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Tissue-resident T cells lose their S1P1 exit visas
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C D8 T cells play critical roles in

controlling intracellular pathogens

and tumors. To accomplish this the

small number of antigen-inexperienced

naive CD8 T cells that are capable of

recognizing the antigen of interest must

first become primed. These initial activa-

tion events occur while the responding T

cells are sequestered within lymph nodes,

but many of the cells subsequently egress

into the periphery and migrate into other

organs where they can fulfill their prin-

ciple mission of identifying and elim-

inating infected or malignant target

cells. The antigen-driven differentiation

of CD8 T cells results in the establish-

ment of subpopulations with distinct

phenotypic attributes, migratory prop-

erties and anatomic locations. Central-

memory T cells preferentially reside in

secondary lymphoid organs and can pro-

liferate rapidly to boost and replenish the

response upon restimulation. Effector

and effector-memory populations enter

and patrol tissues before recirculating,

and can more promptly elicit host pro-

tective functions. A selection of activated

T cells also become permanently lodged

within non-lymphoid tissues and do not

recirculate.1,2 The presence of these tis-

sue-resident T cells is important as they

are now immediately available within tis-

sues and are poised to rapidly respond if

they detect new or reactivating infec-

tions, and can confer superior immuno-

logical protection.3,4 What distinguishes

whether a T cell will migrate to, and sub-

sequently egress from a tissue, or instead

choose to take up and maintain res-

idency is not fully deciphered, but a

recent report by Skon et al.,5 has revealed

commonalities between the molecular

regulators that restrict the exit of T cells

from lymph nodes and those that pre-

vent the departure of tissue-resident

populations (Figure 1).

Kruppel-like factor 2 (KLF-2), for-

merly known as lung Kruppel-like factor,

is a transcriptional regulator that influ-

ences the differentiation and trafficking

of T cells in part by modulating the

expression of CD62L, CCR7 and S1P1.6,7

During the inception of the response, as

naive T cells are stimulated for the first

time with their cognate antigen, KLF-2

becomes downregulated.8 This causes

the loss of S1P1 (S1pr1) expression, a

receptor for the chemoattractive lipid,

sphingosine 1-phosphate, and leads to

an accompanying increase in the surface

levels of CD69, a C-type lectin which

counteracts S1P1.9–11 These changes nur-

ture the retention of the responding T

cells within lymph nodes and allows them

to receive the differentiation signals that

program the response and direct their

developmental fates. Eventually, the

responding cells evolve and KLF-2 is re-

expressed, S1P1 upregulated, CD69 extin-

guished and T cells are released from their

secondment and allowed to disburse into

the periphery. Using reporter mice in

which the expression green fluorescent

protein correlates with KLF-2 levels, Skon

et al.5 showed that this transcription factor

is expressed by memory CD8 T-cell popu-

lations in secondary lymphoid organs (the

spleen and lymph nodes), but not by

putative tissue-resident T cells in non-

lymphoid organs including the salivary

glands, brain, kidney and small intestine.

This downregulation of KLF-2 expression,

which occurs shortly after effector T-cell

seed non-lymphoid sites, and the assoc-

iated downregulation of S1pr1, are vital

steps for preventing the egress of the devel-

oping tissue-resident pool.

Inspection of the dynamics of KLF-2

expression by lymphocytic choriome-

ningitis virus-specific CD8 T cells

revealed that the levels are highest during

the early effector phase of the response, at

5 days following infection, as non-

lymphoid tissues first become seeded

with the anti-viral T cells. KLF-2 levels

then rapidly decline as the tissue-resident

population matures. Studies with para-

biotic mice indicated that as homeostasis

is established, a small number of memory

T cells can enter non-lymphoid organs;

