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Abstract: Immune responses are initiated by the interac-
tions between antigen-presenting cells (APCs), such as
dendritic cells (DCs), with responder cells, such as T cells,
via a tight cellular contact interface called the immuno-
logical synapse. The immunological synapse is a highly
organized subcellular structure that provides a platform
for the presentation of antigen in major histocompatibility
class I and II complexes (MHC class I and II) on the surface
of the APC to receptors on the surface of the responder
cells. In T cells, these contacts lead to highly polarized
membrane trafficking that results in the local release of
lytic granules and in the delivery and recycling of T cell
receptors at the immunological synapse. Localized traf-
ficking also occurs at the APC side of the immunological
synapse, especially in DCs where antigen loaded in MHC
class I and II is presented and cytokines are released spe-
cifically at the synapse. Whereas the molecular mecha-
nisms underlying polarized membrane trafficking at the
T cell side of the immunological synapse are increasingly
well understood, these are still very unclear at the APC
side. In this review, we discuss the organization of the APC
side of the immunological synapse. We focus on the direc-
tional trafficking and release of membrane vesicles carry-
ing MHC molecules and cytokines at the immunological
synapses of DCs. We hypothesize that the specific delivery
of MHC and the release of cytokines at the immunological
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synapse mechanistically resemble that of lytic granule
release from T cells.
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cell; dendritic cell; immunological synapse; membrane
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Introduction

Immunology is the ecology of human physiology. Where
ecologists inventorise ecosystems, immunologists char-
acterize the biodiversity of the lymphocytes that populate
our body. Much like animals in a forest, immune cells
share a habitat and have symbiotic interactions with each
other and with the other cells in our body. Especially inter-
esting is how immune cells respond to disturbances that
change these interactions such as infections or cancer (1).
Whereas these communications can occur over long dis-
tances by means of cytokines and chemokines, in clear
analogy with the urine trails laid out by some animals
to attract or repel other animals, they can also occur via
direct cellular contact by means of immunological syn-
apses. Immunological synapses, a term derived from the
morphologically similar neuronal synapse, are tight cel-
lular contact interfaces between antigen presenting cells
(APCs) and effector cells [T cells or natural killer cells
(NKs)] (2, 3).

Immunological synapses are sites of polarized mem-
brane transport where cytokines are locally released and
membrane receptors are locally presented and recycled.
Whereas this process is now well studied in T cells and
NKs [reviewed in (4-7)], it is still less clear how local-
ized membrane trafficking is regulated in APCs (8). In
this review we provide an overview on the molecular
cascades that lead to polarized trafficking of cargo mol-
ecules to the immunological synapse, with an emphasis
on the trafficking events in dendritic cells (DCs). DCs are
professional antigen presenting cells that prime naive
CD4+ helper and CD8+ killer T cells by means of an
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immunological synapse (1, 9). We focus on the mecha-
nisms underlying polarized trafficking of antigen-loaded
major histocompatibility complex (MHC) as well as of
immunostimulatory cytokines from intracellular com-
partments to the immunological synapse, as this process
is of great importance for the initiation of antigen-specific
T cell responses.

Structure of the immunological
synapse

Not only DCs and T cells, but also other APCs, such as
B cells or infected cells, and other effector cells, such as
NKs, form immunological synapses for intercellular com-
munication as well as for the killing of (infected) target
cells (6, 10-12). There are thus many different types of
immunological synapses and these can be functionally
divided into two categories (13). The first category con-
sists of the so-called primary synapses, which are the
cell-cell contacts that result in initial activation of T cells
such as the synapses between DCs and T cells (8). In the
T cell, the signals conferred at such an immunological
synapse can ultimately lead to their activation and clonal
expansion, depending on the type and activation state of
the APC and on the efficiency of signal transduction (14,
15). The second category consists of the so-called second-
ary synapses that result from interactions established
after initial priming such as activated T cells delivering
stimulatory signals via, for example, CD40-CD40L inter-
actions to B cells (1). This category also encompasses
the synapses formed between NKs or cytotoxic T cells
with their target APC where lytic granules are released
to kill the APC (16). For both categories, the formation of
immunological synapses can trigger intracellular signal-
ing cascades in both the APC and the T cell that lead to
reorganization of the cytoskeleton and rerouting of mem-
brane trafficking.

