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Abstract

Trafficking of CD8 T cells, in both the steady-state and during episodes of infection or
inflammation, is a highly dynamic process and involves a variety of receptor-ligand interactions.
A thorough, mechanistic understanding of how this process is regulated could potentially lead to
disease prevention strategies, through either enhancing (for infectious diseases or tumors) or
limiting (for autoimmunity) recruitment of antigen-specific CD8 T cells to areas of tissue
inflammation. As CD8 T cells transition from naive to effector to memory cells, changes in gene
expression will ultimately dictate anatomical localization of these cells in vivo. In this article, we
discuss recent advances in understanding how antigenic stimulation influences expression of
various trafficking receptors and ligands, and how this determines the tissue localization of CD8 T
cells.
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In order to confer appropriate host protection, leukocytes must leave the circulation and
enter peripheral tissues, where they can control invading pathogens. Traditionally, the
progressive series of biological events that ultimately results in transmigration (the
movement of leukocytes through blood vessels and into tissues) could be broken down into
three individual steps that precede tissue extravation:

| Rolling/tethering
] Activation
] Firm adhesion/attachment

Although, recent studies suggest the process may be much more complicated [1]. Cells of
the innate immune system (e.g., neutrophils) are able to rapidly localize to areas of
inflammation in response to invading pathogens and can provide immediate host protection.
By contrast, the trafficking patterns of cells of the adaptive immune system, in particular T
cells, vary considerably, and are dependent upon a number of biological variables. However,
appropriate activation of T cells leads to the generation of cellular-based ‘immunological

© 2011 Future Medicine Ltd
TAuthor for correspondence: Tel.: +1 319 335 9720, Fax:+1 319 335 9006, john-harty@uiowa.edu.



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

1duasnuey Joyiny vd-HIN

Nolz et al.

Page 2

memory’ and can result in life-long protection against certain pathogens [2,3]. Therefore, a
complete understanding of how both host- and cell-intrinsic genetic factors influence the
trafficking patterns of T cells could ultimately result in therapeutic strategies through either
enhancing or limiting antigen-specific CD8 T cell recruitment.

Following their development in the thymus, naive CD8 T cells enter the periphery and
continually circulate throughout the body until they encounter foreign antigens in secondary
lymphoid tissues. Once appropriately stimulated by a cognate antigenic peptide in the
context of MHC I and costimulated by an antigen presenting cell (e.g., a dendritic cell
[DCY]), activated CD8 T cells undergo rapid and robust proliferation, in which a single naive
CD8 T cell can produce as many as 10,000 daughter cells [4,5]. These newly generated cells
exhibit exceptional effector functions (cytokine production and cytolosis) [6], but are short
lived, with 90-95% of the population undergoing apoptosis following the peak of the
expansion phase. However, the remaining 5-10% of CD8 T cells that survive the contraction
phase give rise to long-lived memory populations. As CD8 T cells transition from naive to
effector to memory cells, the overall gene expression profile changes, resulting in
characteristics and/or functions that vary among the different populations [7]. In addition to
regulating several other aspects of CD8 T-cell biology, these changes in gene expression
impact CD8 T-cell trafficking patterns. As the overall molecular signature of an individual
CD8 T cell strongly dictates its trafficking capabilities, this article will review important
gene products that regulate cellular localization, and discuss recent advances in our
understanding of naive, effector and memory CD8 T-cell trafficking patterns, during both
the steady state and episodes of inflammation.

Regulators of cellular localization

Selectins

As previously mentioned, individual steps that collectively result in the transmigration of a
leukocyte include rolling/tethering, activation and firm attachment/adhesion. Although the
entire process becomes much more complicated when factoring in intracellular signaling
networks and the changes in gene expression that occur following receptor ligation, the
original categorization of the cell surface receptors and ligands that regulate each of these
three processes nonetheless remain critical dictators of efficient cellular trafficking (Table
1). Importantly, CD8 T cells will express different selectins—selectin ligands, chemokine
receptors and integrins depending on the activation state of the cell. Therefore, matched
receptor—ligand interactions between CD8 T cells and the endothelium are critical for the
efficient cellular migration of CD8 T cells from circulation and into various tissues.

