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The elimination of pathogens and pathogen-infected cells initially rests on the rapid deployment of innate
immune defences. Should these defences fail, it is the lymphocytes — T cells and B cells — with their
antigen-specific receptors that must rise to the task of providing adaptive immunity. Technological advances
are now allowing immunologists to correlate data obtained in vitro with in vivo functions. A better
understanding of T-cell activation in vivo could lead to more effective strategies for the treatment and

prevention of infectious and autoimmmune diseases.

athogens are always on the lookout for a host to
sustain their life cycle and are an important
cause of disease in humans. Because pathogens
have a strong preference for particular tissue
sites, interacting with or infecting only certain
cell types, there is still a paucity of appropriate animal mod-
els for the study of human infectious disease. Even where
animal models are available, key aspects of host—pathogen
interaction cannot usually be observed directly and in real
time. With the obvious exception of death or survival (the
natural end points), host—pathogen interactions are
assessed by measurement of surrogate parameters, such as
the number of antigen-specific T cells generated, or the
types and levels of cytokines produced. Now that the com-
plete genome sequences of the main human pathogens are
available, there is potential to use this information to
explore microbial countermeasures that frustrate immune
recognition at all levels. New therapeutic principles may
then follow.

Since the discovery of the T-cell receptor (TCR) for anti-
gen and the TCR’s associated proteins, the exact manner in
which this complex array of surface proteins transduces
signals hasbeen studied mainly inisolated T cells. The ability
to observe the behaviour of T cells and antigen-presenting
cells (APCs) in their natural habitat — for example, in
lymph nodes or other tissues — is a recent addition to the
immunologist’s toolkit and has notbeen fully explored. The
importance of an appropriate microenvironment"” and of
signals derived from components of the innate immune
system to achieve T-cell activation’ is clear. Here we discuss
some of the successive stages of T-cell activation from a cell-
biological perspective, highlighting opportunities for trans-
lating some of the cell-biological concepts to applications
invivo. The design of effective vaccination strategies and the
prospects of immune intervention more generally should
benefit from abetter understanding ofhow the considerable
body of in vitrodata can apply to an in vivosetting.

Subversion of antigen presentation

The evolutionary success of viruses depends on their ability
to disarm host defences, or to produce progeny in such over-
whelming numbers that innate defences are inadequate and
transfer of the virus to another host is a likely outcome. The
possible countermeasures are many*’. Error-prone reverse
transcription may allow human immunodeficiency virus
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(HIV) to accumulate mutations faster than the adaptive
immune system can effectively deal with the antigenically
new variants that arise. Viruses with segmented genomes
enjoy flexibility in their genetic make-up through a reassort-
ment of the individual segments when the opportunity
arises— for example, when a host is infected with two differ-
entyet related viruses, such as swine and avian strains of flu.
The larger viruses, such as poxviruses and herpesviruses,
probably do not have theluxury of simply mutating the gene
that encodes a viral antigen. Instead they rely on interfer-
ence with the cytokine and chemokine networks; they may
disarm components of the complement system or interfere
with antigen presentation’. Many of these arguments apply
with equal force to bacterial pathogens’. Moreover, Gram-
negative bacteria temporarily escape the host’s immune
system by using a so-called type III secretion system, which
mediates translocation of pathogen-derived proteins across
the eukaryotic cell membrane. Yersinia enterocolitica and
Salmonella typhimurium deliver a diverse set of virulence
factors directly into the cytosol to resist phagocytosis, a
requirement for sustained extracellular bacterial replica-
tion, as discussed more fully in the review in this issue by
Merrell and Falkow (page 250).