Given the wide functional and structural variety of
the different immunological synapses, their supramo-
lecular organization is diverse and depends substan-
tially on the interacting cell types, cellular activation
states, as well as on antigen specificity involved (10,
11, 14, 17). Accordingly, an immunological synapse can
arrange in a well-structured ‘bulls eye’ monocentric
structure or can form more complex and heterogene-
ous polycentric arrangements. Furthermore, the time
duration of cellular engagement varies widely for differ-
ent synapses and can range from seconds up to several
hours (13, 18).
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The classical ‘bulls eye’ immunological
synapse

Our knowledge of the structure of the immunological
synapse was propelled by the functional reconstitution of
immunological synapses with planar model membranes
as surrogate APC [reviewed in ref. (6, 19, 20)]. With this
technique the adhesion molecule ICAM-1 and MHC are
functionally reconstituted in well-defined artificial bilay-
ers and this suffices for synapse formation upon contact
with T cells or NKs. Because the planar bilayer can be posi-
tioned directly on the surface of a microscope glass, this
technique allows visualization of the synapse with total
internal reflection fluorescence (TIRF) microscopy and
other high resolution microscopy techniques. Synapses
with APCs can also be visualized with high resolution
microscopy approaches, for instance by reorienting these
synapses with a micromanipulator parallel to the focal
plane of the microscope (21). These and other techniques
showed well-defined spatially segregated molecule clus-
ters at the immunological synapse, and it is now well
established that the immunological synapse can organ-
ize in a ‘bulls eye’ arrangement called the monocentric
synapse (19, 22).

The monocentric synapse contains a distinct central
region which is called the central supramolecular activa-
tion cluster (cSMAC) (22). The cSMAC was initially thought
to be the location of T cell signaling due to the presence
of the T cell receptor (TCR) at the cSMAC. However, this
is no longer believed and the ¢cSMAC is now considered
to be a site of signal termination and receptor recycling
(23, 24). This conjecture is supported by the finding that
dissociation of signaling molecules, such as Lck, ZAP-70
and the adapter LAT, from the TCR microclusters occurs at
the cSMAC (25). The peripheral SMAC (pSMAC) surrounds
the cSMAC and contains adhesion molecules, such as the
B2-integrin LFA-1 and ICAM-1, on the T cell and APC (19,
22, 26). These adhesion molecules provide a mechanical
scaffold for the immunological synapse and connect the
plasma membranes and cytoskeletons of the APC and T
cell together (27). The pSMAC is in turn surrounded by a
more distally located SMAC (dSMAC) containing immune-
inhibitory receptors such as CD43 and CD45 (28, 29). The
dSMAC also contains microdomains of T cell receptors
which (in contrast to cSMAC) are associated with signal-
ing molecules, such as Lck, ZAP-70 and LAT, indicating
that receptor signaling primarily occurs in dSMAC (25, 30).
In the case of cytotoxic T cells and NK cells, the cSMAC
of the monocentric synapse contains a distinct and sep-
arated secretory region where release of lytic granules
occurs (4, 31).
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The molecular cascades that lead to formation of
the immunological synapse are well established and
elaborately reviewed elsewhere (6, 10-12, 32). Impor-
tantly, synapse formation results in the reorientation of
the microtubule organizing center (MTOC) towards the
immunological synapse. This reorientation facilitates
polarized membrane trafficking over microtubules to the
synapse (33). The actin cytoskeleton also plays an impor-
tant role in synapse formation, and retrograde actin trans-
port drives the centripetal motion of many molecules to
cSMAC, including that of the T cell receptor [reviewed
in (7)]. However, not all molecules present at the immu-
nological synapse move in a centripetal fashion, as the
immune-inhibitory protein CD45 moves away from cSMAC
within several minutes after synapse formation, which
is proposed to promote T cell activation (29). The cSMAC
is largely devoid of actin, although a residual cortical
actin network may still be present. This actin poor region
facilitates the release and recycling of trafficking vesicles
(34, 35).

