulated via their respective chemokine ligands,
CCL17 and CCL27, to activate integrins, which enable adhesion and extravasation into the
tissue. Both chemokines are present in cutaneous blood vessels but not intestinal vessels (17,
20) and play essential roles in recruiting T cells to the skin during homeostasis and
inflammation. T cells expressing CCR6 (21) or CCR8 (22) respond to CCL20 and CCLS8,
respectively, expressed in inflamed skin. Gut-homing T cells, on the other hand, express the
integrin a4f7 (23), which mediates T-cell binding to mucosal addressin cell adhesion
molecule-1 (MAdCAM-1) at steady state (24, 25). MAdCAM-1 is expressed by intestinal
but not cutaneous vascular endothelium (26). Although a4p7 is important for migration of T
cells to the gut at homeostasis, during rotavirus infection, CD8" T cells migrate to the gut
independently of a4B7 (27), suggesting that migration to the gut is not entirely dependent on
this integrin. Furthermore, a subset of a4p7 T cells is positive for CCR9, which binds to the
chemokine CCL25 (28). Almost all small intestinal intraepithelial (IEL) and lamina propria
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(LP) T cells in mice and humans express CCR9, suggesting that this chemokine receptor is
important for localization (28-30).

The expression of a particular set of homing receptors can help to determine the eventual
destination of an activated T cell. Immunization through mucosal or cutaneous routes leads
to the upregulation of gut- and skin-homing receptors, respectively (31). More specifically,
it has been shown that tissue-associated DCs appear to be capable of imprinting the tropism
of a T cell during the priming phase. Indeed, /n vitro activation of T cells with DCs
harvested from the peripheral lymph nodes (pLNs) can induce expression of E- and P-
selectin ligands as well as responsiveness to CCR4 ligands (32). DCs isolated from Peyer’s
patches (PPs) or the mesenteric lymph node (mLN) can induce expression of a4p7 as well
as expression of CCR9 (33). The ability of these skin- or gut-associated DCs to promote a T-
cell migration program to their respective tissues has been linked to the availability of
certain metabolites that are specific for the skin or gut. For example, the expression of a4p7
and CCR9 is enhanced by the production of retinoic acid (RA), which is derived from
dietary vitamin A (34-36). DCs from the mLNs and PPs, but not from pLNs, express
essential enzymes required to convert retinal to RA, and these DCs produce RA during T-
cell activation, which then acts on the T cell via the retinoic acid receptor (RAR) (34). In the
skin, DCs convert vitamin D3, which is highly expressed in the epidermis upon exposure to
UV radiation, into its active form, 1,25(0OH)D3 (37). Along with IL-12, 1,25(0OH)D3 induces
expression of CCR10 on T cells (37). Thus, local DCs utilize unique factors that are present
in peripheral tissues to imprint T cells with a tropism for that particular tissue.

Beyond the role of DCs, /n vivo studies have shown that lymph node stromal cells and cells
from the peripheral tissue can also influence the migratory program of activated T cells.
Replacement of excised mLNs with transplanted pLNs demonstrated that T cells primed
after oral administration of antigen were not able to sustain a gut-homing phenotype, despite
RA production by migrating DCs that carried antigen from the tissue into the lymph node
(35). /n vivo, CD8* T cells that enter the mesenteric lymph node after skin infection with
vaccinia virus (VV) can briefly acquire a gut-homing phenotype (38). Furthermore, in a
model of DC adoptive transfer, expression of homing receptors on T cells appears to depend
more on the route by which the DCs are injected rather than the tissue origin of the DCs
themselves (39, 40). As the DCs from the gut are able to suppress the expression of homing
receptors to the skin on activated T cells /n vitro (32), collectively these studies suggest that
while tissue-derived DCs can initiate the programming of tissue tropism of T cells,
additional signals from other cell types may be required to sustain the imprint. Indeed,
stromal cells in the mLN express retinaldehyde dehydrogenase (RALDH) and may produce
enough RA to induce upregulation of CCR9 on activated T cells (36).

For entry into tissues such as the brain, T cells may be programmed at sites that are entirely
independent from the central nervous system. In a rat model of experimental autoimmune
encephalitis (EAE), activated antigen-specific T cell blasts that were adoptively transferred
into new hosts gained the capacity to enter the CNS only after a brief residence in the lung
(41). Priming in CNS-associated lymphoid organs was proven unnecessary, as the T cells
were activated via subcutaneous (s.c.) immunization and then expanded /n vitro (41). While
the mechanism by which target tissue-independent programming occurs is unclear, both
peripheral tissue and tissue-associated DCs appear to be important for both the imprinting
and maintenance of a particular homing program.

Promiscuous migration of effector T cells

As discussed above, local activation of T cells within the dLN of a peripheral organ such as
the skin or gut can induce strong tropism for that particular tissue through high expression of
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homing receptors. However, T-cell migration appears to be more promiscuous during the
effector phase of an immune response. T cells activated at any site, whether through local or
systemic priming, can gain the capacity to circulate through almost all tissues in the body.
Systemic priming of T cells after infection with lymphocytic choriomeningitis virus
(LCMV) leads to the migration of activated antigen-specific T cells in many peripheral sites
including the gut (42). Local immunizations such intranasal (i.n.) immunization with Sendai
virus also leads to the migration of antigen-specific T cells to the gut as well as other tissues
(42). Further examination reveals that activation of T cells in any secondary lymphoid
organs (SLOs) can lead to the upregulation of homing receptors required to migrate to
tissues such as the gut and skin, perhaps through the dissemination of early effector T cells
to distal LNs (38). This suggests that programming T cell trafficking to a particular tissue is
not necessarily dependent on priming in lymph nodes draining that site. The programming is
also plastic, as T cells that have been primed in LNs associated with the gut can be
‘reprogrammed’ upon a second antigen encounter, thus changing the tropism of the cell (43).
Similarly, Sendai-virus specific CD8" T cells that have been primed intraperitoneally are
incapable of migrating to the lung airway but can be recruited to that site after a secondary
intranasal challenge (44). Thus, the entry of a T cell into a peripheral tissue may be
established regardless of priming site and immunization route. However, priming within the
dLN of a particular tissue leads to the greatest expression of receptors required to home to
the associated tissue (29), indicating that ‘seeding’ of the tissue may be greatest when they
are primed in SLOs draining the target site.

