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Abstract The cell-biology of intercellular communication between T cells and
their partners has been greatly advanced over the past 10 years. The key morpho-
logical and motility features of cell contact-based communication between T cells
and APCs can now be seen as a collection of patterns for cell—cell interactions
amongst immune cells more generally, each serving to contribute to the outcome of
the contact both locally and globally. Here we review the conservation of these
patterns, amongst which is the emergent “immunological synapse,” and describe a
newly defined example, formed between the adjacent activating T cells. We
subsequently seek to put these and the pattern more generally into the framework
of system-wide behavior of the immune system. We postulate that the patterns are
fine-tuned to provide quorum-like decisions by collections of activating and acti-
vated cells that interact over time and space.

1 Introduction

The immune system can be conceived as bearing similarities to a community of
human beings inhabiting a city or country; immune cells are of varied origin and
abilities (T cells, B cells, natural killer (NK) cells, macrophages, dendritic cells
(DCs), etc.), inhabit varied physical spaces in tissues (interdigitating or surveilling
various organs, peripheral tissues, and secondary and tertiary lymphoid structures),
travel over both short and long distances, interact with one another, and, of course,
introduce changes in their environment. The behavior of immune cells, like that of
individuals, is partially determined by the features of their physical environment.
However, at a deeper level, their behavior is also constrained by their limited means
of communication and interaction.

In describing the optimum size for a city — based on maintaining a social
cohesion — Aristotle concluded that an entire city should be of a sufficiently small
size so that all citizens would be able to hear a single herald in peace or a single general
in war [Politics VIII]. Such a stipulation has likely been obviated by dramatic changes
in the mechanisms for interaction and communication between individuals
(e.g., “broadcast” media such as the newspaper, telephone, internet, etc.). Are there
equivalent issues of scale for communication in the immune response?

There are indeed clearly equivalent “broadcast” media such as large releases of
soluble cytokines that subsequently permeate organs and organisms and influence
multiple cell types. Although there are beneficial “bread crumb”-like trails of chemo-
kines which apparently line epithelial layers and address activated cells to particular
tissues, are there global soluble signals to communicate for a system requiring careful
recruitment of only specific cells? On the whole, the so-called large “cytokine storms,”
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particularly those of pro-inflammatory mediators such as yIFN, are more highly
associated with pathogenic states such as “shock” rather than effective and specific
surveillance (Rittirsch et al. 2008). As part of the mandate of the immune system to be
specific and only destroy invading organism, it is apparently quite necessary to
explicitly address messages, even those of “soluble” mediators so that only certain
cells are activated. The “immunological synapse,” a recurring pattern of cell—cell
junctions for immune-cells represents a portion of the solution for the need for explicit
communication. However, as an isolated concept, it does not encompass the total
solution for the need for broad communication over a distance.

It is possible to define collections of “solutions” for optimizing human interac-
tions and communication over space. Indeed, such “patterns” are suggested to exist
on scales from entire urban design down to considerations of the size of rooms in a
house and to be applicable like a “stamp” to treat recurring needs (Alexander et al.
1977). Notably for the analogy to biological systems that arise from defined
behaviors of individual players, it is also theorized that design solutions at small
scales (quality design of social spaces) are part and parcel of the greater functioning
of larger-scales (e.g., entire cities) (Whyte 1988). In a similar manner, the features
or patterns that define cell—cell interactions represent the fundamentals toward
defining the properties of the immune system as a whole.

In this review, we will address what has emerged as “synapse-based patterns” for
cell—cell interactions. We will argue that the “immunological synapse” (IS) as
currently described is amongst a collection of a relatively small number of small-
scale patterns of motility, morphology, and membrane organization that provide
critical features that can permit efficient larger-scale goals to be accomplished:
namely self/nonself discrimination, rapid but flexible responses, and group decision
making based on the regulated formation of these contacts. We will use an analo-
gous “Pattern” framework as a way to define how the properties of cell—cell
contacts provide the adequate specificity, flexibility, and group decision making
properties to specific cell types. In particular, we will expand from the T cell—-
antigen-presenting cell (APC) synapse the synaptic structure that initiated the
current intensive study of cell—cell contacts in the immune system, and describe a
recently appreciated T-T synaptic contact and the potential quorum sensing that
might be facilitated by the application of synapse “patterns” to activating T cells.