The non-classical multicentric synapse
between DCs and T cells

As described above, the structure of immunological syn-
apses strongly depends on the cell types involved, the pres-
ence and strength of antigen recognition, and additional
co-stimulatory interactions (10, 11, 17). Especially for the
immunological synapse between DCs and T cells, there is
mounting evidence that the structure is aberrant from the
classical monocentric synapse that is observed with other
APCs (8). During the past decade, T cell priming by DCs
has been studied by multiphoton imaging in explanted
lymph nodes and by intravital imaging in live mice (17, 18,
36-40) [reviewed in ref. (41, 42)]. In the absence of cognate
antigen, migrating T cells only interact briefly with DCs in
lymph nodes (<3 min contact) (37). During this phase, DCs
scan thousands of T cells per hour by extending agile den-
drites that transiently contact the motile T cells (43), and
this type of synapse is often referred to as the ‘immuno-
logical kinapse’. Using mouse DCs and a T cell line in vitro,
it was found that the T cells migrating over the DC surface
have different zones: an actin-rich leading zone driving
migration, a mid-zone mediating TCR-induced signaling,
and a rear uropod mediating MHC-independent signals
(44). Upon detection of cognate antigen the contact dura-
tion between the DCs and T cells is prolonged but still in
the order of minutes (~11-12 min) (18, 37). Provided the
antigen dose is sufficiently high, this first phase of T cell
priming is followed by a second phase, marked by the
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formation of relatively stable clusters of DCs contacting
multiple T cells simultaneously (18, 37, 38). This second
phase is observed within 3 h after phase 1 (18, 37), although
the precise onset depends on the antigen dose and the
number of DCs presenting the cognate antigen (40). The
DC/T cell clusters during this phase are very stable and
can even be isolated from the lymph nodes (45). Although
experimentally difficult to estimate (e.g. due to spatial
drift of the microscope, photodamage, or migration of the
cells away from the field of view), the second phase has an
estimated duration of 3-5 h (46) and is followed by a third
phase where T cells regain their motility and proliferate
(18). Thus, it is now firmly established that T cell priming
occurs in three distinct phases where the immunological
synapse between DCs and T cells changes consecutively
from (i) transient intermittent contacts through (ii) stable
clusters to (iii) proliferation of the T cells.

Prolonged DC/T cell contacts are not required for T cell
activation, and T cells can already get activated during the
first phase of highly transient DC/T cell contacts (18, 40).
The second phase of DC/T cell contacts coincides with IL-2
secretion from the T cells (37) and may facilitate develop-
ment of effector cells and long-lived memory T cells (39,
40). The third phase is required for the development of T
follicular helper cells (47). This corresponds with in vitro
studies showing that activation of helper T cells by DCs
does not require formation of a stable synapse, but short
and sequential cellular interactions are sufficient for T cell
activation (10, 13, 48). These interactions are too transient
for complete formation of a well-defined monocentric
synapse and the sizes of the cellular interfaces may also
be too small to accommodate assembly of c- and p-SMACs
(several um) (37). In addition, DCs can actively prevent
formation of a cSMAC by providing mechanical counter
forces that keep the immunological synapse in a state
where TCRs are not or only partially clustered and their
distribution across the synapse is more scattered (10).
Here, a multifocal or multicentric immunological synapse
can be established where the T cell receptors interact with
MHC molecules in multiple dispersed clusters at the inter-
action zone (49). In this case, the actin cytoskeleton of the
DCs is polarized towards the immunological synapse in an
antigen-specific manner, and this polarization is required
for complete T cell activation (50, 51). Actin can also polar-
ize in DCs upon synapse formation with NKs (52, 53).