All three members of the selectin family of proteins play important roles in regulating CD8
T-cell trafficking [8]. L-selectin (CD62L) is expressed by all naive CD8 T cells and certain
subsets of memory CD8 T cells, whereas P-selectin (CD62P) and E-selectin (CD62E) are
expressed by inflamed endothelial cells. Activated platelets also express P-selectin. The
interaction between selectins and their ligands initiates the transmigration process, and
interestingly, these selectin—ligand interactions strengthen in response to ‘shear stress’,
where individual bonds between receptor and ligand actually strengthen as force is applied
[9,10]. Therefore, the force exerted on cells by flowing blood actually increases the ability
for selectins to interact with ligands and results in the observed ‘rolling and tethering’
behavior of immune cells on endothelium prior to transmigration. Significantly, the ability
for a selectin ligand to become functional is highly dependent upon glycosylation, a post-
translational modification that results in the extension of monosaccharide chains from either
a serine/threonine (O-linked) or arginine (N-linked) amino acid. The process of
glycosylation is complex and goes beyond the scope of this article, but has been recently
discussed in great detail [11]. However, this demonstrates that regulation of selectin ligands
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occurs not only through control of ligand gene expression, but also through the regulation of
various glycosyltransferases that are required for post-translational modification, which
collectively result in a “functional’ selectin ligand.

Ligands for CD62L are collectively referred to as peripheral node addressins (PNAd) and
react with the monoclonal antibody MECA-79 [12], which specifically identifies properly
glycosylated/sulfated ligands including, but not limited to, CD34 and mucousal addressin
cell adhesion molecule-1. These ligands are highly expressed in the high endothelial venule
(HEV) and are critical for the homing of naive CD8 T cells to the lymph node [13]. By
contrast, CD8 T cells express P-selectin glycoprotein ligand-1 (PSGL-1), which can serve as
a ligand for all three selectins, although originally thought to interact primarily with P-
selectin [14]. Ligands for E-Selectin on all leukocytes, including CD8 T cells, remain
relatively ill defined, but could include CD44, CD43 and E-selectin ligand-1, in addition to
PSGL-1 [15,16]. Therefore, the individual or collective role for expressed and appropriately
glycosylated selectin ligands on CD8 T cells at various stages of activation could influence
trafficking of these cells to different tissues of the body.

Chemokines are a family of small, structurally related molecules that can strongly dictate
immune cell trafficking to specific tissues. In humans, a large number of chemokines (~50)
have been identified [17,18]. Chemokines trigger biological activity through interaction with
chemokine receptors, which are seven-transmembrane cell surface G-protein-coupled
receptors (GPCRs) [19]. Following GPCR ligation, the receptor associated Ga subunit from
the heterotrimeric G-protein complex undergoes GDP-GTP exchange and then dissociates
from the Gy portion. The resulting two complexes (Ga and Gpy) initiate the activation of a
number of signaling pathways that result in changes in gene transcription, actin
reorganization, establishment of cell polarity and activation of cell-surface integrins. Thus,
interactions with chemokines “activate’ an immune cell for subsequent transendothial
extravasation and then ‘direct’ cellular migration into tissues.

In immunological terms, chemokines can be broadly defined as being either homeostatic
(present in the steady state) or inflammatory [20]. For example, some chemokines are
known to play important roles in processes such as T-cell development and the trafficking of
naive T cells into lymph nodes [21-23]. By contrast, other chemo kines are produced in
response to inflammatory stimuli and assist in rapidly recruiting immune cells to areas of
inflammation, often in a tissue-specific manner. Importantly, the repertoire of chemokine
receptors expressed by activated CD8 T cells significantly changes compared with naive
cells, presumably to direct these activated T cells toward the sites of infection. Importantly,
various subpopulations of memory CD8 T cells express different combinations of
chemokine receptors for both homeostatic and inflammatory cytokines, which can, at least
partially, dictate the localization of distinct memory CD8 T-cell populations toward different
tissues.