Migration of memory T cells at steady state

While effector T cells are capable of trafficking to almost any tissue due to their broad
expression of homing receptors, memory T cells have a more restricted pattern of migration.
Heterogeneity within the memory T-cell pool was originally defined in humans by
expression of the chemokine receptor, CCR7 (45). CCR7+ memory T cells, termed central
memory T cells (T¢pm) were found to express other lymphoid homing markers such as
CD62L, while CCR7™ memory T cells, named effector memory T cells (Tgp), were found
to express other chemokine receptors and integrins that would allow for recruitment to
peripheral tissues at steady state (45). Indeed, these two subsets localize to distinct
anatomical sites. T¢y localize primarily in SLOs, while Tgp, are generally distributed in
nonlymphoid tissues (45, 46). However, circulation of Tgy through peripheral sites is not
equal for all organs. Parabiosis studies and CD8* T-cell transfer experiments have shown
that while memory CD8* T cells can rapidly equilibrate in tissues such as SLOs, lung
parenchyma, and liver, entry of resting memory T cells into tissues such as the brain,
intestinal mucosa, skin, and genital tract is very limited (47-49). Expression of the homing
receptors that regulate migration of antigen-experienced T cells are upregulated during the
priming phase. Expression of these receptors are then rapidly downregulated during the
effector stage, regardless of immunization route (42). After systemic LCMV infection, for
example, CCR9, a4p7, and PSGL-1, a P-selectin ligand, are upregulated on early effector
CDS8™* T cells. If the activated T cells do not migrate into their target tissue, expression of the
homing receptors begins to decline during the peak of the effector phase. By the memory
phase, skin-homing receptors are greatly downregulated, and gut-homing receptors are
absent on CD8™ T cells (29). Similarly, skin scarification with VV leads to expression of
both skin- and gut-homing receptors on CD8* T cells during the effector phase, while only
skin-homing receptors are expressed on memory CD8* T cells (38). Thus, the loss of
homing capability to tissues such as the gut and skin may explain the limited migration of
circulating memory CD8* T cells into these tissues. However, if an activated T cell
successfully gains entry into a peripheral site during the effector phase, expression of
receptors such as CCR9 and PSGL-1 are retained (29). Transfer experiments have
demonstrated that memory T cells that reside in a peripheral organ, such as the lung, retain
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their ability to home back to the tissue or origin when placed back in circulation, likely due
to continued expression of tissue-specific homing receptors (50).

Migration of memory T cells during inflammation

Under inflammatory conditions, the rules that govern the trafficking of T cells during
homeostasis become altered. Along with upregulation of tissue-homing receptors on T cells,
infection or immunization /n vivo leads to the expression of adhesion molecules on vascular
endothelial cells. Together, these conditions enable the entry of T cells into tissues that may
be inaccessible during homeostasis. For example, adhesion molecules such as E-selectin and
P-selectin, which are normally limited in their expression, can be upregulated on endothelial
cells at sites of inflammation (51). Also, the amount of chemokine that is basally produced
under non-inflammatory conditions in tissues such as the skin can be increased by
inflammation, which in turn enable enhanced T-cell recruitment. The chemokine CCL27 is
normally produced by keratinocytes in skin. When patients with nickel allergy are exposed
to nickel, expression of CCL27 is upregulated by the pro-inflammatory cytokines IL-1p and
TNFa (20). The increase in CCL27 is accompanied by an increase in the number of
CCR10+ T cells in the skin (20).

Aside from the upregulation of tissue-specific chemokines, cytokines such as interferon-y
(IFNy) and type I IFNs can induce inflammatory chemokines. In particular, the
inflammatory chemokines, monokine-induced by -y IFN (MIG) (CXCL9) and IFNy-induced
protein 10 (IP-10) (CXCL10), play important roles in the recruitment of both effector CD4*
and CD8+ T cells to a wide variety of tissues during inflammation. These chemokines, along
with IFN-inducible T-cell a chemoattractant (I-TAC) (CXCL11), ligate the receptor
CXCR3, which is upregulated on both T-helper 1 (Th1) and CD8* T cells upon activation
(52). CXCR3 is maintained on these T-cell subsets throughout the effector and memory
phase, with expression steadily increasing as memory CD8* T cells continue to mature (53).
The production of CXCR3 ligands has been shown to regulate recruitment of effector T cells
into several tissues that are otherwise restricted from T-cell entry, including the central
nervous system and the female genital tract (48, 54, 55). In the genital tract, the expression
of CXCL9 and CXCL10 are absolutely required for the recruitment of antigen-specific
CD8* T cells. After genital infection with HSV-2, effector CD4* T cells first enter the
vaginal mucosa via type | IFN-dependent mechanisms and secrete IFN-y at the site of
infection. CD4* T-cell secretion of IFNy, along type | IFNs secreted by other cell types,
leads to the production of CXCL9 and CXCL10 in the tissue. These inflammatory
chemokines then mediate the entry of effector CD8* T cells into the genital mucosa (48). In
the lung, memory CD8* T cells are recruited into the airways via CCR5, which is ligated by
multiple inflammatory chemokines, including regulated on activation, normal T-cell
expressed or secreted (RANTES) (CCL5), macrophage inflammatory protein 1a (MIP-1a)
(CCL2), and MIP-1p (CCL3) (56). Thus, inflammation can lead to the production of
inducible chemokines such as CXCR3 and CCR5 ligands, and these chemokines can then
alter the rules that regulate T-cell migration through peripheral tissues during homeostasis.
While production of tissue-specific chemokines and inflammatory chemokines are both
important for recruitment of T cells to sites of inflammation, it is unclear whether any sort of
relationship or hierarchy exists between migration mediated by tissue-tropic homing
receptors and inflammatory chemokine receptors such as CXCR3. As discussed below,
some tissues lack ‘tissue-tropic’ chemokine expression at baseline and rely solely on
inflammatory chemokines to establish tissue-resident memory T cells.
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Access codes for effector and memory CD8* T cell entry and retention

While effector CD8* T cells can access the majority of tissues, some peripheral sites remain
inaccessible by effector CD8* T cells except under inflammatory conditions. Tissues such as
the female genital mucosa do not express adhesion molecules during homeostasis and
produce very little chemokines (48, 57, 58). Thus, despite high expression of CXCR3, which
is the key chemokine receptor that mediates recruitment of CD8* T cells into the vagina,
neither effector nor memory CD8* T cells circulate through the genital tract under steady
state conditions (48, 59). Thus, based on these data, we characterize tissues of the body into
three classes based on T cell circulation (Fig. 1, Table 1). First, ‘permissive tissues’,
including organs such as the spleen, lung parenchyma, liver, kidney, and adipose tissue, are
readily accessibly by both effector and CD8" Tgy, without the need for any local
inflammation or antigen (42, 47). Second, ‘effector permissive tissues’ are accessible by
effector CD8" T cells but not by memory CD8" Tgp and Ty These tissues, including the
gut, brain, and peritoneal cavity, are generally seeded by CD8* T cells early during the
effector phase, when homing receptors are broadly expressed on T cells (29, 47, 60).
Effector CD8" T-cell migration to these tissues does not appear to require direct infection or
immunization of the tissue itself, although the presence of antigen or inflammation may
enhance recruitment. After the effector phase, effector permissive tissues become
inaccessible to circulating memory CD8" T cells. A third group of organs are inaccessibly
by either effector or memory CD8" T cells at steady state. These ‘restrictive tissues’ lack
tissue-tropic chemokines or adhesion molecules and are only accessible by effector CD8* T
cells when there is local inflammation leading to production of inflammatory chemokines.
This third group of tissues includes skin epidermis, vaginal epithelial layer, salivary glands,
lung airways, and ganglia (48, 61-64). However, both systemic and local infection can result
in soluble inflammatory mediators that may affect the microenvironment of distal tissues
(65). Thus, systemic and even local immunization can often result in a very low level of
access for effector T cells into restrictive tissues.