A monocentric immunological synapse is not only
unnecessary for activation of T cells, but its absence can
even promote survival of the DC as cytolytic granules are
not released from cytotoxic T cells and NKs (8, 11, 53). The
actin cytoskeleton in DCs regulates the lateral mobility of
ICAM-1 (but not of MHC class II) and this in turn opposes
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forces of LFA-1 on the T cell surface which could inhibit
cytolytic granule release (54). Indeed, it was shown that
when cSMAC formation was delayed by a reduced lateral
mobility of antibodies against CD3 incorporated in bilay-
ers (as surrogate APC), this resulted in less signaling
within the T cell (55). DCs not only counteract the centrip-
etal forces conferred by the T cell cytoskeleton, but also
receive signals themselves from T cells at the immunologi-
cal synapse. Engagement of CD40L on the T cell with CD40
on the DC provides a pro-survival signal that protects the
DC from undergoing apoptosis via the Aktl pathway (8,
56). Moreover, the accumulation of tyrosine-phosphoryl-
ated proteins and of the lipid phosphatidylinositol 4,5-bis-
phosphate [PI(4,5)P,] at the DC side of the immunological
synapse indicates that active signaling occurs within the
DC (56, 57). PI(4,5)P, has many functions in cellular sign-
aling, cytoskeletal attachment and membrane traffick-
ing (58), and its accumulation correlates with increased
DC survival (57). In mouse, formation and stabilization
of the immunological synapse as well as functional T cell
priming depends on the small GTPases Racl and Rac2
(36), the Wiskott-Aldrich syndrome protein WASp (59, 60),
and the mammalian diaphanous-related formins mDia
(61). All these proteins have well established roles in actin
polymerization, which further supports the role of the
actin cytoskeleton in synapse formation. Similar to T cells
(19, 22, 26), the activation of LFA-1 on the DCs stabilizes the
immunological synapse and promotes T cell priming (62).

Nevertheless, it is still controversial whether DCs
prevent the formation of a monocentric synapse, and
some reports show that DCs and T cells form a mono-
centric synapse containing MHC molecules and Notch-
ligands in the cSMAC at the DC side (63). This controversy
likely relates to the precise type of immunological synapse
formed. Antigen recognition from fully activated DCs by
a primary naive T cell likely results in a different type
of synapse than observed with commonly used model
systems that rely on immortalized cell lines, exogenously
added antigenic peptides, allogenic interactions (T cells
and DCs from two different donors) or superantigens
(Figure 1). The activation state of the DC is also very impor-
tant for both the structure and duration of the immuno-
logical synapse (14). The type of T cell matters as well, as
we observed differences in synapse formation between
DCs with a Jurkat T cell line compared to primary CD8* T
lymphocytes. Both these T cells formed antigen specific
synapses with DCs, as both were transfected with a recom-
binant TCR recognizing tumor antigen gpl00 residues
280-288 (64). The Jurkat cells first spread on the surface
of the DC followed by cellular contraction and remained
stably attached (>1 h; Figure 1A), which is reminiscent of
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the formation of a monocentric synapse (19). Similar mor-
phological steps of spreading followed by contraction of
the T cells are frequently observed and well understood
at the molecular level [reviewed in (32)]. In contrast, the
behavior was completely different with primary T lym-
phocytes. There the DCs actively moved around the T cell
indicating large structural rearrangements within the DCs
(Figure 1B). This is in line with the finding that DCs can
rearrange their actin cytoskeleton toward T cells in case of
antigen recognition (51), but also shows that the type of T
cell is a critical factor for eliciting such a rearrangement.
Interestingly, immunological synapses can have a
three-dimensional structure. T cells can form pseudopo-
dia that penetrate but do not disrupt the APC, a mecha-
nism that was suggested to extend the contact area to
facilitate screening for antigen in MHC molecules (12,
65). In this respect, it was noted that the T cell side of the
immunological synapse morphologically and function-
ally resembles cilia formation [reviewed in ref. (4, 66)].
Similarly, DCs can form extensions called microvilli at the
immunological synapse which contain a high density of
co-stimulatory molecules and peptide loaded MHC com-
plexes and this may also facilitate T cell activation (67).