Integrins are heterodimeric cell surface receptors, containing both an o and B chain. The
ability for an integrin to interact with a ligand is greatly enhanced following appropriate
cellular stimulation. Therefore, integrins can become further ‘activated” following the
interaction of a T cell with an extracellular stimulus, such as ligation of chemokine receptors
or the T-cell receptor (TCR). This process is collectively known as “inside-out signaling’
since intracellular signaling pathways act upon the cytoplasmic side of the integrin to
increase its binding potential [24]. Inside-out signaling results in both changes in affinity of
an individual integrin, as well as changes in avidity, which occurs through the clustering of
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integrins on the cell surface. Once properly activated, integrins regulate the firm adhesion of
leukocytes to endothelial cells and are also critical during the trans-endothelial process.

Naive, effector and memory CD8 T cells express the o, o (CD11a/CD18) integrin, lympho
cyte function associated-antigen (LFA)-1. Through its interaction with ICAM-1 (CD54),
LFA-1 is not only critical for localizing CD8 T cells during migration, but also facilitates T
cell-antigen presenting cell interactions during activation [25-27]. Activated CD8 T cells
also express the o4p1 (CD49d/CD29) integrin, very-late antigen (VLA)-4, which interacts
with VCAM-1 (CD106) expressed on inflamed endothelium [28]. At various stages of
activation, CD8 T cells also express other integrins, such as VLA-1 (011), agB7 and ap7,
which also potentially contribute to localization and/or retention of CD8 T cells in various
tissues. Therefore, expression and activation of specific integrins may dictate both
trafficking potential and retention of CD8 T cells in v arious tissues throughout the body.

Trafficking of CD8 T cells

Naive

The localization of different subpopulations of CD8 T cells to various anatomical locations
largely reflects the desired immunological function that these cells provide. Naive CD8 T
cells are found predominately in the circulation, spleen and lymph nodes where they survey
the entire body for DCs presenting cognate antigens that will result in their activation. By
contrast, recently activated effector CD8 T cells rapidly localize to areas of inflammation in
order to combat infection [29]. Finally, memory CD8 T cells can be found in both lymph
nodes (to become reactivated) and tissues (to provide immediate protective immunity
against pathogens expressing cognate antigens) [30]. Importantly, it is believed that the steps
leading to cellular transmigration in secondary lymphoid organs and inflamed tissues are
similar, although the individual gene products that regulate each step may differ depending
on the activation state of the CD8 T cell (Figure 1). Indeed, changes in the expression of
various selectin and selectin ligands, chemokine receptors and integrins all occur following
CD8 T-cell activation and subsequent memory formation, resulting in the localization of
these cells to areas of the body that will most efficiently improve host protection.

CD8 T cells Naive CD8 T cells move in a linear fashion from the blood to the lymph nodes,
into the lymphatics and back into the systemic circulation via the thoracic duct. The process
by which T cells move from the blood and into lymph nodes through the HEV involves the
coordination of several steps (Figure 1a). The first step involves the interaction between
CD62L and PNAd expressed by the naive CD8 T cell and the HEV endothelium,
respectively. These molecules help bring circulating naive T cells from the lumen of the
HEV towards the endothelium. Owing to the shear stress within the vessel and the high
avidity/low affinity nature of the CD62L-PNAGd interaction, naive CD8 T cells appear to
‘roll” across the endothelium [31,32]. During the rolling process, CCR7 on the T cell can be
stimulated by the homeostatic chemokines (i.e., CCL19 and/or CCL21) that are immobilized
on the surface of the HEV [33-35]. This stimulation polarizes and induces a conformational
change in LFA-1 that increases its affinity for its ligand, ICAM-1 expressed by the HEV
endothelium [27,36]. The enhanced interaction between LFA-1 and ICAM-1 after CCR7
stimulation firmly attaches the T cell to the endothelium, thereby enabling it to transmigrate
the HEV and enter the lymph node to search for DCs expressing cognate antigens.