Evidence for tissue-resident memory T cells

While the delineation of Tgp and T remains a useful way of describing heterogeneity
within the memory T-cell pool, it is becoming evident that the composition of the memory
T-cell pool is more complex and dynamic. As described above, parabiosis and transplant
experiments used to study memory CD8* T-cell trafficking make it clear that resting
memory CD8* T cells cannot enter restrictive tissues. However, they also demonstrate that
memory CD8* T cells already present in tissues such as the gut, brain, and skin do not re-
enter circulation and are maintained independently of the circulating memory population
(29, 47, 60, 61). Experiments in which the dorsal root ganglia (DRG) of herpes simplex
virus-1 (HSV-1)-infected mice were excised and placed under the kidney capsule of
recipient mice also showed that the virus-specific memory CD8* T cells within the DRG do
not equilibrate with the circulating population, suggesting that the peripheral nervous system
can also harbor this resident population of memory T cells (61). Multiple strategies have
been used to show that the skin also contains this unique population of memory T cells.
Transplantation and parabiosis studies have shown that memory CD8* T cells that reside in
the skin after infection do not recirculate (49, 61). Furthermore, when male T cells are
adoptively transferred into female recipients, only male CD8* T cells that migrate into the
skin after infection survive, suggesting that the sequestration of T cells within the skin
protected the skin-resident CD8" T cells from rejection by the host immune system (66).
Finally, work from our lab using HSV-2-infected parabiotic pairs also reveals that memory
T-cell populations established in the genital tract do not circulate (authors’ unpublished
observations). Aside from localization differences, studies examining the molecular
signature of CD8" memory T cells in the brain show that the transcriptional profile of these
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resident cells is different from that of circulating memory CD8* T cells (67), which raises
the intriguing question as to whether these profiles differ from tissue to tissue. Collectively,
these studies make the argument that these non-circulating tissue-specific memory CD8* T
cells should be considered a separate subset called tissue-resident memory T cells (Trp)- In
conjunction with the rules of effector and memory CD8* T-cell migration into tissues,
permissive tissues generally do not harbor Try. However, effector CD8* T cells that seed
the effector permissive tissues or restrictive tissues become resident memory cells if there
are signals to retain them locally (Table 1). The retention signal may be in the form of
antigen in the lung airways (63) or a transient burst of local chemokines in the skin and
vagina (59, 68).

Although both CD4* and CD8™" T cells can express homing receptors such as CCR4 and
a4p7 that guide trafficking into tissues such as the skin and gut respectively, recent reports
have highlighted differences in the pattern of CD4* and CD8" T-cell migration through
peripheral tissues. Classic studies have shown that when cells are collected from the gut
draining lymph of sheep, the majority of the population is composed of activated CD4* T
cells (69). Furthermore, when transferred back into the host, the CD4* T cells migrate
mainly to the lymph node, while the CD8" T cells draining from the gut return to the gut,
suggesting that these subsets had different trafficking patterns (69). Similarly, human
afferent lymph is also mainly composed of memory-phenotype CD4 T cells (70). Indeed,
more recent work with a skin model of HSV infection has shown that antigen-specific
memory CD4* and CD8* T cells do engage in disparate migratory behavior and occupy
different anatomical niches within the same tissue. After HSV infection, effector CD8* T
cells localized primarily to the epidermis, while effector CD4" T cells were found in both
the dermis and the epidermis (66). Effector CD4* T cells within the dermis are highly
motile, while both CD4* and CD8* T cells in the epidermis were far less active. These
differences are accentuated during the memory phase, with memory CD8* T cells within the
dermis taking on a dendritic morphology. This CD8" T-cell population forms a compartment
within the epidermal layer that was maintained independently of circulating memory T cells,
while memory CD4* T cells, which localized primarily to the dermis, re-entered circulation.
However, CD4* T cells are not necessarily excluded from forming tissue-resident
populations. Although not as commonly described as CD8" Ty, parabiosis of mice after
influenza infection have identified a pool of non-circulating memory CD4* T cells in the
lung (50), and CD4* T cells that exhibit Ty characteristics have also been described in the
intestine and sensory ganglia (71). Furthermore, healthy human lung also contains both
CD4" and CD8" memory T-cell populations that are phenotypically distinguishable from
circulating memory T-cell populations, demonstrating that CD4* T cells can establish tissue
residency in humans (72).

The origins of the Ty subset and how this subset relates to Tcp and Tgp remains unclear.
Even the relationship between Tgp and Tew, an area of study that has been the subject of
much debate, still remains unsettled (2). Between Tgpn and Ty, much evidence has been
presented in support of two different models of differentiation. The first model suggests that
Tcm are direct descendants of the Tgy subset (73, 74), while the second suggests that Tgp
and T¢ are entirely separate lineages with no conversion between the two (75, 76). As the
origin and function of the Tgy and T subsets depends on how they were primed, a
combination of both models likely explains their differentiation pathways. Indeed, the Tgpm
subset appears to arise from at least two different sources. Some IL-7R (CD127)"°KLRG1h
effector CD8™ T cells, termed short-lived effector T cells, can give rise to a terminally
differentiated population of Tgy, while CD127NKLRG1 effector CD8* T cells, termed
memory precursors, can give rise to long-lived Tg)y that can gradually convert into Tewm
(77-80). Furthermore, it appears that some Ty can arise directly from a small fraction of
CD62LNCD127N memory precursors (2). How Tgry fit into the model of memory T-cell
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differentiation is still unknown. Effector permissive and restrictive tissues containing Trw
such as the gut need to be ‘seeded’ during the early effector phase by T cells expressing the
appropriate homing receptors (29). Thus, it is possible that Ty differentiation is mediated
by unique signals from the microenvironment of the peripheral tissue. This idea suggests
that Trym arises directly from the effector T-cell pool rather than converting from the Tgpm
pool, as Ty might do (73, 74). Indeed, work from our laboratory shows that while effector
CD8* T cells can be recruited into the genital tract via intravaginal (ivag) treatment with the
chemokines CXCL9 and CXCL10, memory CD8" T cells, despite high expression of
CXCR3, are not recruited or retained in the tissue (59), suggesting that neither Tgp nor Teom
are capable of becoming Try. Furthermore, the small percentage of systemic memory CD8*
T cells that express skin-homing receptors are CD62LN, which suggests that any memory
CD8* T¢wm cells in circulation are unlikely to enter peripheral tissues (66). However, the
question remains as to whether Ty, could acquire tissue-residency if recruited by a strong
homing signal or if transplanted into a peripheral tissue. This may become an important
issue to address when designing tissue-targeted vaccines or modifying the localization of T
cells in patients that were previously immunized via a systemic route.