Local membrane trafficking at the
immunological synapse

Polarized trafficking at the T cell side of the
immunological synapse

Membrane trafficking plays an important role in T cell
effector functions, because it leads to surface display
of TCRs and other membrane proteins, recycling of
exhausted receptors, as well as to release of cytokines
and chemokines at the immunological synapse. Most
studies that deal with the immunological synapse looked
at signaling and trafficking of molecules within the T cell.
The best understood form of exocytosis at the immuno-
logical synapse is the release of cytolytic granules from
CD8" T-cells and NKs. However, other types of cargo also
undergo polarized membrane trafficking at the T cell side
of the immunological synapse. For example, cytokines
(e.g. IFNy) and membrane receptors (TCR, ICAM-1) are
delivered and/or recycled at the synapse (4, 6, 12, 26, 66,
68, 69). The polarized delivery of these molecules to the
immunological synapse allows a more sensitive antigen
presentation and/or promotes T cell effector functions,
while preventing unwanted activation of other (immune)
cells nearby. Membrane trafficking is well studied for the
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Figure 1: Structural differences in DC immunological synapses with Jurkat or primary T cells.

(A) An antigen specific synapse between a Jurkat T cell (red) and a DC differentiated from peripheral blood mononuclear cells (green). Jurkat
T cells were heterologously expressing a TCR recognizing a tumor antigenic peptide (gp100 residues 280-288) (64). DCs were expressing
the actin binding protein LifeAct fused to GFP (green), as described (108), and were loaded with an excess of antigenic gp100 peptide. The
Jurkat T cells were labeled with a far-red fluorescent membrane marker (red). The bright F-actin rich structures in the DC are podosomes
(marked with a yellow arrowhead for t=5 min) (108). The upper row shows z-projections of confocal stacks recorded at the indicated time
points after T cell addition. The lower row shows the schematic outline of the cells. Note that the Jurkat T cell first spreads out covering a
large area of the DC surface and this is followed by cellular contraction. (B) Same as panel A, but now with primary CD8* T cells transfected
with the same TCR recognizing tumor antigen from gp100 (64). Primary T cells are much smaller (~5-10 um diameter) than Jurkat T cells
(20-50 um diameter). Note that with primary T cells, the DCs (but not the T cells) show large structural deformations and cover large areas

of the surface of the T cells. Scale bar: 20 um.

classical ‘bulls eye’ immunological synapse, where the
TCR reaches the plasma membrane at the dSMAC and gets
internalized for degradation and recycling at the cSMAC
(23-25, 30). At the secretory synapse of CD8" T-cells
and NKs, cytolytic granules are released at the cSMAC
[reviewed in (4, 10, 32, 70)]. Thus, endocytosis and exocy-
tosis in T cells can be spatially restrained to discrete areas
of the immunological synapse.