Egress of CD8 T cells from the lymph node is controlled by sphingosine 1-phosphate (S1P),
which serves as a ligand for the S1P receptor, SIPR1 (known as S1Pq) [37]. Similar to
chemokine receptors, SIPR1 is a GPCR and activates signaling pathways that result in both
cell polarity [38] and migration [39]. Expression of S1IPR1 is required for CD8 T cells to
exit the lymph node [40] as it directs them across a naturally occurring gradient of
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increasing S1P concentration from the lymph nodes and into the efferent lymphatics [41-44].
However, if T cells should encounter a reactive lymph node, proinflammatory cytokines can
temporarily inhibit the egress of CD8 T cells by reducing S1PR1 expression. Specifically,
Type | interferons (IFN-a and IFN-B) will induce expression of CD69, which directly
inhibits the surface expression of S1IPR1 [45]. This ‘innate-like’ retention of naive CD8 T
cells in reactive lymph nodes is thought to promote DC-T cell interactions, thereby
increasing the likelihood of CD8 T cells to be stimulated by cognate antigens. Should the T
cell encounter a DC presenting cognate antigen, TCR stimulation also substantially reduces
S1PR1 transcription, resulting in increased retention of antigen-specific CD8 T cells
[42,46,47]. As a result of either complete activation or loss of inflammation, the presence of
S1PR1 at the surface of the T cell is regained through renewed transcription and
downregulation of CD69 [40]. Once S1PR1 surface expression returns (on either naive or
activated CD8 T cells), these cells are then able to exit the lymph node and re-enter the
systemic circulation.

Effector CD8 T cells

When a naive CD8 T cell receives sufficient antigenic and costimulatory signals, it will
undergo considerable proliferation and acquire effector functions such as the ability to
produce cytokines and lyse pathogen-infected cells in a TCR-dependent manner. In addition,
activated or ‘effector’ CD8 T cells undergo a dramatic shift in the expression of surface
proteins that regulate cellular trafficking. Importantly, effector CD8 T cells lose expression
of both CD62L and CCR7, which prevents these cells from gaining access to lymph nodes
through the HEV. Instead, activated CD8 T cells gain expression of a new cohort of
trafficking molecules including selectin ligands, chemokine receptors and integrins (Figure
2). This overall change in expression (or post-translational modification) of trafficking
regulators results in localization and transmigration of effector CD8 T cells into inflamed
tissues (Figure 1b).

Effector CD8 T cells can express functional ligands for both P- and E-selectin, defined as
the ability for such protein to bind to either P- or E-selectin expressed on inflamed
endothelium. As previously mentioned, the formation of functional P- and E-selectin ligands
(on molecules such as PSGL-1, CD44 and E-selectin ligand-1) relies heavily upon the
proper post-translational modification of proteins via glycosylation. Indeed, TCR-
stimulation of CD8 T cells results in the expression of at least two glycotransferases that are
critical for transforming these molecules into P- and E-selectin ligands, core 2 1-6-N-
glucosaminyltransferase-1 and a-(1,3)-fucosyltransferase-VI1I [8]. In addition, other studies
have suggested that inflammatory cytokines (e.g., IL-12 and IL-2) enhance expression of
selectin ligands following TCR stimulation [48,49], although this idea remains controversial
[50]. Nevertheless, the formation of functional P- and E-selectin ligands following activation
enables effector CD8 T cells to efficiently roll on inflamed endothelium expressing their ¢
ounter-receptors P- and E-selectin.

In addition to expressing selectin ligands, effector CD8 T cells also express different
integrins and chemokine receptors compared with naive cells, which enables them to
complete the extravasation process into inflamed tissues. Significantly, following activation,
the expression of various trafficking molecules on CD8 T cells can occur in both a transient
or permanent fashion. Surface expression of CD44, LFA-1 and VLA-4 is elevated following
CD8 T-cell activation, and remains high on memory cells. By contrast, expression of other
trafficking molecules, especially those that are thought to localize effector CD8 T cells to
specific tissues, are lost around the peak of the expansion process. For example, effector
CD8 T cells that are found in gut express the a4f7 integrin [51], whereas cells on the skin
express E-selectin ligands [52,53], both of which are downregulated as activated CD8 T
cells transition to memory cells. In agreement with this, memory CD8 T cells (which lose
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a4f37) localize poorly to the gut. Thus, the transient expression of various trafficking
molecules on effector CD8 T cells is critical to localize these cells toward specific inflamed
tissues.