The presentation of peptides by major histocompatibility
complex (MHC) molecules is essential for an effective and
potent immune response, so it is not surprising that exam-
ples of interference of class I MHC-restricted antigen pre-
sentation are manifold. These include the adjustment of
viral antigen synthesis, inhibition of peptide-antigen deliv-
ery to the class | MHC products, intracellular detention of
newly assembled class I MHC proteins, or even physical
destruction of MHC products by re-routeing them either
to lysosomes or to the cytosol for proteasomal degrada-
tion®. Too little is known at present about the lifestyle of
many of these pathogens to state with precision which
strategy is used in vivo. A large DNA virus such as human
cytomegalovirus may encode over 200 gene products, some
60 of which may be dispensable for virus growth in tissue
culture’ and are therefore probably determinants of the
lifestyle of the virus. It is only recently that bacterial artifi-
cial chromosome (BAC)-based technology has become
available' to rapidly generate collections of deletion and
insertion mutants in these large viral genomes. For some of
these genes, their function can be determined only in the
context of an in vivo infectious model, and then only if the
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Figure 1 Dendritic cells rearrange their class Il major histocompatibility complex
(MHC)-positive endosomal compartments in a microtubule-dependent manner upon
T-cell ligation. Bone-marrow-derived dendritic cells were grown from mice that
express a class Il MHC—eGFP (enhanced green fluorescent protein) fusion protein in
place of endogenous class Il MHC. Class Il MHC-containing compartments form
tubular structures that are polarized towards antigen-specific T cells. Tubulation was
induced by the addition of T hybridoma cells specific for hen egg lysozyme (HEL)
peptide’*®" to HEL-loaded dendritic cells. In the upper and lower panels, the nucleus
is shown in blue (stained with Hoechst 33258); class Il MHC—eGFP is in green.
Dendritic cells were fixed, permeabilized and stained with antibody to a-tubulin, a key
constituent of microtubules. We used a rat anti-mouse Cy3-labelled secondary
antibody for detection (red in the lower panel). Reproduced from ref. 27.

appropriate parameters of innate or adaptive/acquired immunity
are examined. The resurgent interest in highly pathogenic viruses
that could be used for nefarious purposes, such as smallpox, under-
scores the need for a more thorough analysis in vivo of T-cell activa-
tion, including the steps immediately preceding it: acquisition of
antigen by APCs, the migration of the antigen-laden APCs to the
draininglymph node, and their encounter with a naive T cell. In vivo,
each of these steps presents potential targets for intervention by
pathogen-encoded genes.

Transport of antigen

APCsin peripheral immune organs are quiescent sentinels, activated
when a pathogen is detected by Toll-like receptors (TLRs) (see review
in thisissue by Beutler, page 257), scavenger receptors or other surface
structures. In particular, dendritic cells continuously survey their
surroundings by fluid-phase uptake and endocytosis. Internaliza-
tion of microbe-derived material induces their differentiation into
potent APCs.

Only in lymphoid tissues does priming of naive T cells occur,
because naive T cellsare usually excluded from non-lymphoid tissues.
For example, in the skin, tissue-derived antigens arrive in draining
lymph nodes in two ways. During the first 24 hours, transport occurs
mainly in free (not in cell-associated) form, in interstitial fluid deliv-
ered to the lymph node through afferent lymph vessels. Components
of the complement system, in synergy with natural antibodies, help
to prepare such antigens for efficient acquisition by the dendritic
cell. In the lymph nodes, immature dendritic cells, which form class
II MHC—peptide complexes that are used to prime naive T cells,
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internalize the first wave of antigen. Thereafter, antigen-laden dermal
dendritic cells arrive in the draining lymph node, having acquired
their antigenic cargo in the periphery. These skin-derived dendritic
cells, havingalready formed class I MHC—peptide complexes en route
to their destination, display their MHC—peptide complexes to T cells
in the lymph node'". The relevance of these seemingly parallel path-
ways of antigen presentation must be sought in the heterogeneity of
dendritic cells®'?, which may vary in maturation stage, in their
proteolytic machinery, and in their expression of costimulatory
molecules. Costimulatory molecules may provide stimulatory or
inhibitory signals that together control T-cell activation. The differ-
encein the proteolytic capacity of the immigrant versus node-resident
dendritic cells would generate class II MHC—peptide complexes that
are not necessarily identical, although they derive from the same
protein antigen. Different T-cell clones would therefore be activated,
leading to more extensive T-cell activation, perhaps including an
interconnected network of regulatory T cells.