however, these visiting T cells are unique

and express intermediate levels of KLF-2

and CD69, and are distinct from both the

KLF-2lo, CD69hi non-recirculating tis-

sue-resident memory T cells and the

more abundant KLF-2hi, CD69lo cir-

culating memory CD8 T cells that traffic

to and equilibrate between secondary

lymphoid organs. All of this evidence

supports the concept that downregula-

tion of KLF-2 is a key molecular switch

that permits the establishment of tissue-

1Department of Microbiology, University of
Alabama at Birmingham, Birmingham, AL,
35294 United States and 2Department of Cell,
Developmental, and Integrative Biology, Uni-
versity of Alabama at Birmingham, Birmingham,
AL, 35294 United States
Correspondence: Allan Zajac, University of
Alabama at Birmingham, 845 19th Street South;
Room 446, Birmingham, AL 35294, United
States.
E-mail: azajac@uab.edu
Or Laurie Harrington, University of Alabama at
Birmingham, 845 19th Street South; Room 471,
Birmingham, AL 35294, United States.
E-mail: lharring@uab.edu
Received: 16 January 2014; Accepted: 17
January 2014

Cellular & Molecular Immunology (2014) 11, 221–223
� 2014 CSI and USTC. All rights reserved 1672-7681/14 $32.00

www.nature.com/cmi

www.nature.com&sol;cmi


resident T cells. These findings also

implicate the resulting loss of S1pr1

expression, which occurs as KLF-2

declines, as a mechanism which helps to

trap the T cells by limiting their ability to

perceive sphingosine 1-phosphate egress

signals. The importance of S1P1 is further

suggested by studies using Cd69-deficient

T cells. High expression of CD69 is a

property shared by both recently activated

T cells in lymphoid tissues as well as

by tissue-resident populations in non-

lymphoid organs. CD69 associates with

S1P1 to block its functions and is main-

tained at the cell surface if S1P1 express-

ion is ablated.11,12 Cd692/2 T cells are not

efficiently retained in lymphoid tissues

and also fail to establish or sustain tissue

residency.5,11,13 Thus, there are striking

parallels between the regulatory pathways

used to retain T cells in lymph nodes dur-

ing the priming phase of the response and

those that sustain tissue-resident popula-

tions (Figure 1).

To further determine the connections

between S1P1 expression and the forma-

tion and maintenance of the tissue-

resident T-cell population, studies were

performed in which this receptor was

ectopically expressed. Enforced expression

of S1P1 in lymphocytic choriomeningitis

virus-specific CD8 T cells did not affect

the accumulation of these cells in second-

ary lymphoid organs, but significantly

curtailed their presence in non-lymphoid

sites following infection. This may be due

to a failure of the S1P1-transduced T cells

to seed non-lymphoid sites; however,

additional experiments using skin

inflammation models indicate that if

S1P1 expression is sustained on T cells,

then these cells do migrate to irritated

skin, but their numbers then decay over

time. This failure to retain the nascent

tissue-resident population was also

observed if the T cells were transduced

to express KLF-2, the regulator of S1Pr1.

Collectively, these findings suggest that

constitutive expression of S1P1 or KLF-

2 results in a defect in the retention of

cells in non-lymphoid organs, prevent-

ing stable tissue-resident T-cell memory.

In the lymph nodes, the loss of KLF-2

is triggered by antigen-dependent T-cell

receptor (TCR) signaling, but similar

regulatory mechanisms may not account

for the maintenance of tissue-resident

populations. These resident populations

are established following acute infections

in which the antigen is cleared, and can

also form independently of antigen at

sites which have become inflamed. This

suggests that sustained or recurrent TCR

engagement is unlikely to be required

within tissues to maintain KLF-2 down-

regulation and prevent the egress of res-

ident T cells. This was further confirmed

by checking the levels of Nur77, a tran-

scriptional regulator which is transiently

upregulated upon TCR triggering.14 In

antigen-free recipients, the donor T cells

recovered from the spleen, salivary

gland, and kidneys expressed only basal

levels of Nur77. T cells recovered from

the small intestine lamina propria

expressed modestly elevated levels of

Nur77 suggesting that the resident cells

in this compartment may be reacting to

environmental antigens. Nevertheless, it

is unlikely that strong TCR signals, due

to local deposits of antigen, are essential

to hold the tissue-resident T cells in place.