Phenotype of Try

Along with their localization, tissue-resident memory T cells can also be identified by the
expression of a common set of surface receptors. Integrin aE (CD103) is expressed on
memory CD8* T cells in many non-permissive tissues in mice, including the skin, gut, brain,
genital tract, and lung airway, while expression is low on circulating memory T cells (29,
60, 61, 68, 81). Expression of CD103 has also been reported to delineate CD8* Try in
human mucosal tissues such as the gut and lung (82). While knockdown of CD103 on
murine CD8* T cells did not affect their entry into the CNS, it did impair their accumulation
within the brain over time, signifying that CD103 plays an important role in the retention of
Trm (60). Furthermore, CD8 TRy in the epidermis are shown to have a dendritic
morphology (66), and it appears that CD103 may play a role in regulating the unique shape
of these Trwm (83). The ligand for CD103, E-cadherin, is expressed on epithelial cells. As
many Trm reside in the epithelial layer of restrictive tissue, it is possible that interactions
between CD103 and E-cadherin are maintaining the resident status of T cells in peripheral
tissues. Indeed, CD103 facilitates the adhesion of CD8* T cells to human keratinocytes /»
vitro (84). In the adult mouse brain, E-cadherin expression is limited to the cells lining the
ventricles (85), while Tr clusters can be found all through the parenchyma (60),
suggesting that CD103 may be binding to a unique ligand within the CNS.

The expression of CD103 on Try appears to be mediated by different factors in different
tissues. Transforming growth factor-g (TGFp) is a key mediator of CD103 expression in the
skin and the gut. Furthermore, addition of TGFp to /n7 vitro cultures induces the expression
of CD103 on human (84) and mouse activated CD8* T cells (86). Expression of the TGFf
dominant negative type Il receptor (dnTGFBRII) prevents the upregulation of CD103 on
CD8* T cells infiltrating the gut epithelium, which in turn prevents graft rejection in a model
of graft-versus-host disease (87). Similarly, dnTGFBRII that migrate to the gut after LCMV
infection fail to express CD103 (86). Although it is impossible to rule out the idea that there
is a small fraction of circulating CD103+ T cells that may seed peripheral tissues during
entry, most evidence seem to support the idea that Try upregulate CD103 after lodging in
the tissue. In tissues such as the lung and brain, CD103 expression appears to be induced by
a different mechanism involving stimulation by antigen, although the role of other factors
cannot be excluded. Activated OT-1 CD8" T cells, which recognize a peptide derived from
the ovalbumin protein (OVA), only upregulate CD103 expression if OVA is present in the
brain where the CD8" T cells accumulate (60). Likewise, residual antigen in the lung present
after influenza infection appears to drive expression of CD103 on virus-specific CD8* T
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cells (81). However, CD103 expression remains upregulated on a portion of the small Trp
population that is present in the lung after all antigen has been cleared after Sendai infection,
which suggests that the lung microenvironment can also mediate CD103 expression after all
antigen has been cleared (88). Despite the importance of CD103 in the retention of Try in
the tissue, small T-cell populations that do not express CD103 are also present. In the brain,
while the CD103~ Ty population is smaller than the CD103* population, they are still
present long after immunization and localize to the same clusters that CD103* Trp do (60).
However, these CD103~ CD8* T cells appear to be functionally distinct from the CD103*
population. Thus, other molecules may be important in maintaining Try in peripheral
tissues.

Another molecule that is expressed by mouse Ty in the gut, skin, brain, lung airway,
sensory ganglia, and vagina is the transmembrane C-type lectin CD69 (47, 60, 61, 63, 81,
88, 89, authors’ unpublished data). CD69 is briefly expressed on all stimulated T cells and is
quickly downregulated after activation. Although the role of CD69 is yet unknown,
upregulation of CD69 results in the simultaneous downregulation of the sphingosine-1-
phosphate receptor 1 (S1P4) via direct protein interaction (90). S1P, a lipid mediator with
chemotactic properties, is a critical factor in the egress of lymphocytes from both the thymus
and the lymph nodes (91). S1P levels are higher in the blood and lymph than SLOs (92), and
studies propose that CD69 is upregulated during T-cell activation to promote lymphocyte
retention in the lymph node during activation (90). In peripheral tissues, while S1P
expression increases with inflammation, it is unclear how this amount relates to what is
found in blood and lymph (93). Thus, it is possible that Trpy; upregulate CD69 and
consequently downregulate S1Pq in order to retain Trp Within peripheral tissues, although
S1P, expression has not been directly measured on this cell population. During activation,
CD69 can be transiently induced on T cells by engagement of the T-cell receptor (TCR) or
by exposure to type I IFNs (93). In the gut, Try partially depend on TGFp for CD69
expression (86). In the lung, while antigen appears to be important for CD69 expression
after influenza infection (81), expression of this molecule can be induced or maintained via
antigen-independent mechanisms after Sendai virus infection (44, 88). In other restrictive
tissues, however, it is unclear what induces and maintains CD69 expression on Ty, and
whether CD69 plays a role in the differentiation, retention, or survival of Tgy. In humans,
expression of CD69 appears to be more promiscuous, as populations of CD69" memory T
cells can be found in permissive organs such as the spleen (82). In mice and humans, many
Trm populations are found in tissues that are in continuous contact with the outside
environment while humans are also persistently infected with many viruses (94). Thus, it is
possible that upregulation of CD69 may signify the detection of low levels of inflammation
by Trwm in their tissue of residence.