Trafficking of MHC molecules

Proper display of MHC products is a prerequisite for T-cell activa-
tion. The efficacy with which a protein antigen is converted to an
MHC-peptide complex is not known with certainty, but estimates
for a relatively well-studied antigen such as ovalbumin suggest that
several thousand protein molecules must be destroyed to generate a
single MHC—peptide complex"’. This has made it technically diffi-
cult to track in live cells the conversion of an individual antigen
molecule into its corresponding MHC—peptide complex. Perhaps
antigen presentation on CD1 molecules, designed to presentlipids to
T cells", could be exploited to examine the fate of synthetic fluores-
cently labelled glycolipids added exogenously or incorporated into
the envelope of bacteria offered to an APC. Although a challenge
from the synthetic perspective, the fact that ligands for CD1 are not
template-specified, unlike ligands for the classical MHC products,
affords possibilities for a chemical-biological approach to the
question of how to visualize the ligand for a TCR in a living cell, or
even in vivo.

Interactions between T cells and APCs can be short-lived, but in
many cases contacts between antigen-specific T cells and APCs
persist for hours". If antigen were in limited supply, such prolonged
interaction would imply serial engagement of TCRs by a limited
number of MHC—peptide complexes'®. The ability of an APC to care-
fully regulate this display is probably essential for allowing activation
ofnaive T cells.

Immature dendritic cells are characterized by a paucity of
costimulatory molecules, an abundance of class II products in intra-
cellular compartments, and relatively modest quantities of class II
MHC molecules displayed at the cell surface. Acquisition of antigen
by endocytosis or phagocytosis, under most circumstances in which
pathogensare present, will allow the dendritic cells to perceive signals
through TLRs. Theinitial engagement of TLRs initiatesa programme
of differentiation or maturation'”™" that includes adjustment of
endosomal pH and of active protease content”®”'. This increases the
ability of the dendritic cell to process the newly acquired antigen and
toload the resulting peptides onto class IIMHC products. Specialized
phagocytes such as macrophages internalize bacteria or apoptotic
cellsasanormal part of host defence®. Uptake of particulates induces
phagosome formation, which by fusion with endosomal/lysosomal
vesicles generates antigenic cargo for MHC and CD1 molecules™?*.
The fusion of phagosomes with endosomal/lysosomal compartments
depends on the presence of TLR ligands™. Phagocytosis of apoptotic
cells induces a constitutive mode of phagosome maturation — as
characterized by features such as low pH and a strongly reducing and
highly proteolytic environment—whereas the complete destruction
of bacteria requires the activation of TLRs”. The introduction of
phagosome-derived antigenic cargo into loading compartments for
class I MHC and CD1 therefore appears to be regulated in part by
ligation of TLR ligands.
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Figure 2 Presentation pathways of
exogenously acquired antigens. Proteins
acquired from the surroundings of the
antigen-presenting cell can provide a source
of peptide for presentation on class Il major Dendritic cell
histocompatibility (MHC) molecules, and in
the case of cross-presentation, on class |
MHC molecules. Top, bacteria-derived
antigens (green) are internalized by dendritic

cells and displayed as class Il MHC—peptide
complexes to antigen-specific CD4-positive
T cells in draining lymph nodes. Bottom, f J f ~
dendritic cells can acquire viral antigens & J

(red) by internalization of virally infected Qv

tissue (fibroblasts, muscle). Virus-infected Bacterial
tissue cells are proteolysed by the dendritic infection
cells and proteins are processed into class |