So what is responsible for the loss of

KLF-2 expression as the tissue-resident T

cells mature? Cytokines serve as pivotal

extrinsic response modifiers by control-

ling the levels of transcriptional regula-

tors, including KLF-2, which steer the

developmental fates of the responding

T cells. Skon et al., therefore, evaluated

panels of cytokines which potentially
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Figure 1 Downregulation of KLF-2 and S1P1 promotes the retention of both activated CD8 T cells
in lymphoid organs and nascent tissue-resident T cells in non-lymphoid organs. Naive T cells
(TN) circulate through lymph nodes, but are transiently retained upon activation (TAct) due to
downregulation of the transcriptional regulator KLF-2, resulting in loss of S1P1 expression and an
accompanying increase the levels of CD69 at the cell surface. As the response proceeds KLF-2
becomes re-expressed, S1P1 upregulated and CD69 levels decrease. The resurrected ability to
perceive the chemoattractive lipid S1-P allows the egress of the primed T cells into the periphery.
These circulating cells traffic to non-lymphoid organs where local environmental factors, includ-
ing the cytokine milieu, drive a decrease in KLF-2 and S1P1 expression, trapping the cells in the
tissue, and promoting the formation of tissue-resident (TRM) populations. DC, dendritic cell; KLF-
2, Kruppel-like factor 2; S1-P, sphingosine 1-phosphate.

Research Highlight

222

Cellular & Molecular Immunology



dictate effector and memory CD8 T-cell

differentiation, as well as push the forma-

tion of tissue-resident T cells, for their

ability to regulate KLF-2. TGF-b, in

conjunction with the pro-inflammatory

mediator TNF-a and the alarmin IL-33,

caused substantial downregulation of

KLF-2. Notably, these cytokine combina-

tions have been shown to promote the

development of putative tissue-resident

precursors and upregulate the expression

of CD103, an integrin which permits the

persistence of tissue-resident populations

within several non-lymphoid organs.13,15

Thus, the cytokine milieu is likely critical

for nurturing the emergence of tissue-res-

ident populations by directing their tran-

scriptional profiles. To further investigate

the molecular pathways responsible for

KLF-2 downregulation and cementing

the formation of tissue-resident T cells,

a series of studies were conducted in

which the kinases PI(3)K and Akt were

inhibited. The PI(3)K–Akt pathway was

selected for investigation as it has been

implicated in the cytokine driven loss of

KLF-2 expression.16,17 In vitro activation

in the presence of PI(3)K inhibitor

LY294002 or the Akt inhibitor Akti pre-

vented the typically observed reduction

of KLF-2. Moreover, treatment of lym-

phocytic choriomeningitis virus-infected

mice with LY294002, to block PI(3)K sig-

naling reduced the abundance virus-spe-

cific T cells in non-lymphoid tissues, but

not in the spleen, and was associated with

an increase in KLF-2 levels. Thus, cyto-

kine driven signals via the PI(3)K–Akt

pathway likely play a central role in estab-

lishing tissue-resident T cells, by termin-

ating KLF-2 expression, and ultimately

halting their egress.

Loss of KLF-2 expression and down-

regulation of S1pr1 appears to be a shared

mechanism for preventing the egress of

naive T cells from secondary lymphoid

organs during the priming phase of the

response, as well as for retaining subsets

of activated T cells in non-lymphoid tis-

sues leading to the formation of resident

populations. Tissue-resident T cells are,

however, distinct from their naive coun-

terparts, and transcriptional profiling

has shown that their patterns of gene

expression diverge from that of other

memory T-cell subsets.13,18 This reflects

their progressive maturation following a

multistep process that encompasses

activation, migration, retention and

maintenance, which ultimately allows

these to become permanently established

in non-lymphoid organs. Their presence

contributes to host defense at barrier sites,

at which new or recurring infections may

be encountered. Since the downregula-

tion of KLF-2 and S1pr1, as well as the

tethering by the integrin CD103, con-

tributes to the formation of the tissue-

resident pool, finely dissecting their

temporal, relative and possible redundant

requirements remains important.5,13 More-

over, how tissue-specific factors shape

the establishment and properties of these

immunological sentinels at local sites,

and uncovering the molecular regulators

responsible for their long-term mainten-

ance, is not fully elucidated. By defin-

ing the extrinsic and intrinsic factors

responsible for the development and

longevity of tissue-resident populations,

new strategies for cultivating these res-

ponses following vaccination or natural

infections, or even possibly curtailing

these T cells in pathogenic settings,

may be forthcoming.
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