Maintenance of Try

One hallmark of circulating memory T cells is their ability to undergo self-renewal using the
v chain cytokines IL-7 and 1L-15. Accordingly, both circulating Tgy and T express high
levels of CD127 and IL-15Rp (CD122), which confer responsiveness to IL-7 and 1L-15,
respectively (95-97). Both cytokines are required for the homeostatic maintenance of
memory T cells, although Tcwm may turnover more efficiently in response to these cytokines
(73, 97). It is unknown, however, whether Trp also utilize these cytokines for their survival.
As Trp are maintained long-term in most tissues without any input from circulating
memory T cells, they are required to be self-sustaining within the tissue. Trp in the lung
and brain express lower levels of CD127 as compared to circulating memory T cells (60,
81), and TRy in the brain and skin express lower levels of CD122 (60, 61). While a lower
level of receptor expression does not necessarily translate to unresponsiveness to cytokines,
Trwm in the skin as well as the brain appear to divide less than their splenic counterparts,
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indicating that homeostatic turnover, if indeed occurring, does not occur at similar rates
between circulating and resident memory T cells (60, 61). Furthermore, Ty isolated from
the brain are incapable of surviving outside their tissue niche (60) and do not appear to use
IL-7 or IL-15 for survival (67), indicating that there may be other factors supporting the
survival and turnover of Try, in restrictive tissues. Whether there are common survival
factors that maintain Ty, in all tissues, or whether each individual tissue provides its own
unique signal, is unknown.

Antigen is another variable that may influence the maintenance of Tgy in restrictive tissues.
As described above, antigen may regulate the expression of CD103 and CD69 on Tgyp in
some tissues, which in turn may determine the retention rate of memory T cells in the tissue.
It is unclear whether continuous signaling by antigen or other factors such as TGFp is
necessary for the maintenance of high CD69 and CD103 levels or whether expression of
these molecules can be programmed into Trp. It is also unclear whether antigen can lead to
the expression of other receptors that play a role in the retention of Trpy. In the brain,
although VSV is cleared between 10 to 20 days post-infection (p.i.), CD103 and CD69
remain elevated up to day 30 p.i., indicating that continued presence of virus is not
necessary for Ty to express these markers (60). Likewise, in the skin, while there appears
to be a slight bias towards the retention of antigen-specific Try in the skin, non-specific T
cells are also retained (61). Also, effector CD8" T cells that are recruited to the skin via
inflammation alone upregulate CD103 and are maintained up to 100 days post-recruitment
(68). Finally, systemic infection with LCMV, which clears within 10 days of infection,
generates populations with Try characteristics in multiple different tissues, including in the
intestine, female genital tract, and the brain (98). Clearance of antigen after influenza
infection at day 10 to 20 p.i. results in very few memory CD8* T cells in the tissue, and
those cells that remain in the lung are mostly CD103 and CD69', indicating a requirement
for extended exposure to antigen or inflammation (81). Migratory DCs appear to carry viral
antigen from radioresistant cells in the lung to the mediastinal lymph node, where the
antigen is then presented to T cells (99). It should be noted, however, that while CD103 and
CD69 may play a role in the retention of memory CD8* T cells in the lung, maintenance of
this population requires input from circulating memory CD8* T cells, which is a departure
from one of the defining characteristics of Try (100). Clearance of antigen leads to the
decline in Trp numbers within the lung airways, which correlates with decreased protection
against challenge (101). After Sendai virus infection, however, small numbers of circulating
memory CD8* T cells can still be recruited to the lung and upregulate CD103 and CD69 in
the absence of cognate antigen, indicating that antigen-independent mechanisms may also be
important for the long-term maintenance of residual Try populations in the airways (88). If
antigen depots are required for the stable maintenance of some Trp, then it calls into
question whether these Ty can truly be considered a ‘resting’ population. Memory T cells
in circulation develop properly in the absence of antigen, and continued exposure to antigen
and inflammation can lead to altered homeostatic and functional properties (3). Indeed,
constitutive expression of OVA antigen in the gut leads to a population of donor OVA-
specific CD8* T cells (OT-1) cells in the intestinal epithelium that was CD103!°%, as
opposed to the endogenous CD8" intraepithelial lymphocytes (IELs) that were CD103M
(86). However, extended antigen exposure in the lung or dLN after influenza or Sendai virus
infection does not appear to lead to any impairment of the functional properties of Trp-
Furthermore, virus-specific Try in DRG that are latently infected with HSV appear to
engage with infected neurons by forming what appears to be an immunological synapse,
indicating that they may be receiving antigenic stimulation (102). Thus, Try in different
restrictive tissues appear to have distinct requirements for antigen in their maintenance and
retention. Why T\ populations in some tissues appear to require antigen while others do
not is unclear.
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Function of tissue-resident memory T cells

Aside from different migration patterns, circulating Ty and Tgwm populations have also
been reported to exhibit distinct roles in protective immunity. CD8* T¢p produce a greater
amount of IL-2 and have a higher proliferative potential than CD8* Tg), but the effector
and cytolytic capabilities are very similar for both subsets (73, 103). Experiments using
secondary challenges show that the route of immunization as well as the type of challenge,
whether local or systemic, are both important in determining which subset dominates the
recall response. Using a system in which Tgpy, and Ty are sorted and adoptively transferred
to new hosts, it was shown that Ty conferred a distinct advantage in protection against
systemic challenges with LCMV or listeria monocytogenes (LM) (73). Local challenges
with pathogens such as Sendai virus or challenges with pathogens that propagate in
peripheral organs such as vaccinia virus (VV) show that Tg)y, are more effective in
mediating a protective response (104, 105). However, the recall responses by these two
subsets are highly dynamic and can change over time. At one month post immunization,
Tem generate a larger recall response as compared to Ty, when challenged with Sendai
virus. At 15 months post immunization, however, the balance shifts, and Ty come to
dominate the response (106).

In earlier studies focusing on the role of circulating Tgp and Ty during challenges at
peripheral tissues, it is difficult to determine whether circulating Tgy are indeed conferring
the bulk of protective immunity at nonlymphoid tissues or whether Trp are playing a role.
Trm reside in many tissues that stand as barriers against the outside environment and thus
are expected to provide a first line of defense against invading pathogens. More recent
studies have elegantly shown that rapid control of infection at peripheral tissues such as the
skin, lung, brain, and vagina require the presence of Trp. Skin infection with HSV-1 results
in a pool of circulating, HSV-specific memory T cells as well as a population of TRM at the
site of infection (61). When a skin challenge with HSV was presented in the absence of
antibody, the previously inoculated skin area showed more rapid viral control than the
unimmunized flank (61). This effect was dependent on T cells, as depletion of CD4* or
CDS8™* T cells led to a loss of enhanced protection (61). Memory CD8* T cells in the lung are
a critical component of heterosubtypic immunity against influenza, and decline in CD8*
Trwm correlates with a loss of protection (101). Furthermore, CD4* Tgp provide heightened
protection against influenza challenge compared to circulating CD4* memory T cells (107).
Lung-derived CD4* Trp show a strong tropism for lung tissue, and after adoptive transfer,
lung-derived CD4* T cells provided better control of influenza challenge than circulating
spleen-derived memory CD4* T cells (50). Brain-resident memory CD8" T cells are also
protective against an intracranial bacterial challenge as compared to circulating memory
CDS8* T cells (67). Finally, Ty established in the vaginal epithelial layer via exogenous
chemokine treatment provides greater protection against a lethal vaginal HSV-2 challenge as
compared to circulating HSV-2 specific memory T cells (59). The presence of Trp protects
mice against weight loss and clinical symptoms of disease and confers 100% survival after
challenge. Protection conferred by Trp lasts at least 3 months after immunization (59).
Collectively, these studies show that Try can provide immediate and enhanced control of
pathogens that invade through barrier tissues and that circulating Tgp; alone may not be
sufficient to provide full protection against infection at peripheral sites.

