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Abstract

Coordinated migratory events by naive and memory T cells are key to effective immunity. Naive
T cells predominantly recirculate through secondary lymphoid tissue until antigen encounter,
while primed T cells efficiently localize to antigen-rich lymphoid and non-lymphoid tissue.
Tissue-selective targeting by primed T cells is achieved by a combination of inflammatory signals
and tissue-selective homing receptors acquired by T cells during activation and differentiation. A
large number of molecular mediators and interactions promoting memory T cell migration to non-
lymphoid sites of inflammation have been identified. Recently, additional antigen-driven
mechanisms have been proposed, which orchestrate the targeted delivery of memory T cells to
antigen-rich tissue. Importantly, recent studies have revealed that the T cell metabolic status
influences their differentiation and homing patterns. We here summarize these key observations
and discuss their relevance for the manipulation of immune anatomy in therapeutic settings.

Introduction

While extravasation of most leukocytes is mediated by cell-specific but non-tissue-selective
inflammatory stimuli, specific adhesion and chemokine receptors have been associated with
recirculation of naive T cells and organ-selective trafficking of memory and effector T cells.
Naive T lymphocytes continually traffic from blood through specialized endothelium of
secondary lymphoid organs (SLO) such as peripheral and mesenteric lymph nodes, spleen,
and gut-associated lymphoid tissue including Peyer’s patches. Following priming, T cells
leave SLO and accumulate at sites of inflammation or other tissue effector sites [1]. Primed
T cells are capable of tissue-selective homing by expressing various combinations of
integrins and chemokine receptors that provide a unique area code defining the final
destination of the lymphocytes where they will exert their effector response [1]. Hence,
expression of the CC-chemokine receptor 4 (CCR4), CCR8 and CCR10 along with the cell-
surface carbohydrate epitope cutaneous lymphocyte antigen directs cells to the skin [1].
Similarly, effector/memory T cell trafficking into the lamina propria of the small intestine
requires the interactions of a.4f7 and chemokine receptor CCR9 on lymphocyte surfaces
with MAdJCAM-1 and CCL25 on endothelial cells (EC) of gut lamina propria venules,
respectively [1].

Although the molecular interactions guiding T cell homing to the gut and skin are relatively
well defined, mapping of T cell homing to other solid organs has revealed a great level of
overlap and — perhaps with the exception of the liver [2¢] — other organ-specific homing
receptor/ligand pairs have not yet been identified. In addition, given the size of skin and gut,
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further mechanisms are likely to be in place which allow T cells to discriminate not only the
area code for these tissues, but also the specific ‘address’ of antigen location.

TCR engagement regulates T cell migration

It is a longstanding question, to what extent the accumulation of specific T lymphocytes
within the parenchymal tissue is directly influenced by antigen recognition. In principle,
several mechanisms could lead to an accumulation of antigen-specific T cells at antigen-
bearing sites: firstly, the trapping of antigen-reactive cells, e.g., upon T cell receptor (TCR)-
triggered activation of integrin adhesion or effects on matility; secondly, local proliferation
of antigen-specific cells; or thirdly, a direct effect of antigen recognition on the recruitment
of T cells. While trapping or local expansion may be operative during primary T cell
responses, it is unlikely that these mechanisms * perse’'would be sufficient to sustain the
efficacy and speed of specific T cell accumulation in target tissue in recall responses.

Antigen presentation by the endothelium has been repeatedly reported to directly contribute
to the recruitment of primed specific T cells. Cognate recognition of human and murine EC
was shown to enhance T cell trans-endothelial migration /in vitro [3-5].

Indirect evidence that similar mechanisms may be in place to sustain the recruitment of
specific T cells /n vivowas first provided by the observation that major histocompatibility
complex (MHC) class 1l molecule expression by microvascular endothelium in the central
nervous system precedes and is required for the formation of T cell infiltrates in
experimental autoimmune ence-phalomyelitis in guinea pigs [6]. Similarly, homing of
insulin-specific CD8" T cells to the islets of Langerhans during the onset of autoimmune
diabetes in non-obese diabetic (NOD) mice /n vivowas impaired in IFN-y-deficient NOD
mice [7].