MHC—peptide complexes to allow activation

of naive CD8-positive T cells.
Virus infection

o

e

Polarization of class Il trafficking in APCs

The generation of green fluorescent protein (GFP)-tagged MHC
products using a retroviral delivery system or gene-replacement
technology has made it possible to track MHC products in live, pro-
fessional APCs**?. This strategy allows examination of the response
of APCs to ligands for TLRs, such as lipopolysaccharide (LPS)*, a
constituent of the outer membrane of Gram-negative bacteria, and
of the APC’s response to antigen-specific T cells” >, Exposure of
bone-marrow-derived dendritic cells to LPS results in profound
alterations in the morphology of endocytic compartments that are
positive for class IIMHC. Tubular compartments are formed, possibly
by recruitment of internal membrane vesicles from multivesicular
bodies™, which are richin class I MHC molecules. Engagement ofan
antigen-loaded dendritic cell by a T cell of the appropriate specificity
likewise induces the formation of tubular compartments polarized
towards theinteracting T cell”’, areaction for which previous engage-
ment of a TLR seems to be necessary*® (Fig. 1). What is not clear is
whether such responses occur in vivo. Both the retroviral and gene-
replacement technologies hold considerable promise for the exami-
nation in vivo of the behaviour of other molecules that control T-cell
activation and function. There are obvious limitations to these
approaches, because proteins are tagged whose cytoplasmic domains
donoteasilytolerate such engineered fusions without compromising
their ability to transduce signals or interact with partner proteins.
Ideally, the functional complementation of a null allele created by
gene targeting with the GFP-labelled version of the same gene product
would provide the genetic argument necessary to validate this
approach. For receptor behaviour in primary cells of the immune
system, surprisingly few examples have been subjected to this test
in vivo. The analysis of interactions between surface proteins and the
underlying cytoskeletal elements in primary APCs and T cells would
benefit from similarly engineered fusion proteins.
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Microdomains

The debate about the nature or even the existence of lipid rafts in live
cells is unlikely to subside any time soon® . Discovered as mem-
brane specializations that survive extraction in non-ionic detergents
and are enriched in glycolipids and in proteins that carry fatty acyl
modifications, the size and relevance of these rafts remain unclear.
Munro® raised a number of objections and suggested further
experiments toaddress both the occurrence and the relevance of such
membrane specializations. Recent experiments involving fluores-
cence resonance energy transfer (FRET) measurements suggest a far
more isotropic distribution of components that are believed to be
raft-specific’’, and show that the complexes that comprise these rafts
may be far smaller than was originally suggested. Although this is not
the place to summarize all the arguments (for reviews, seerefs 31, 35),
the existence of membrane specializations is easy to accept. Cell
biologists are familiar with the distinction between apical and baso-
lateral domains of epithelial cells’” and the pronounced polarization
of cells of the nervous system™. But lymphocytes are small and round;
they move and change shape, and consequently it is difficult to pin
down a cell at any given time without fixation.

Although many investigators use detergent solubility or flotation
of extracted materials on sucrose gradients as criteria for localization
of their favourite protein(s) to lipid rafts, there are of course other
data supporting the existence of plasma membrane microdomains.
Lymphocytes and dendritic cells are richly endowed with proteins
that belong to the family of membrane proteins called tetraspanins
(after their characteristic four transmembrane domains), such as
CD63,CD81and CD9 (ref. 39). Biochemical analyses show that these
proteins tend to form complexes with themselves and with other mem-
bers of the tetraspanin family™, and that they recruit other membrane
proteins to these tetraspanin webs to form microdomains. Subtle
perturbation of membrane structure in dendritic cells abolishes their
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ability to stimulate T cells, even when the display of the MHC—peptide
ligands themselves is unaffected*'. A combination of intravital imag-
ing methods in conjunction with biophysical techniques such as
FRET may help to define the existence and nature of membrane
microdomains in vivo, both for T cells and for APCs.

Cross-presentation

Many viruses display pronounced tropism, infecting only certain cell
types. Even if the virus fails to infect an APC directly, a successful
immune response can nonetheless be mounted. This is provided that
professional APCs can acquire dying cells whose death may be the
consequence of the virus infection (for example, through direct cyto-
pathic effects or by the induction of apoptosis). The ability of APCs to
acquire such cell remnants by phagocytosis and then present
processed materials derived from these cell remnants by means of
class I MHC molecules is called ‘cross-presentation’ (Fig. 2). Mice
rendered transgenic for the poliovirus receptor sustain productive
infection with poliovirus, a pathogen normally incapable of infecting
mice. If these animals are lethally irradiated and reconstituted with
bone marrow from donors that do not express the poliovirus recep-
tor, a robust response involving CD8-positive T cells is nonetheless
observed. Thisrequires the presence of a functional TAP (transporter
associated with antigen presentation) complex in the donor bone
marrow cells used for reconstitution, and provides strong evidence
thatbone-marrow-derived APCs canindeed access the class I pathway
of antigen presentation, even when not infected with the virus them-
selves®. There are at least two possible means by which antigen could
be transferred: proteolysed fragments of the antigen or MHC-bound
peptides could be liberated from donor cells and then transferred.
Escape of such small fragments from a phagosomal compartment
might be relatively straightforward and could involve peptide-
conducting channels such as TAP, Sec61 or others*". Alternatively,
whole proteins may be the predominant source of peptides. After trans-
fer to the cytosol, such proteins would undergo ubiquitin-dependent
proteasomal degradation. This mode of transfer presumably
requires protein-conducting channels with an architecture some-
what different from that of channels used for cotranslational protein
import into the endoplasmic reticulum (ER), unless complete
unfolding of the protein substrate precedes translocation.