Both naive and memory T cells are thought to be activated within secondary lymphoid
tissues. The environment and the architecture of the lymph node and spleen are suited to
bring together the many cell types and other factors that are required to initiate a T-cell
response (108). Challenge of mice that lack lymph nodes, spleen, or both show that systemic
secondary responses arising from Tgp and T require secondary lymphoid tissue (109). In
accordance with their expression of lymphoid homing receptors, while both Tgy and T
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could respond in the absence of lymph nodes, only T could respond in the absence of the
spleen (109). After local challenges to peripheral sites, the generation of secondary
responses by Trw appears to have quite distinct requirements. Transplantation of DRG
latently infected with HSV-1 to the kidney capsule of naive recipients causes a reactivation
of HSV, which in turn generates a secondary CD8" T-cell response (71). When infected
DRG that harbor either CD45.1 or CD45.2 HSV-specific CD8* Trp are transplanted into
the same kidney capsule of a naive recipient, it was shown that there is very little migratory
crossover between CD45.1 and CD45.2 secondary CD8" T-cell effector populations (71).
This suggested that priming of the CD8* Trp upon HSV reactivation does not occur in the
lymph node but within the DRG itself. Furthermore, priming of CD8* Tgp within the tissue
required recruitment of inflammatory monocyte-derived dendritic cells (DCs) as well the
help from DRG-resident virus-specific CD4" T cells, which supported the expansion of
activated CD8" Ty (71). Skin challenges using VV-OVA show that CD8* Ty can control
a local viral challenge even in the presence of FTY720, an S1P4 antagonist that blocks S1P
signals and prevents egress of lymphocytes from SLOs (49). This indicates that skin Try do
not need to leave the epidermis and enter the draining LN to be primed. Whether this is true
for other restrictive tissue such as the genital tract remains unknown.

Tissue-resident memory T cells may be uniquely suited to provide immediate responses
against infection not only because of their localization but also because of their activation
status. Most circulating memory T cells have a resting phenotype, with low expression of
activation markers such as CD69 and CD25 (110). Memory CD8" T cells also express low
levels of effector and cytotoxic molecules (110) but can rapidly upregulate these upon TCR
stimulation or -y-chain cytokine exposure (111, 112). Trm, On the other hand, have elevated
levels of CDG69, as described above. Furthermore, the DRG transplantation studies described
above show that virus-specific CD8* Try stimulated can proliferate and expand 7n situ (71).
Along with a more activated state, Trn appear to be uniquely suited to survive the harsh
environment of barrier tissues. Recent studies have shown that CD103* Ty in both the
lung (113) and brain (67) have elevated IFN induced transmembrane protein-3 (IFITM3),
which is an IFN-stimulated gene (1SG). In the lung, IFITM3 appears to protect CD8* Trm
against cell death after influenza challenge by preventing infection of the Ty themselves
(113). Trm also have been reported to constitutively express high levels of granzyme B, a
cytolytic granule that, along with perforin, is released by cytotoxic lymphocytes such as
CD8™ T cells and natural killer (NK) cells to kill infected target cells. In the brain, VSV
infection leads to CD103* Ty that express high amounts of granzyme B after virus has
been cleared, as opposed to CD103™ memory T cells in the brain and splenic memory T
cells, which express negligible levels of granzyme B (60). Similarly, in the gut, intestinal
Trm that were primed by LCMV express elevated granzyme B despite the absence of
antigen (86). After clearance of epithelial HSV-1 infection, Ty in the skin contain fewer
perforin and granzyme transcripts as compared to the peak of the effector phase (114). HSV-
specific CD8" T cells in the ganglia, however, retain high expression of granzymes and
perforin, perhaps due engagement of the TCR by latently infected or reactivating neurons
(115). Indeed, it has been reported that perforin and granzyme B secretion by virus-specific
CD8™ T cells towards infected neurons is critical for suppressing reactivation of HSV-1
(115). Thus, the increased expression of effector molecules such as granzyme B, may help
Trm limit the spread of pathogens at the site of infection and may also help to contain or
modify the infection state of latent infections such as HSV.

Use of Try in vaccine design

Many of the diseases with the greatest burden on society are infections that begin at
peripheral tissue sites. Despite yearly vaccines, respiratory infections such as influenza
remain constant threats to public health, and the danger of a pandemic arises with every new
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strain. Other viral infections such as human immunodeficiency virus (HIV) and HSV
account for a significant amount of morbidity and mortality across the world. Both of these
viruses are commonly transmitted through sexual contact, thus initiating infection at the
genital tract. In women, HIV infection often begins when a single virus crosses the vaginal
mucosal barrier and establishes a small founder population that is composed mainly of
infected CD4* T cells in the tissue (4, 5). These infected CD4* T cells then proliferate and
produce large quantities of infectious virus, which is carried to the dLN by infected cells
such as DCs (6, 7). Viral replication in the lymph node ultimately leads to the propagation
and systemic dissemination of the virus (116). HSV infection also begins in the vaginal
tissue, where the virus first infects and replicates in the epithelial layer. The virus then
invades the nerve endings of the innervating sensory neurons and travels up the axon via
active retrograde transport into the DRG (117). Once in the neuronal soma, the virus
establishes latency (118). Periodically, for reasons yet unknown, the virus will reactivate and
travel back down to the original tissue of infection, where it causes the painful symptoms
that are associated with genital herpes. Designing a vaccine for these infections has been
particularly challenging, not only because of the tropism and mutable nature of the pathogen
but also because the type of immune response required to control the infection is unknown.
Most successful vaccines used today rely on high titers of circulating antibody to provide
long-lasting protection. However, antibody responses that confer protective immunity
against these diseases have not been achieved by vaccines thus far (119, 120). Furthermore,
because HIV and HSV are very rarely naturally controlled, it has been difficult to determine
the factors that would be required to eliminate these viruses upon exposure. For both HIV
and HSV, the role of functional T cells has been highlighted in the control of these viruses in
mice, non-human primates, and humans (9, 120-128). However, the immune response that
is initiated after exposure in unimmunized hosts occurs too late to be effective in controlling
infection (48, 129, 130). Thus, it appears that inducing a robust T-cell response or a
combination of T and B-cell responses will be key in designing an efficacious prophylactic
vaccine.