Although T cells undergo a programmed modulation of trafficking molecules following
activation, the secondary lymphoid environment can fine-tune their homing properties. It has
been recently demonstrated that bone marrow-derived DCs can induce unique chemokine
receptor (CXCR3, CCR3, CCR4, CCR5, CCR6 and CCR9) and selectin ligand expression
profiles on responding antigen-specific populations, depending on the route of immunization
[54,55]. Similar results were also found when bone marrow-derived DCs were replaced with
vaccinia virus infection. Other studies have also demonstrated that priming of CD8 T cells in
the mesenteric lymph nodes promotes migration to the gut by increasing a4B7 integrin and
CCR9 expression, while priming in cutaneous lymph nodes promotes migration to the skin
by increasing E-selectin ligands and CCR10 expression [56-58]. These data together
promote the idea that draining lymph node environments can dictate the migratory
properties of activated CD8 T cells in order to direct them toward specific sites of infection.

Although CD8 T-cell “imprinting’ can significantly influence the expression of tissue-
specific homing factors, this process does not permanently alter their trafficking capabilities.
It has been demonstrated that when peptide-coated peripheral lymph node DCs are
incubated with CD8 T cells, P- and E-selectin ligand expression is induced and migrating to
the skin is significantly increased [58]. However, this effect can be ameliorated with the
addition of gut-derived DC. Interestingly, CD8 T cells already imprinted in the skin or gut
can be ‘re-educated’ following an encounter with the DC from the opposite anatomical site.
Owing to these results, it appears that T-cell imprinting is not static and can be defined by
the net effect of local DC stimuli.

In addition, it was recently demonstrated that CD4 T helper cells can also regulate the
recruitment of effector CD8 T cells. Specifically, recruitment of effector CD8 T cells to the
vaginal musosa, following infection with herpes virus, is impaired in the absence of CD4 T
cells [59]. Without CD4 T cells, the localized production of the IFN-y-inducible chemokines
CXCL9 and CXCL10 was significantly impaired, suggesting that local recognition of virus
by CD4 T cells resulted in IFN-y-dependent production of these chemokines. Since effector
CD8 T cells express ample amounts of CXCR3 (the receptor for CXCL9 and CXCL10)
[60], this results in more efficient recruitment of these cells to the infected tissue. A role for
CDAT cells in the recruitment of CD8 T cells into tumors has also been suggested [61].
However, the role that CD4 T cells play in the recruitment of effector CD8 T cells to other
tissues is currently unknown.

Memory CD8 T cells

Following activation and contraction in response to an acute infection or vaccination,
approximately 5-10% of the responding antigen-specific CD8 T cells will persist as memory
cells [62]. Although this population is stably maintained, it is not homogenous [63], and the
heterogeneity can be demonstrated by its diverse expression of trafficking molecules (Figure
2). In spite of this diversity, the most general and widely accepted classification of memory
CD8 T cells relies on their expression (or lack of expression) of the lymph node homing
molecules CCR7 and CD62L [64,65]. As previously discussed, expression of both CD62L
and CCR7 are dramatically downregulated following CD8 T-cell activation. However, as
memory cells are formed, CD62L and CCR7 eventually become re-expressed on individual
cells within the bulk memory population and the percentage of cells expressing these
receptors continues to increase over time. Memory CD8 T cells that express low levels of
these molecules are designated as effector memory (Tem) cells; while those that have high
coexpression are known as central memory (Tcm) cells. Owing to their differential
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expression of CD62L and CCR7, lymph node homing of these subsets is significantly
impacted [64,66]. While both Tem and Tcm cells are commonly found throughout the
blood, spleen and peripheral tissues, Tcm cells are highly enriched in lymph nodes relative
to Tem cells. This bifurcation of lymph node trafficking enables memory CD8 T cells to
maintain immunity in both the lymph nodes and in the periphery, where infection may first
take hold. Significantly, exposure to high inflammation during the priming phase
significantly diminishes the rate of CD62L and CCR7 re-expression on the memory CD8 T-
cell population, whereas a low inflammatory environment results in rapid reacquisition of
these lymph node-homing molecules [67,68]. Therefore, the overall inflammatory cytokine
milieu present during CD8 T-cell activation can have long-lasting effects on the trafficking
patterns of the ensuing memory CD8 T-cell population.