The ability of phagocytic cells to recruit ER membrane to the
newly formed phagosome*® suggests that the normal constituents of
the ER, such as the TAP complex or the Sec61 translocon complex,
may be involved in this mode of antigen presentation** (Fig. 3). The
possibilities for translocation of antigen from the phagosome are by
no means limited to these known players, as new escape routes from
the ER, and by inference, from phagosomes that have incorporated
ER materials, continue to be discovered”'.

Ifindeed this mode of acquisition is the most important means of
delivering antigens for cross-presentation, it follows that those anti-
gens that are abundantly present as proteins will be cross-presented
more successfully than the already processed peptides present on
donor MHC molecules themselves, or ashasbeen argued, ina complex
with members of the heat-shock protein family such as gp96 (ref. 52).
New evidence now suggests that this is indeed the case. Elegant
experiments show that signal-sequence-derived epitopes or other
epitopes predicted to be short-lived are cross-presented poorly, but
once grafted onto the body of a carrier protein as a more stable entity,
their cross-presentation improves dramatically”* ™.

Cross-presentation must be important not only for the recogni-
tion of virus-infected cells, but also as an unavoidable consequence of
lymphocyte development as well. In the thymus, where the vast
majority of newly arising T cells never reach maturity and die by
apoptosis, bone-marrow-derived cells in the thymus continuously
remove cell remnants. Because such cross-presentation presumably
occurs in the absence of an inflammatory stimulus, T cells exposed to
these cross-presented materials will be instructed to die, or may never
acquire full functional competence and instead become anergic. The
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Figure 3 Fusion of phagosome with endoplasmic reticulum membrane. Phagocytic
cells (macrophages and dendritic cells) can internalize cell fragments of significant
size by recruiting membranes of the endoplasmic reticulum. Internalized exogenous
antigens may therefore have immediate access to enzymes and transporters within
the endoplasmic reticulum that are involved in class | major histocompatibility
complex (MHC) presentation, facilitating cross-presentation.

details of cross-presentation are not yet understood, but experience
with the more conventional trafficking pathways of MHC products
will provide a useful backdrop.

Activation of T cells by APCs
Activation of T cells occurs when a professional APC displays the
appropriate set of ligands to a naive T cell. These ligands must
include a proper MHC—peptide complex, as well as the requisite sets
of costimulatory molecules. Microbial products, such as cell wall
constituentsand nucleicacids, trigger members of the TLR family (see
review in thisissue by Beutler, page 257) and expression of costimula-
tory molecules. The importance of these surface-displayed costimu-
latory glycoproteins is apparent from inclusion of the appropriate
blocking antibodies, which interfere with the interactions between
APCs and T cells. Less clear is the relevance of alterations in cyto-
skeletal proteins, or in the detailed arrangement of components of
the vacuolar system in both the APC and the T cell. Among the early
changes seen in an activated T cell is the reorientation of the vacuolar
apparatus’”’ so that release of cytokines, or the delivery of a lethal hit
in the form of perforins and granzymes, will occur in a polarized
manner, towards the interacting APC. Rearrangements of the
cytoskeletal apparatus and of the microtubule network clearly occur,
but how the directionality of these signals is controlled is not well
understood. Ton gradients, maintained by controlling influx and
efflux, are also under the influence of receptor-mediated events™, but
compared with the cells of the nervous system, much less is known
about the role of ion channels in T-cell activation. Voltage-gated
potassium channels do accumulate in the immunological synapse™,
astructure whose formation requires the ligation of TCRsand a variety
ofadhesion molecules (see below), but the functional consequences of
such recruitmentare unclear.