The mechanism of release of cytotoxic granules at the
immunological synapse from CD8" killer T cells and NKs

towards the target cell is now well understood. Secretory
vesicles are transported via the microtubular network by
motor proteins towards the cSMAC of the cell membrane
(33). This is followed by fusion of the vesicles with the
plasma membrane, a process which is remarkably similar
to neurotransmitter release from neurons and neuroen-
docrine cells [reviewed in ref. (5)]. Indeed, several studies
have identified proteins participating in lytic granule
release with functional and structural homology to those
involved in neurotransmitter release. Examples include
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the C2-type calcium sensor synaptotagmin-7 (71), which
is a close homolog of the main calcium-trigger for neuro-
transmitter release synaptotagmin-1(72), and the docking/
tethering proteins Muncl8-2, Munc13-1 and Munc13-4
(73-76), which are homologous or identical to the teth-
ering/docking factors of synaptic vesicles Munc18-1 and
Munc13-1 (72). The similarity of lytic granule release with
neurotransmitter release is even more apparent from the
recent finding that the final membrane fusion step of lytic
granule release is catalyzed by the SNARE protein VAMP2
(77). This is remarkable, because VAMP2, also called
synaptobrevin-2, is very well known as the R-SNARE for
neurotransmitter release (72). The role of VAMP2 in lytic
granule release was previously missed because of the
embryonically lethal phenotype of the VAMP2 knockout
mouse (due to neurological defects) and because of the
very low and transient expression of VAMP2 in cytotoxic
T cells. This finding answers the long standing question of
which R-SNARE catalyzes lytic granule release (5, 77, 78).
It is also known how the TCR reaches the dSMAC of
the immunological synapse. The TCR traffics via recy-
cling endosomal compartments that polarize towards
the immunological synapse (66, 68). Membrane fusion is
catalyzed by the SNARE proteins SNAP-23 and syntaxin-4
which cluster in the plasma membrane and likely interact
with the SNARE protein VAMP3 in the TCR-containing traf-
ficking vesicle (68, 79). Similar to VAMP2 described above,
these SNAREs also have well-known roles outside the
immune system. Syntaxin-4 and SNAP-23 catalyze con-
stitutive exocytosis in many different cell types, but also
catalyze forms of evoked release such as insulin secretion
by B-cells and surface display of GLUT4 by adipocytes
(80). Moreover, release of vesicular compartments con-
taining the TCR subunit { and the adapter protein LAT at
the immunological synapse depends on synaptotagmin-7
(69), which also plays a role in the delivery of lytic gran-
ules at the synapse (71). Thus, immunological synapses
not only resemble neurological synapses morphologically
(3), but also contain a similar or even identical protein
machinery. Additionally, the formation of immunological
synapses (and of neurological synapses) structurally and
morphologically resembles ciliogenesis (4, 66), with the
small GTPase Rab8 being involved in both processes (79).

Polarized trafficking at the DC side of the
immunological synapse

Although much less studied than the T cell side of the
immunological synapse, polarized membrane trafficking
occurs at the APC side as well. In DCs, MHC class I and II
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(81-84) and the costimulatory molecule CD40 (85) can be
locally trafficked to and presented at the immunological
synapse. The local release of these molecules improves
the efficiency of T cell activation and helps to explain how
T-cells can detect as few as a handful [or even a single
(86)] of MHC ligands among an abundance of endogenous
peptide-bound MHC [reviewed in ref. (12)]. In addition,
IL-12 is also locally released by the DC at the immunologi-
cal synapse with T cells (87). IL-12 promotes a T helper 1
response, enhances the cytolytic activity of CD8" T cells
and induces production of IFN-y by T-cells. The polarized
release of IL-12 was also observed at the immunological
synapse between DCs and NKs (52, 53).