As both HIV and HSV begin as local infections in a limited population of cells, in order to
efficiently prevent the spread of virus, control of infection may need to occur at the portal of
entry. Thus, it is possible that the T cells that can provide protection may not be established
in the correct tissue, or the established population may not be substantial enough to control
the infection. Indeed, a study using /n situ hybridization for simian immunodeficiency virus
(SIV) RNA and /n situtetramer staining of for Gag-specific CD8* T cells in cervical and
lymphoid tissues shows that viral control correlates strongly with a high effector to target
ratio and that these effectors are in close proximity to RNA+ cells (131). Furthermore,
mathematical models demonstrate that early control of HIV-infected cells during the non-
productive stage of infection by CD8* T cells can have a dramatic impact on the viral load
set point (132). Similarly, the density of CD8* T cells in the genital mucosa after HSV
reactivation inversely correlated with severity of disease and amount of virus in the tissue,
suggesting that prevention of HSV infection may also benefit from a large and rapid T-cell
response (124). Thus, establishment of Trp at the portal of pathogen entry such as the
genital tract by vaccines may be key in providing the swift immune responses necessary for
optimal protective immunity.

One way to manipulate the localization of antigen-specific T cells generated by vaccines is
by selection of the appropriate priming route. The live attenuated smallpox vaccine is one
example of how establishment of Ty, can provide optimal immunity against local
infections. Immunization of mice with either VV or the modified vaccinia Ankara virus
(MVA) vaccine via skin scarification (s.s) or various other local and systemic routes shows
that delivery of antigens via epidermal disruption induces the most robust immune responses
as well as the most effective protection against skin challenge (133). Furthermore, the
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enhanced protection was mediated by Trp, as treatment of mice with FTY720 still led to
protection against challenge (133). Vaccines against HSV that have been tested at clinical
trial have generated strong antibody responses as well as some Th1 responses (134, 135).
Both the Merck STEP trial vaccine and the RV144 vaccine elicited antibody as well as
robust T-cell responses against HIV-1 (136-138). However, none of these vaccines have
been shown to be more than modestly protective (120). While the factors that contributed to
the failure of these vaccines are still being investigated, one potential reason is that these
vaccines were administered parenterally. Many vaccines, including the ones that have gone
to clinical trial for HSV and HIV, are administered intramuscularly (i.m.). As described
earlier, effector CD8* T cells that are generated via systemic immunization are capable of
trafficking indiscriminately to many tissues, including permissive and effector permissive
sites. In support of this, i.m. immunization of mice with recombinant adenovirus vectors
expressing SIV epitopes leads to the circulation of antigen-specific CD8* T cells to mucosal
surfaces, including the genital tract (139). Despite this, the efficacy of human vaccines
administered in this fashion are not particularly robust, suggesting that while effector CD8*
T cells can migrate through peripheral tissues after systemic or distal immunization, the size,
localization, or composition of the population may not be sufficient to immediately control
incoming pathogens. In support of this, i.m. or s.c. immunization of mice with a replication-
deficient strain of HSV-2 leads to a similar number of systemic virus-specific CD8* T cells
as ivag immunization with an attenuated strain of HSV-2. However, while distal
immunization does induce limited recruitment of these activated virus-specific CD8* T cells
to the genital tract, the number of these cells in the tissue is not as large as what is observed
after ivag immunization. Furthermore, mice that are systemically immunized succumb to
lethal ivag challenge with wildtype (WT) HSV-2, while ivag immunized mice are fully
protected (authors’ unpublished data). Thus, while systemic immunization is capable of
establishing Try at peripheral sites, additional steps may be required to augment protection.

To try and boost mobilization of T cells to mucosal surfaces, efforts have been made to
design a vaccine that uses mucosal immunization. The ‘common mucosal system’ is an idea
that has gathered support from studies that show immunization at a mucosal site such as the
lung can generate mucosa-associated responses, such as production of 1gA, and can provide
protection at distal mucosal sites (140, 141). For example, intranasal immunization with
attenuated HSV-2 can lead to protection against vaginal challenge with WT HSV-2 (142).
Furthermore, when macaques were immunized only i.m. with HIV-1 gp41 containing
virosomes, which are lipid bilayer membrane vesicles that incorporate influenza-derived
hemagglutinin and neuraminidase, they were less protected against vaginal simian-human
immunodeficiency virus (SHIV) challenges as compared to animals that were immunized by
both i.m. and i.n. routes (143). This protection was mostly attributed to mucosal antibodies,
however. It is still unclear whether mucosal immunization can mobilize T-cell responses to
other mucosal sites. Work with recombinant adenovirus 5 (rAd5), a common vector used for
HIV vaccines, has shown that i.m. immunization leads to a greater frequency of antigen-
specific T cells in mucosal tissues such as the genital tract as compared to intranasal
immunization. However, there were overall differences in the magnitude of the response,
suggesting that the differences in trafficking may be due to less efficient priming of the T-
cell response (139).

Prime and pull: a novel vaccine strategy based on Try

Our laboratory recently designed a vaccination protocol against genital herpes that can
establish a robust population of antigen-specific CD8* T cells in the genital tract after
parenteral immunization. We developed this strategy with two goals in mind: (i) to try and
mimic the type of optimal immunity that is found after ivag immunization with attenuated
HSV-2 without having to directly infect the genital tract itself and (ii) to make it flexible

Immunol Rev. Author manuscript; available in PMC 2014 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shin and Iwasaki