T-cellactivation is assessed by monitoring antigen-specific engage-
ment of the TCR, and by examining subsequent receptor-proximal
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Figure 4 The T-cell synapse. Molecules on a T cell and counterstructures on an antigen-presenting cell (APC) that are known to be involved in T-cell activation are shown. Far left, the
face of the synapse with its characteristic distribution of cell-surface molecules, which form a supramolecular activation complex (SMAC). Some of the molecules that are enriched
in different regions of the SMAC are shown. The T-cell receptor (TCR) occupies a central region known as the cSMAG; a peripheral ring, the pSMAC, contains adhesion molecules.
CTLA4, cytotoxic-T-lymphocyte antigen 4; ICAM1, intercellular adhesion molecule 1; LFAT, lymphocyte-function-associated antigen 1; MHC, major histocompatibility complex;
PI(3)K, phosphatidylinositol-3-0H kinase; SHP2, SH2-domain-containing protein tyrosine phosphatase; ZAP70, ¢-chain (TCR)-associated protein kinase, 70 kDa.

events, such as phosphorylation, elicitation of a calcium transient, or
alterations in the subcellular localization of key components of the
signal transduction machinery®. The formation of theimmunological
synapse begins with integrin-dependent adhesion, closely followed
by a redistribution of the TCR, protein kinase C-8 and adhesion
molecules®™®. In the APC, the counterstructures for cell-adhesion
molecules, the ligand for the TCR and the MHC molecules show
similar subcellular redistribution*>*>**, Events that follow include the
transcription of diagnostic sets of genes that are turned on, currently
measured using genome-wide arrays. For many microbes, the sets of
genes expressed under the artificial conditions of the Petri dish differ
profoundly from the expression pattern that occurs in the course of a
natural infection with that microorganism. T cells maintained in vitro,
regardless of the exact culture conditions, are also likely to provide
at best an approximation of the changes in gene expression that
occur when T cells are engaged in vivo. Ultimately, T cells acquire
functional traits unique to the activated state: the ability to sense the
appropriate set of chemotactic cues to reach a site of inflammation,
the ability to synthesize and release cytokines thatact on T cells them-
selves and on susceptible target cells within range, or in the case of
cytolytic T cells,alicence tokill. T cellsare not inert in the absence ofa
signal delivered by means of the TCR: naive cells perceive chemokine
signals and respond to them by leaving the circulation and taking up
residence in secondary lymphoid organs®”. Similarly, not every
engagement of the antigen receptor necessarily leads to activation of
effector functions: survival signals for T cells include the ligation of
TCRs by the MHC products expressed in the host***

Synapses

The concept of the immunological synapse has gained wide currency
and its existence is amply supported by observations in vitro.
Although there is no agreement on their function, supramolecular
clusters of diverse surface molecules, as found in the immunological
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synapse, must affect the signals transduced by the individual compo-
nents, even though active signalling molecules rapidly vanish from
the synapse® (Fig. 4). The functional distinctions between anergic
T cells and their normal counterparts also manifest themselves at
thelevel of synapse formation®”’. Inaddition, synapses formed by the
different types of T cell may depend on the target cell engaged®™”"”?,
andbecause of the involvement of non-identical sets of receptors, will
also differ between T cells and natural killer cells” ">, even when simi-
lar targets are involved. Whatever their role, whether or not such
synapses also form in vivo is an important question that has yet to be
answered. The architecture of the synapses formed by cells deficient
in LFA1 (lymphocyte-function-associated antigen 1) is not known,
but because LFA1-deficient mice show no defects in positive and
negative selection of developing T lymphocytes’, at least the signals
transduced in the course of T-cell development can be detected and
interpreted in an LFA1l-independent manner.