The intracellular sorting and trafficking of MHC class
II in DCs is well understood [reviewed in (88-90)]. After
assembly in the ER and Golgi, MHC class II bound to the
inactivating Li fragment traffics to the plasma membrane.
It then reaches the antigen processing compartment by
endocytosis. In this compartment, which is of endosomal/
lysosomal nature and is called MIIC (MHC class II-con-
taining compartment), MHC class II is activated by proteo-
lytic degradation of the Li fragment and exchange with an
antigenic peptide. In immature (i.e. inactivated) DCs from
mice, a large fraction of MHC class II remains in MIIC.
Upon DC maturation by cytokines and/or recognition of
pathogens, tubular vesicles extend from MIIC towards the
plasma membrane (83, 91-93). Vesicles bud off from these
tubules for membrane fusion with the plasma membrane
(91). Pathogen recognition by Toll-like receptors, such
as TLR4, promotes tubulation and this process may (83)
or may not (94) depend on the adapter protein MyD88.
TLR-stimulated tubulation further requires the small
GTPases Rab7 and Arl8b, as well as the effector proteins
RILP, FYCO1 and SKIP, at least in macrophages (95). TLR
induced tubulation of late endosomal compartments can
also be observed in human DCs derived from blood mono-
cytes (i.e. a commonly used DC model system) (84), but
here a large fraction of peptide loaded MHC class I resides
on the plasma membrane already in the immature state
(Figure 2). Upon formation of an antigen-specific immu-
nological synapse, the MIIC tubules can orientate selec-
tively towards the immunological synapse in mouse DCs
(81-83). This polarized MIIC tubulation is dependent on
the clustering of signaling proteins, such as TCR and CD4,
on the T cell surface and MHC class II on the DC surface,
but also on the engagement of adhesion molecules such
as LFA-1 with ICAMs (82).

Similar to the T cell side of the immunological synapse,
the cytoskeleton plays a major role in the polarized traf-
ficking of molecules to the DC side. Upon formation of an
immunological synapse, the MTOC in DCs can reorient
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Figure 2: Surface display of peptide loaded MHC class Il by both
immature and mature human monocyte-derived DCs.

Histogram with FACS data of MHC class Il surface staining of DCs
differentiated from peripheral blood mononuclear cells (with PE
labeled antibody L243). Blue curve: inactivated DCs (immature).
Orange curve: DCs stimulated overnight with 1 ug ml* of the TLR4
ligand LPS (mature DCs). Gray curve: isotype control (PE labeled
mouse 1gG2a). L243 does not bind to MHC class Il with the invariant
Li chain associated (109).

towards the T cell and this remodeling is mediated by
the GTPase Cdc42 (87). MIIC tubules and other compart-
ments of endosomal nature move over microtubules (84,
93, 94, 96), although MHC class II recruitment via actin
has also been reported (97). The transport of 1L-12, CD86
and ICAM-1 also depends on the microtubular cytoskele-
ton (26, 87, 98). As described above, the actin cytoskeleton
of DCs rearranges upon antigen recognition in MHC class
IT and this is required for formation of a T cell activating
synapse (50, 51). This actin reorganization is induced by
LFA-1 interactions with ICAMs, which also induces MHC
class II redistribution to the immunological synapse (27).

Recycling endosomes carrying MHC class I in human
DCs were also shown to tubulate and to extend towards
CD8* T cells upon formation of an antigen specific synapse
and this was dependent on ICAM-1 engagement with LFA-1
(84). As mentioned above, co-stimulatory molecules, such
as CD40 (85) and IL-12 (87), can also be recruited to the
immunological synapse between DCs and T cells. Some
co-stimulatory molecules may share their intracellular
trafficking pathway with MHC, such as ICAM-1 and CD70,
that may traffic via tubular MIIC to the plasma membrane
(26, 96, 99). Other molecules do not traffic via MIIC to the
plasma membrane such as the co-stimulatory receptor
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CD86 (98). It remains an interesting possibility that IL-12
shares the same transport route with MHC class II and
traffics to the immunological synapse in MIIC. How MHC
class I and II, IL-12, CD40 and other stimulatory factors
and adhesion molecules are finally released in a polarized
fashion at the immunological synapse is still unknown.
At the plasma membrane, peptide loaded MHC class II
complexes are clustered in cholesterol dependent mem-
brane domains, often referred to as lipid rafts (100-102).
Clustering of MHC class II promotes screening for antigen
peptides by TCR and thereby facilitates antigen presenta-
tion (100, 103-105). These membrane domains are already
formed prior to the arrival of MHC class II at the immuno-
logical synapse (103, 105). MHC class II containing mem-
brane domains are enriched in tetraspanins (CD63, CD82)
that also traffic via tubular membrane structures (94, 104).