Page 15

enough that it could be applied to any barrier site and recruit any immune cell population.
Our strategy, which we call ‘Prime and Pull’, takes advantage of the knowledge that the
chemokines CXCL9 and CXCL10 are the key chemoattractants for activated CD8* T cells
for entry into the vagina (48). Subcutaneous immunization (prime) with attenuated HSV-2
generates a robust systemic virus-specific CD8* T-cell response that is comparable to ivag
immunization. However, as expected, there is very little CD8" T-cell migration into the
genital tract after s.c. infection. When the CXCL9 and CXCL10 are applied topically to the
vagina (pull) during the effector phase, we observed robust recruitment of not only virus-
specific CD8" T cells but also of CD4" T cells. Importantly, treatment with these
chemokines induces very little inflammation, as indicated by the minimal influx of
inflammatory cells into the tissue (59). Furthermore, the HSV-specific CD8" T cells
recruited into the genital tract by the pull are capable of establishing a resident population in
the epithelial layer (unpublished data) that could be detected up to 12 weeks after the pull.
Similarly to what is observed after skin infection with HSV-1, CD4* T cells are not
maintained in the vagina, indicating that they may leave the tissue to pursue an
immunosurveillance role (59, 66). In correlation with the establishment of CD8* Trp, prime
and pull mice are significantly protected up to 10 weeks post-pull against a lethal vaginal
challenge of WT HSV-2 compared to primed mice that were treated only with the vehicle
control (59). Thus, our work suggests that Trp can be artificially established long-term in
restrictive tissues such as the genital tract using the appropriate signals and that these Ty
can provide protective immunity against local infections that cannot be controlled by
systemic memory T cells. The surprising aspect of the success of Prime and Pull vaccine
approach is that no antigen was required for entry or retention of the Try, and a very
transient presence of chemokines was sufficient to establish the Try pool in the vagina.

Another surprising finding from the Prime and Pull study is that despite the high level of
protection against clinical symptoms and the 100% survival rate of mice treated with prime
and pull, mucosal viral titers were not significantly different between the prime only and
prime and pull cohorts (59). We speculated that the CD8* Tg); may be playing a
neuroprotective role in the tissue, as the severity of the clinical symptoms of HSV-2
infection in mice is associated with spread to the nervous system. To control mucosal viral
replication, other Trn populations may be required. For example, immediate IFNy
production from Th1 cells are required for the protection observed after ivag immunization
with attenuated HSV-2 (122). As described earlier, CD4" T cells form relatively
unstructured lymphoid clusters in the vaginal /amina propria of ivag immunized mice. The
signals required to form and retain these clusters is a subject of ongoing study in the
laboratory, but once they are elucidated, they could potentially be used to retain CD4* T
cells in the tissue after Prime and Pull. Neutralizing and other types of antibodies also play
an important role in providing immunity against viral infections such as HSV and HIV.
While less is known about the tissue residency of memory B cells and plasma cells in
nonlymphoid tissues, B cells and antibody-secreting cells (ASCs) are capable of migrating
to peripheral tissues. A model of viral encephalomyelitis in mice shows that impaired
migration of virus-specific ASCs, but not T cells, into the CNS leads to decreased viral
control (144). Furthermore, it has been shown in the genital tract that delivery of antibody in
the vaginal lumen by the Fc-neonatal receptor (FCRn) can protect against a WT HSV-2
challenge (145). Local antibody production also appears to be an important immune
correlate for control of SIV. As described above, i.n. immunization with gp41-containing
virosomes leads to the production of mucosal and circulating IgA and IgG antibodies, while
i.m. immunization generates only serum antibodies. The study shows that mucosal
antibodies alone have virus neutralizing and transcytosis blocking antibody, and
subsequently, protection is mediated by mucosal and not serum antibody (143). Collectively,
these observations suggest that circulating antibody may not be sufficient to help control
infection at peripheral sites and that tissue localization of B cells or antibody is required for
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full effectiveness. As the ideal vaccine against infections such as HSV and HIV may require
cooperation between multiple cell populations such as T cells and B cells, Prime and Pull
may be an effective strategy for targeting and establishing tissue residency for different arms
of the immune system.

Concluding remarks and future perspective

In this review, we discuss recent evidence for a third subset of memory T cells that reside in
restrictive peripheral tissues, the Tr\. Tissues that are not under surveillance by circulating
Tem or Tem support the establishment of resident memory T cells, which are stably
maintained independently of their circulating counterparts. Due to their localization, Trm
are uniquely suited to provide frontline defense against pathogens that invade peripheral
barrier tissues such as the skin and the genital tract. Our recent study shows that artificially
established Ty by Prime and Pull can provide superior protection against genital herpes
infection compared to circulating memory T cells. In the future, it will be important to
incorporate strategies to establish Trp within the target tissue when designing vaccines
against infections that begin at barrier sites.

While great strides have been made in understanding the properties of Tr in recent years,
many questions still remain about their generation, maintenance, and function. For example,
it is unclear whether Tg\ arise from the same pool of memory precursors as circulating Tgpm
and Tcp, or whether Try precursors can be distinguished by distinct receptors and allow
them to establish tissue residency. Furthermore, while Tgp and T are generally excluded
from the effector permissive and restrictive tissues in which Try are present, it is unknown
whether Tgp or T can convert to Ty once recruited into the appropriate tissue. Another
unknown in this regard is the mechanism of Try maintenance. While CD103 is upregulated
on nearly all Tryy, it is unknown whether there are other tissue-specific receptors that can
aid in the retention of Trp in peripheral tissues. Aside from retention, it is unclear what
signals mediate the survival of Try as they express less IL-7Ra and IL-15R, two receptors
that are critical for the survival and turnover of circulating memory T cells. Tgy do not fare
well when removed from their tissue of origin, which suggests that they may adapt to
unique, unknown signals within their microenvironment. Finally, while tissue residency has
been described for T cells, it is unclear whether other adaptive immune cell populations such
as B cells, can also establish a resident memory population. Concentration of locally
produced antibody by tissue-resident memory B cells may boost the efficacy of vaccines that
rely on humoral immunity to protect against peripheral infection. Thus, in future studies, it
will be essential to gain a deeper understanding of tissue-resident lymphocyte biology to
design vaccines and immunotherapies that provide immediate control of invading pathogens.
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Fig. 1. Categorization of tissues by T-cell migration properties

Examples of organs that are defined as permissive tissues are shown in blue. Examples of
effector permissive tissues are show in green, and restrictive tissues are shown in yellow.
Not all organs that fall under each category are shown.
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Table 1

Categorization of tissues based on T cell accessibility
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CD4 and CD8

CATEGORY ACCESSIBILITY ORGANS Term?
Permissive Steady state or inflammation: effector and memory CD4 and CD8 Secondary lymphoid organs, liver, No
bone marrow,
Effector permissive | Steady state: effector CD4 and CD8 Inflammation: effector and Gut, brain, peritoneal cavity Yes
memory CD4 and CD8
Restrictive Steady state: no trafficking I nflammation: effector and memory Skin, vagina, lung airways, salivary Yes

glands, ganglia

First column describes three types of tissues. Second column shows the requirements for effector and memory T cell trafficking into each of those
types of tissues. Third column lists examples of the organs that fall under each category described in column 1. Fourth column indicates whether
tissue-resident memory T cells are established in the tissue category.
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