During the initial T-cell priming events, membrane proteins at
the cell surface of T cells form organized structures, and correspond-
ing counterstructures occur on the APC. Dendritic cells play an active
part in the formation of the synapse. Dendritic cells actively polarize
their actin cytoskeleton during interaction with a T cell. The
rearrangement of the cytoskeleton in dendritic cells is critical for
both clustering and T-cell activation””. When B cells are used as
APCs, no polarization of their cytoskeleton is seen when cognate
interaction with T cells occurs, and pharmacological inhibition of
rearrangement of the B-cell cytoskeleton hasno effect on B-cell/T-cell
conjugate formation or on T-cell activation’”’,

The TCR, MHC—peptide, and costimulation and signal transduc-
tion molecules are segregated in the central region of the synapse,
whereas molecules involved in adhesion localize to the periphery of
the synapse. The TCRs first engage MHC products predominantly
by TCR-MHC contacts. Subsequent stabilization of these interactions
involves a close apposition of the TCR’s CDR3 (complementarity
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determining region 3) regions with the peptide cargo of the MHC
product. In the course of synapse formation, class I MHC molecules
accumulate at the B-cell/T-cell interface in a manner that is depen-
dent on antigen and the expression of costimulatory molecules. The
latter may stimulate in T cells the surface display of molecules
involved in synapse formation. MHC—peptide complexes that would
not by themselves activate the T cell contribute to the formation of a
stable synapse and so indirectly support T-cell activation. So far, none
of the aspects of synapse formation has been recorded by intravital
microscopy, a gap in our knowledge that surely must be filled.

The complexity of interactions between T cells and APCs is com-
pounded by the organization of lymphoid tissue. Cells packed closely
together nonetheless manage to migrate at considerable speed, and
given the modest numbers of naive lymphocytes specific for any
given antigen, it would be remarkable that any successful interactions
occurred at all were it not for the precise positional cues conferred by
chemokines. Migration of activated T cells in tissues is determined
by the chemokine directional code®. Although the theoretical frame-
work for chemotaxis and alterations in the direction of migration of
motile cells have been well worked out and are supported by experi-
ments in vitro®"®, migratory behaviour may be different in a whole
animal®. The intraparenchymal migration of live T cells has yet to be
visualized in vivo. The extent to which homologous and heterologous
desensitization of the G-protein-coupled chemokine receptors con-
tribute to the navigation of T cells will also benefit from the emerging
techniques for intravital imaging.

Naive T cells generally reside in lymphoid tissues, whereas effector
and memory T cells migrate preferentially to tissues that are drained
by the secondary lymphoid organs where antigen was first encoun-
tered™. Dendritic cells from Peyer’s patches — a collection of lymph
tissues located in the mucus-secreting lining of the small intestine —
induce the expressionin T cells of integrin a4 7 and CCRY, the recep-
tor for gut-associated chemokine TECK/CCL25, to allow effector and
memory T cells to migrate to tissue that contains their cognate anti-
gen®. Analogous to chemokines, leukotrienes are secreted factors
that function as chemoattractants for leukocytes®™™. Leukotriene B4
isaligand for the high-affinity receptor BLT1 on myeloid leukocytes,
and is expressed by effector CD8 T cells, not by naive or central
memory T cells. The binding of leukotriene B4 to BLT1 on cytotoxic
T lymphocytes is now recognized as a non-chemokine pathway for
the migration of CD8 effector cells.

ERM proteins and cytoskeletal elements

The migration of T cells in lymph nodes and other tissues requires
not only chemotactic cues, but also the modulation of cell adhesion,
and the reorganization of components of the extracellular matrixand
cytoskeleton. Members of the widely expressed ezrin-radixin—
moesin (ERM) family of cytoskeletal proteins act as general cross-
linkers between the cortical actin filament network and the plasma
membrane®”®. Their involvement in T-cell activation is well under-
stood and operates mainly through their binding to the cytoplasmic
regions of integral membrane proteins such as CD43 in T lympho-
cytes””. Their involvementin APC morphologyand function during
T-cell ligation is almost unexplored.

In epithelial cells, the ligation of adhesion molecules initially
establishes cell polarity”', which is followed by the organization of the
cytoskeleton and sorting of proteins to basolateral and apical com-
partments””. Protein clustering at the cortical membranes occurs,
in part, through binding to submembrane scaffolding proteins,
which include ERM proteins. Genetic studies in Drosophila and
Caenorhabditis elegans show that ERM orthologues polarize to apical
and basolateral compartments and are fixed to the cytoskeleton,
where they perform structural and regulatory functions.