Expert opinion and outlook

In this review we discussed polarized trafficking of
cargo molecules to both the T cell (e.g. TCR, lytic gran-
ules) and DC (MHC class I and II, IL-12, CD40) sides of
the immunological synapse (Figure 3). The T cell side of
the immunological synapse is extensively studied and
the mechanisms that underlie polarized trafficking are
increasingly well understood. In contrast, how polarized
trafficking to the DC side of the immunological synapse
is achieved is still almost completely unknown. Studying
polarized trafficking to the immunological synapse in DCs
is technically challenging, because of the clear depend-
ency on the precise types and activation states of the DC
as well as of the T cell. Priming of naive T cells by DCs
requires a multitude of factors and, as we discussed, dif-
ferent cells or activation states can lead to a completely
different structure of the synapse. This makes it impera-
tive to work with primary cells, which are, however, very
heterogeneous and difficult to study with conventional
low-throughput microscopy based techniques. New high-
throughput based techniques are clearly required to cope
with this challenge such as the recently developed flow
cytometry based technique that allows fast imaging of
large numbers of immunological synapses (106).

As we discussed above, polarized release at the T cell
side of the immunological synapse mechanistically resem-
bles other forms of evoked release such as neurotransmit-
ter release. Indeed, it is increasingly clear that all forms of
evoked release in mammalian cells have a common evolu-
tionary origin and consequently share many mechanistic
similarities. It therefore seems reasonable to hypothesize
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Figure 3: Scheme of membrane trafficking to the DC and T cell sides
of the immunological synapse.

At the T cell side, lytic granules containing granzyme and perforin,
but also vesicles containing cargo, such as TCR and IFNY, traffic to
the synapse in a highly polarized fashion. Similarly, vesicles and/
or tubulovesicular structures carrying molecular cargo, such as MHC
class I and I, CD40 and IL-12, specifically traffic to the DC side of
the immunological synapse as well. We hypothesize IL-12 traffics in
MIIC, but this is still unknown; see text for details.

that polarized release at the DC side of the immunological
synapse will also share many structural and mechanistic
similarities to polarized release at the T cell side. In this
respect, it would be interesting to more systematically
study the role in DCs of signaling molecules and metabo-
lites with well-known roles at the T cell side of the immu-
nological synapse, such as the small GTPases RhoA, Rac
and Rapl, kinases such as PKC, and metabolites such as
cAMP and calcium which can all be measured with FRET
probes (107). As we discussed above, our understanding of
release at the T cell side was propelled by the development
of supported bilayers as surrogate APC. This system, with
the artificial bilayers carrying MHC (or antibodies against
TCR) and the adhesion molecule ICAM-1, allowed not only
to study synapse formation in well-defined conditions,
but also to address the structure of the synapse with high
resolution microscopy and without interference from the
APC. For these same reasons, reversing this model, thus
reconstituting TCR and LFA-1 in planar model membranes
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for synapse formation with DCs, would be a very powerful
tool for elucidating the mechanisms of polarized traffick-
ing to the immunological synapse in DCs.

It bears no question that a better understanding of the
mechanism of polarized trafficking to the immunological
synapse in DCs is not only of fundamental importance for
the field of immunology, but also has large therapeutic
potential. A functional immunological synapse between
DCs and naive T cells is essential to mount functional T
cell responses, and is thereby vital for the induction of
an adaptive immune response and for homeostasis of
self-tolerance. Any mechanistic insight in this process
will therefore uncover important potential targets for the
development of new immunostimulatory or immunosup-
pressive drugs to combat a wide variety of diseases such
as infection, cancer and auto-immune diseases.
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