Further /in vivo studies provided direct evidence that antigen presentation by the
endothelium contributes to the development and specificity of T cell infiltrates. Islet-specific
homing d by insulin-specific H2-K%-restricted CD8"* T cells was abrogated in mice lacking
MHC class | expression, or in mice displaying impaired insulin peptide presentation by local
endothelium due to deficient insulin secretion, suggesting that EC can cross-present tissue
antigens [8]. In addition, upregulation of H2 molecules by local vessels led to peritoneal
recruitment of HY (male)-specific H2-DP-restricted CD8* lymphocytes T cells in male, but
not female mice [9]. In line with previous studies [6], intravital microscopy revealed that
antigen presentation by the endothelium selectively enhanced T cell diapedesis into the
tissue, without affecting rolling and adhesion.

Regulation of T cell migration by costimulatory molecules

Costimulatory signals such as those mediated by CD28 delivered to T cells in conjunction
with TCR engagement are required to sustain T cell division, differentiation and survival
[10]. Negative costimulators (such as CTLA-4) counteract these effects thus promoting
homeostatic mechanisms and preventing autoimmunity. These costimulators have been
shown to regulate adhesion molecules activity and cytoskeletal rearrangement /n vitro [11-
14]. In vivo, CD28-mediated signals promote the localization of T cells to target tissue
following priming. A prominent feature of CD28-deficient immune responses is the
inefficient localization of primed T cells to non-lymphoid antigenic site [15-17] and intact
CD28 signalling is required for primed T cells to leave lymphoid tissue and migrate to
antigenic sites following priming [18]. TCR-transgenic T cells carrying a mutation in the
cytoplasmic tail of CD28 (CD28Y170F) that abrogates phosphatidylinositol-3’-kinase (PI13K)
recruitment without leading to defects in clonal expansion [19] failed to localize to target
tissue following priming.
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The mechanism by which CD28 facilitates migration of primed T cells to non-lymphoid
tissue is unclear. CD28 does not appear to directly mediate adhesion [20], but may favour
primed T cell migration to non-lymphoid tissue by inducing integrin mediated-adhesion
[18]. The long-term effect of CD28-mediated signals on T cell migration [18] suggests that
additional mechanisms, such as transcriptional regulation of chemokine receptor expression
[21], are likely to be involved.

Despite sharing adhesion-inducing and pro-migratory properties /n vitro [22], CTLA-4-
mediated signals lead to effects antagonistic to those induced by CD28 on T cell migration
in vivo. CTLA-4 ligation reduced conjugate formation with cognate DCs and their retention
in lymph nodes in response to antigen [23], suggesting that CTLA-4 engagement may limit
the expansion of specific T cells by reducing their cumulative interactions with cognate
DCs. In addition, tissue infiltration by a murine HY-specific H2-KK-restricted T cell clone
was abrogated by CTLA-4 ligation [18], suggesting that CTLA-4 engagement can
antagonize recruitment of primed T cells to target tissue mediated by antigen-induced
signals.

reprogramming regulates T activation and anergy

The regulation of energy metabolism is tightly coupled to T cell functions, including
activation, proliferation, differentiation and anergy. Whereas resting T cells generate most of
their energy by oxidative phosphorylation, T cell activation is characterized by a marked
increase in glycolysis even in the presence of adequate oxygen supply, a mode of energy
generation termed ‘aerobic glycolysis’. This metabolic switch enables activated T cells to
generate ATP from glucose at a faster rate and, at the same time, efficiently utilize carbon
sources in the form of amino acids and lipids for the biosynthesis of proteins and
membranes, necessary for the expansion phase that characterize the immune response [24].