Patterns of expression of the three most conserved ERMs are sim-
ilar in a variety of cells and occur at projections such as microvilli,
ruffled membranes, uropods or growth cones. When polarized at
these sites, ERM proteins maintain an activated conformation that
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links cortical membrane proteins to cytoskeletal actin through
conserved amino- and carboxy-terminal ERM-association
domains (ERMADs)*. The N-ERMAD can bind directly to plasma
membrane proteins in the case of ICAM1 (intercellular adhesion
molecule 1), ICAM2, ICAM3, CD43 and CD44, or indirectly,
through adaptors, which provide docking sites for transmembrane
proteins (for example, the cystic fibrosis transmembrane conductance
regulator, the {,-adrenergic receptor and the sodium-hydrogen
exchanger NHE3)”.

The cognate interaction of T cells and APCs induces cytoskeletal
changes in T cells that appear to adapt the shape of the T-cell surface
to that of the APC. Such cytoskeletal changes occur through changes
in the phosphorylation status of ERM proteins, which disrupt the
anchoring of the cortical actin cytoskeleton from the plasma mem-
brane, and so decrease cellular rigidity to promote more efficient
T-cell-APC conjugate formation.

ERM proteins are not the only proteins that anchor surface pro-
teins to cytoskeletal elements. For example, in vertebrate cells an
extensive membrane-associated spectrin—ankyrin scaffold conjugates
membrane and cytosolic proteins to the actin and microtubule
cytoskeleton™. Transport mediated by spectrin—ankyrin is impor-
tant because it facilitates the movement of CD45 (and CD3) to the
lymphocyte surface. Proximity of CD45 to the TCR is necessary for
the activation of T cells, and defects in CD45 underlie human forms
of severe combined immunodeficiency’®”. Activation of T cells by
the display of class II MHC—peptide complexes by APCs induces
reorganization of the T-cell cytoskeleton, which results in the polar-
ization of the microtubule-organizing center (MTOC). Study of
MTOC reorientation in real time hasbeen donein Jurkat cell lines that
stably express GFP—tubulin (either proficient or deficient in adaptor
molecules involved in calcium mobilization, which is essential for
T-cell activation). Calcium-dependent events are required for MTOC
polarization towards superantigen-laden B cells, although the play-
ers involved in calcium-regulated MTOC polarization are not all
known as yet.

Interactions of dendritic cells and T cells in the lymph node
The use of intravital microscopy, sometimes combined with real-
time two-photon excitation of fluorophores, has been instrumental
in migration studies of T cells in vivo™. The priming of T-cell
responses requires conjugate formation between dentritic cells and
T cells; the timely dance between dendritic cells and CD4-positive
T cells in vivois nowa matter of record"’. During the first eight hours
after entry from the circulation, T cells and dendritic cells undergo
multiple short encounters, which in the presence of antigen last for
about six minutes on average (or four minutes in the absence of anti-
gen). Long-lasting, stable interactions of at least 30 minutes” dura-
tion occur during the subsequent 12 hours, during which production
of the cytokinesinterleukin-2 and interferon-y by T cellsis initiated ™.
After 24 hours, T cells again have short encounters with dendritic
cells, now accompanied by the onset of proliferation and rapid
migration. Earlier work on intact explanted lymph nodes indicated
that interactions between dendritic cells and T cells are mainly stable
in duration, lasting for hours”'®. Maintenance of lymphatic flow,
an intact circulatory system, and continued innervation of the tis-
sue examined account for the differences between the intravital and
exvivoexplantapproaches.

Technological advances have put immunologists in the enviable
position ofbeingable to correlate an enormous amount of functional
data obtained in vitrofor T cells, B cells and dendritic cells with in vivo
functions. Being able to manipulate the immune system genetically,
and to easily produce radiation chimaeras that involve genetically
manipulated haematopoietic precursors, provides opportunities not
available for any other organ system. Mice can be created in which
lymphocytes, or only some lymphocytes, are the sole cells thatharbour
amutation of interest, if necessary introduced as a conditional allele.
A thorough understanding of T-cell activation in vivo is indispens-

©2004 Nature Publishing Group




insight review articles

able for the development of better vaccines, for our understanding of
the regulatory circuits that break down when autoimmunity causes
disease, and for a better understanding of our interactions with the
microbial world around us. 0
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