Besides their ability to perform effector functions, memory CD8 T cells also possess the
ability to populate peripheral tissues and provide a “first-line of defense’ against pathogen
reinfection. Significantly, memory CD8 T cells are also rapidly recruited to localized areas
of inflammation in an antigen-independent fashion, and can provide additional host
protection against pathogens expressing cognate antigens [69,70]. In addition, it has recently
been demonstrated that memory CD8 T cells recruited to the lung during viral infection
exhibit increased expression of granzyme B, which enhances the cytolytic activity of these
cells [71]. The molecular mechanisms that regulate antigen-independent memory CD8 T-
cell trafficking are not completely understood, although expression of CCR5 appears to be
critical for memory cell recruitment to the lung [70]. Nevertheless, these data demonstrate
that memory CD8 T cells adopt ‘innate-like’ trafficking characteristics that allow
recruitment into inflamed tissues, without the need for antigenic restimulation by DCs.

In general, memory CD8 T cells are able to freely circulate between the blood, spleen,
lymph nodes and some peripheral tissues (but not others, such as the skin and gut) [72].
However, recent studies have identified a specialized subset of memory CD8 T cells that
appear to be retained long term in these tissues and have therefore been defined as ‘resident
memory’ CD8 T cells [51,73]. Interestingly, the molecular signature of the trafficking
molecules required to localize effector CD8 T cells into these tissues is transient and is
quickly lost on the bulk memory population. This suggests that the establishment of
‘resident memory’ CD8 T cells in tissues such as the skin requires the recruitment of these
cells during the effector phase of the T-cell response. Interestingly, ‘resident-memory’ CD8
T cells of the skin have been shown to express CD69 and the agf7 integrin [73], which may
assist in their retention. However, it is also worth noting that although o437 integrin
expression assists in recruiting CD8 T cells to the gut, it is not required for their long-term
retention [51]. Therefore, a combination of molecules for both recruitment and retention
may collectively result in the establishment of ‘resident memory’ CD8 T cells in various
tissues.

Finally, recent studies demonstrate that the overall expression of trafficking molecules on
memory CD8 T cells is significantly altered following multiple, subsequent antigenic
stimulations [74-76]. As antigen experience increases, memory CD8 T cells drastically
downregulate the expression of both CD62L and CCRY. Interestingly, an inverse correlation
can be found for the expression of trafficking molecules associated with homing to
peripheral tissue [74]. For example, with additional ‘antigen experience’, memory CD8 T
cells significantly increase their expression of molecules associated with homing to the lung,
such as CCR5 and VLA-1 [70,77]. As implied by these expression patterns, memory CD8 T
cells that have been exposed to multiple infections are enriched within peripheral tissue,
such as the liver and lung, indicating that antigen experience shifts memory CD8 T-cell-
mediated immunity away from secondary lymphoid organs and to peripheral tissues that
have high propensity for reinfection (e.g., the lung). These data demonstrate that antigen
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experience enhances the peripheral tissue localization of memory CD8 T cells and
concurrently, inhibits localization of these memory cells to lymph nodes.

CD8 T-cell trafficking during chronic infection

As described previously, the trafficking patterns of CD8 T cells change, depending on the
activation state of the individual cells, as they progress from naive to effector to memory
cell following an acute stimulation, whereby the vaccination agent or pathogen is rapidly
and efficiently cleared by the immune system. However, in a number of human diseases, the
infectious agent is not cleared, resulting in the establishment of a prolonged chronic
infection. This results in CD8 T-cell populations exhibiting characteristics of “functional
exhaustion’, such as impaired cytokine production and a requirement for antigen-driven
proliferation for cell survival [78,79]. Not surprisingly, this continuous exposure to antigens
also results in the differential anatomical distribution of CD8 T cells compared with memory
CD8 T cells that are formed following acute infection or vaccination [80,81].