Downstream of TCR, PI3K leads to the activation of the serine-threonine kinase AKT
through conversion of the membrane lipid PIP, to PIP3. AKT promotes glucose metabolism
by stimulating the localization of the glucose transporter Glutl to the plasma membrane,
thus facilitating increased glucose uptake. In addition, AKT increases glycolytic metabolism
by stimulating the activity of hexokinase and phosphofructokinase, two rate-limiting
enzymes of the glycolytic pathway. Interestingly, the effects of AKT on glucose metabolism
in lymphocytes are antagonized by the inhibitory receptor CTLA-4, suggesting that
antagonists of T cell activation may function in part by disrupting glucose metabolism [24].

T cell activation is not only accompanied by increased glycolytic metabolism but also by
high rates of protein synthesis that support cell growth and effector functions. Downstream
of TCR and CD28, AKT also controls the activation state of the mammalian target of
rapamycin, mTOR, a sensor of nutritional and energetic status in cells [25,26]. mTOR
modulates the rate of protein synthesis by regulating both the availability of amino acids and
the process of cap-dependent translation through the control of the translational machinery
(i.e., the translation inhibitor 4E-BP1, the translation initiation factor EIF2B, and the
ribosomal p70 S6 kinase) [27].

Recent data have highlighted the importance of the metabolic machinery in the induction of
anergy in T cells [28+¢]. Anergy was shown to be critically due to a failure of the AKT-
mTOR pathway to upregulate nutrient transporters and activate glycolytic pathways in the
absence of an appropriate costimulus [29]. Furthermore, interfering with leucine, glucose
and energy metabolism via the use of A-acetyl-leucine amide, 2-deoxyglucose and 5-
aminoimidazole-4-carboxamide ribonucleoside was sufficient to induce anergy even in the
presence of an appropriate costimulatory signal [28ee].
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In addition, mTOR has been shown to serve a crucial function in determining the
differentiation of CD4*T cells into inflammatory and regulatory subsets, the development of
CD8* memory T cells, and the regulation of T cell trafficking [25,26]. mTOR-deficient
CD4* T cells fail to differentiate into Th1, Th2 and Th17 subsets upon activation. Rather
they differentiate towards a Foxp3* regulatory phenotype [30¢], in line with other studies
showing that rapamycin, an immune suppressive agent targeting mTOR, prevents the
differentiation of Th17 cells while favouring the development of Foxp3* T regulatory (Treg)
cells, which promote immune tolerance [31].

The control of T cell migration by the PI3BK-AKT-mTOR pathway

It is well documented that both TCR and CD28 ligation elicit strong PI3K signalling [32,33]
and T cell responses to chemokines are also partly mediated by PI3K [34]. The p1106 is the
primary PI3K catalytic isoform coupled to TCR and CD28 [32,33,35]. It has recently been
shown that both TCR-driven and CD28-driven T cell migration rely upon PI3K p1108
activity [18,36]. Studies using T cells from mice expressing a catalytically inactive p1108
isoform or treated with the p1106-selective inhibitor, IC87114, revealed an essential role for
this molecule in TCR-dependent localization of both CD4* and CD8* T cells in a male
antigen-specific transplantation model [36]. Interestingly, and in support of previous
findings [37], there was no defect in the p1108 mutant mice of either normal constitutive
trafficking or migratory response to chemokines. Finally, genetic and pharmacologic
inactivation of p1106 was recently shown to inhibit the development of chronic rejection of
murine heart allografts by preventing activated T cell access to the transplant, while not
inducing T cell tolerance. PI3K p1106 targeting was effective even when initiated post-
grafting [38¢].

Recent evidence also strongly correlates CD28-induced migration with PI3K (likely p1108)
signalling. TCR-transgenic mice carrying an ovalbumin-specific T cell receptor (OT-11) and
a mutation in the cytoplasmic tail of CD28 that abrogates class | PI3K recruitment without
leading to defects in clonal expansion (CD28Y170F) [19] were generated to allow
discrimination of conventional costimulation-driven clonal expansion from their ability to
infiltrate antigenic tissue (OT-11/CD28Y170F)_ OT-Il and OT-11/CD28Y170F naive T cells
proliferated equivalently following immunization with OV Az»3_339 peptide. However, OT-
11/CD28Y170F cD8* memory T cells failed to localize to target tissue upon antigen
challenge. It has to be borne in mind that the PI3K binding motif in CD28 is also required
for binding of the adaptors Grb2 and Gads and the involvement of PI3K is implied but not
proven.

Expression of the adhesion molecule CD62L (also known as L-selectin) and the chemokine
receptors CCR7 and sphingosine-1-phosphate receptor 1 (S1P4) on the surface of naive T
cells facilitates their trafficking to SLOs. Upon TCR engagement, the PI3K-AKT-mTOR
axis promotes the transcriptional downregulation of CD62L, CCR7 and S1Pq via the
inhibition of the transcription factor KLF2 [39,40+]. Rapamycin-mediated inhibition of
mTOR causes effector T cells to re-express KLF2, CD62L and CCR7 and home to SLOs
where they are retained preventing elimination of target cells in the periphery [39,40¢].
These evidences reveal yet another way of achieving immune tolerance with rapamycin.

The well-established control of T cell migration by TCR and costimulators implies that
metabolic changes induced by these receptors can influence the efficiency and topography
of T cell trafficking. The metabolic machinery is also likely to directly affect and be affected
by T cell migratory events, as T cells continuously recirculate between different
microenvironments (e.g., blood, lymphoid tissues, and non-lymphoid tissues) in which they
must adapt to different oxygen and nutrient availability. Importantly we have highlighted
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that the PIBK-AKT-mTOR axis is a common denominator of these events. This field,
however, is mostly unexplored at present, and represents a fascinating area of research for
the forth-coming years to gain a better understanding of the physiology of T cell trafficking
and the pathological mechanisms leading to T cell-mediated inflammation.

Conclusions

Therapeutic immunomodulation is commonly associated with the induction of changes in T
cell expansion and effector function. On the basis of the recent observations summarized
here, these functions are inextricably linked to the T cell metabolic status and trafficking
patterns (Figure 1). Thus, the manipulation of costimulatory signals in therapeutic strategies
aiming at the enhancement (cancer) or inhibition (autoimmunity or transplantation) of
immune reactivity are bound to also affect T cell migration. Clinical trials inducing
dominant CD28 signalling (i.e., use of anti-CTLA-4 antibodies in cancer patients or a phase
I trial testing a CD28 super-agonist in healthy human subjects) have been burdened by side
effects associated with T cell-mediated inflammation of non-lymphoid tissue accompanied
by lymphocyte depletion from the blood [41,42].

On the other hand, the ability of mMTOR manipulation to regulate T cell metabolism and
homing has led to the identification of novel mechanisms of action by rapamycin, an
immunosuppressive, tolerogenic agent well established in clinical practice. These new
properties will hopefully open new possibilities in its clinical indications and disease-
targeting.

Finally, the recently discovered role of PI3K p1108 in regulating primed T cell migration to
antigenic sites provides an additional pharmacological target to control of T cell-mediated
pathologies including autoimmunity and transplantation.
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Figurel.

Metabolic status regulates T cell activation, differentiation and homing. (A) Downstream of
TCR and CD28, PI3K leads to activation of AKT, which subsequently controls mTOR
activity. This signalling cascade promotes glucose metabolism and protein synthesis
necessary for T cell activation, proliferation and differentiation into Th1, Th2 and Th17
subsets. The PIBK-AKT-mTOR axis also promotes downregulation of SLOs homing
receptor CD62L, CCR7 and S1P1. Antigen experienced T cells, therefore, home to their
respective non-lymphoid tissues. (B) Inhibition of PI3K via p1106-selective inhibitor,
IC87114, or genetic mutation reduces the capacity of T cells to differentiate along the Thl
and Th2 lineages. It also reduces the number and function of Tregs in peripheral organs, and
compromises TCR-dependent migration of T effector cells into antigenic sites. (C)
Inhibition of mTOR via rapamycin or genetic deletion reduces protein synthesis, and
promotes T cell differentiation towards anergic and Treg subsets. Rapamycin-mediated
inhibition of mMTOR causes T effector cells to re-express CD62L and CCR7 and home to
SLOs.
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