Functionally exhausted CD8 T cells exhibit a genetic signature that is unique compared with
either effector or memory CD8 T cells [82]. Antigen-specific CD8 T cells in both mouse
models of chronic infection and in humans chronically infected with HIV, Epstein—Barr
virus or cytomegalovirus, do not express (or re-express) CD62L or CCR7, and are therefore
impaired in lymph node trafficking and localization [83]. Interestingly, most HIV and
Epstein—Barr virus replication occurs within the lymph nodes, which may suggest that these
pathogens have coevolved with the human immune system to replicate in anatomical
locations that continually stimulated CD8 T cells are unable to access. As well as lymph
node homing receptors (i.e., CD62L and CCR7), exhausted CD8 T cells also abnormally
express other trafficking molecules such as CXCR3, CD49d, CD29 and B7 integrin [82].
Both effector and memory CD8 T cells following acute infection express the chemokine
receptor CXCR3. However, it is not expressed on exhausted CD8 T cells, and in addition,
HIV-infected individuals also have decreased numbers of CXCR3-expressing CD8 T cells
[84]. Therefore, it is possible that exhausted CD8 T cells may also be impaired in trafficking
to tissues that express CXCL9 and CXCL10, the cognate ligands of CXCR3, following
localized exposure to IFN-y. It is clear that chronic infections impact the trafficking
capabilities of antigen-specific CD8 T cells, but the overall biological consequences remain
to be elucidated.

Conclusion

By contrast to cells of the innate immune system, trafficking patterns of CD8 T cells can
vary dramatically depending on the state of activation, which in-turn dictates expression of
various trafficking molecules. Through disparate expression of selectins and selectin
ligands, chemokine receptors and integrins, CD8 T cells differentially home to various
tissues as they progress from naive to effector to memory cells. This results in the
localization of cells into specific tissues where they can be activated (lymph nodes for naive
and memory CD8 T cells) or limit pathogen burden (peripheral tissues for effector and
memory CD8 T cells). Importantly, the collective integration of external stimuli, provided
by DCs and the inflammatory environment during activation, results in both short- and long-
term effects that impact the trafficking of CD8 T cells. A more thorough understanding of
the mechanisms regulating the differential expression of trafficking molecules on CD8 T
cells could therefore potentially aid in therapies against specific human diseases.

Future perspective

Although it is clear that antigenic stimulation results in both transient and permanent
alterations in the trafficking molecules expressed by CD8 T cells, a number of questions still
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remain. For example, it is currently unclear how DCs from different tissues and lymphoid
organs stimulate CD8 T cells to express trafficking molecules that will direct them to
specific tissues. Although many studies have clearly demonstrated that imprinted CD8 T-
cell subsets become enriched in particular target organs several hours following transfer,
they have not gone further to demonstrate how well these cells maintain their homing
properties beyond effector differentiation and into memory [54-58]. It would seem
beneficial for imprinting to be permanent throughout memory progression, since pathogens
tend to have a high specificity for particular host tissues. By maintaining residence in
previously infected tissues (i.e., resident memory), memory CD8 T cells could help to limit
pathogen burden during future reinfection. However, the mechanisms leading to the
establishment of resident memory are currently unknown. In addition, it has only recently
been demonstrated that CD4 helper T cells can assist in the recruitment of effector CD8 T
cells to areas of infection; but it is currently unknown whether CD4 T-cell help is also
required for memory CD8 T-cell recruitment to inflamed tissues in either an antigen-
dependent- or -independent fashion. It it now also clear that memory CD8 T cells that have
gone through multiple rounds of antigenic stimulation differ considerably with regards to
expression of trafficking molecules, compared with memory cells that have only been
stimulated by antigens once. This finding is of considerable importance, as it is probable that
most memory CD8 T-cell populations in humans will have been exposed to multiple rounds
of antigenic stimulation. Therefore, future studies uncovering the molecular mechanisms
that regulate CD8 T-cell trafficking (and potentially, its manipulation) will be critical for the
design and implementation of various c ellular-based immunotherapies.
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Executive summary

] The ‘rolling and tethering’, ‘activation’ and ‘firm adhesion’ of immune cells
are regulated by the interactions between selectin—selectin ligands,
chemokines—chemokine receptors and integrins—integrin ligands,
respectively, which ultimately results in the transmigration of cells from the
circulation, through blood vessels and into tissues.

] Naive CD8 T cells are generally confined to the circulation and lymph nodes
and express CD62L, CCR7 and LFA-1, which allow them to enter the lymph
node through the high endothelial venule.

] Following antigenic stimulation, effector CD8 T cells then express a hew
cohort of trafficking molecules, resulting in efficient recruitment of these
cells into areas of inflammation.

] Different dendritic cell subsets and vaccination route can influence the
expression of various trafficking molecules on effector CD8 T cells.

] Memory CD8 T-cell populations are quite heterogenous and different
subpopulations exhibit differential localization, presumably to confer
maximum host protection against reinfection.

] Additional antigen experience drives memory CD8 T-cell populations away
from lymph nodes and towards peripheral tissues.
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Figure 1. Trafficking of naive and effector CD8 T cells

(A) Naive CD8 T cells enter lymph nodes through the high endothelial venule. Rolling and
tethering is mediated by interactions between L-selectin (CD62L) and PNAd, which allows
the chemokine receptor CCRY7 to interact with CCL19 or CCL21 displayed by the
endothelial cells. CCR?7 ligation results in polarization and activation of the integrin LFA-1,
which will bind to its ligand ICAM-1 and cause the naive CD8 T cell to firmly adhere to the
surface of the high endothelial venule before transmigrating across the endothelial layer. (B)
Following antigenic stimulation, effector CD8 T cells express functional ligands such as
PSGL-1 and CD44, that bind P-selectin and E-selectin expressed by inflamed tissues.
Effector T cells also express chemokine receptors (such as CXCR3), which interact with
inflammatory chemokines (such as CXCL10) that are produced by the inflamed tissues. This
causes activation and polarization of LFA-1 on the effector T cell, as well as newly
expressed integrins, such as VLA-4, which will bind to ICAM-1 and VCAM-1 on the
inflamed tissue, respectively. These interactions result in firm adhesion, allowing the
effector CD8 T cell to then transmigrate through the endothelial layer and into the inflamed
tissue.

LFA: Lymphocyte function-associated antigen; PNAd: Peripheral node addressin; PSGL.: P-
selectin glycoprotein ligand; VLA: Very-late antigen.
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Figure 2. Expression of various trafficking molecules dynamically changes during the course of
CD8 T-cell activation and progression into memory cells

Naive CD8 T cells express relatively few trafficking molecules (e.g., CD62L, CCR7 and
LFA-1). However, following sufficient antigenic and costimulatory activation, CD8 T cells
will rapidly proliferate and expand. In addition to this marked expansion, effector CD8 T
cells lose expression of CD62L and CCR7, while gaining the expression of P- and E-selectin
ligands, inflammatory chemokine receptors (e.g., CXCR3 and CCR5) and additional
integrins (e.g., VLA-1, VLA-4, a4 and B7), resulting in efficient recruitment of these cells to
inflamed tissues. Following contraction, 90-95% of the effector cells die via apoptosis.
However, the CD8 T cells that survive the contraction phase are maintained long term and
progress into memory cells. Collectively, memory CD8 T-cell populations contain a
heterogeneous mixture of cells that express a variety of trafficking molecules, shared with
both naive and effector CD8 T cells.

ESelL: E-selectin ligands; LFA: Lymphocyte function-associated antigen; PSelL: P-selectin
ligands; VLA: Very-late antigen.
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Receptor-ligand pairs of selectins, chemokines and integrins involved with CD8 T-cell

Nolz et al.
traffcking
Receptor Ligand
Selectin Selectin ligands
L-selectin (CD62L) PNAd
P-selectin (CD62P) PSGL-1

E-selectin (CD62E)

CD43, CD44, ESL-1, PSGL-1

Chemokine receptor

Chemokine

CCR7 CCL19, CCL21
CCR5 CCL5

CCR10 CCL27,CCL28
CCR9 CCL25

CCR4 CCL17

CXCR3 CXCL9, CXCL10
Integrin Integrin ligand

VLA-1 (a4B1)

Collagen, laminin

VLA-4 (0481)

VCAM-1, fbronectin

LFA-1 (oy Bp) ICAM-1
Qg B 7 MAdCAM-1
agfy E-cadherin

ESL E-selectin ligand; LFA: Lymphocyte function-associated antigen; MAdCAM: Mucousal addressin cell adhesion molecule; PNAd: Peripheral
node addressin; PSGL P-selectin glycoprotein ligand; VLA: Very-late antigen.
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