2 The Emergent Prototypical Immunological
Synapse Dynamics

The contact surface at which T cells recognize and activate in response to peptide
fragments in the groove of major histocompatibility complex (MHC) molecules was
first proposed to be similar to a neurological synapse by Norcross in 1984 (Norcross
1984). The concept was revived in the late 1990s as a result of the observation of
ring-like distributions of integrin lymphocyte function-associated antigen-1 (LFA-1)
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and their ligands (peripheral-supramolecular activating complexes; pPSMACs (Monks
et al. 1998)) that surrounded centralized T-cell receptor (TCR)-MHC complexes
(central supramolecular activating clusters; cSMACs (Monks et al. 1998)) at T-APC
contact sites. Concurrent observations of CD2 clusters (Dustin et al. 1998) and
cytoskeletal movement into the contact region (Wulfing and Davis 1998) further
solidified the comparison. However, the term gained wide acceptance when used to
assess the distributions of TCRs and integrins in simplified model lipid bilayers
(Dustin and Colman 2002; Grakoui et al. 1999). It was subsequently argued that
these distributions at an adhesive contact were definitively “synaptic” (as opposed to
focal adhesions, desmosomes etc.) on the basis of being an adhesive contact with a
synaptic space, and characterized by polarized secretion and signaling (Dustin and
Colman 2002; Grakoui et al. 1999). With this rapid progress, there emerged a
frequent but incorrect interchange of terminology “Synapse,” which might best
define the cell-cell contact and “cSMAC/pSMAC,” which defined a frequently
observed organization and differential exclusion of molecules that could be observed
within some of those contacts.

When synapse assembly was analyzed in real-time, concurrent with calcium
influx downstream of TCR triggering, it became apparent that cell-cell contact was
associated with much earlier and smaller TCR-MHC clusters (Krummel et al.
2000), which only later coalesce to the cSMAC/pSMAC structure. Subsequently,
receptor-proximal signaling has been demonstrated to be most active in these and
even smaller initial “microclusters” but mostly extinguished in the centralized
c¢SMAC structure (Varma et al. 2006; Lee et al. 2002; Mossman et al. 2005),
although some recent data suggests that TCRs in the cSMAC may still support
signaling in particular circumstances (Cemerski et al. 2008). Recent use of photo-
activation of pMHC ligands for the TCR make it clear that early clusters signal
within seconds of ligand engagement (Huse et al. 2007) whereas the formation of
the cSMAC/pSMAC architecture may take minutes (Krummel et al. 2000; DeMond
et al. 2006). A now-modified understanding of a dynamically rearranging synapse
includes active remodeling of the membrane domains giving rise to a dispersed
cluster- dominated “immature” and subsequent cSMAC-bearing “mature” form
(Krummel et al. 2000; Mossman et al. 2005; Campi et al. 2005).

The characterization of immunological synapse dynamics has also been enriched
by other parallel developments. First, it has been revealed that cell-cell communi-
cation and TCR stimulation at T-APC contacts is frequently associated with short-
lived cell-cell contacts rather than prolonged ones. These have not yet proved
tractable to study at the molecular level but were first described for T cells
interacting with peptide loaded dendritic cells in collagen matrices (Gunzer et al.
2000) where stable interactions are rarely observed but which nevertheless pro-
duced T-cell activation. The functionality of short-lived cell—cell interactions is
also suggested by the correlation between expression of early-activation antigens
following transient contacts in vivo (Mempel et al. 2004) and by the ability of cells
to be activated when only given repeatedly interrupted stimuli (Faroudi et al. 2003).
While the outcome of these transient interactions may not be complete activation
and memory formation (Scholer et al. 2008; Hurez et al. 2003), there is emerging
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evidence that such interactions provide ample opportunity for specific and polarized
cell—cell signaling. In particular, the functional act of cytotoxic T lymphocyte
(CTL) killing at T cell-target interactions is achieved with only short-contacts
and does not require the formation of a centralized TCR accumulation (Wiedemann
et al. 2006; Purbhoo et al. 2004). It is thus important to see the stable IS model,
typically including the coalescence of a cSMAC (Grakoui et al. 1999; Krummel
et al. 2000; Varma et al. 2006; Mossman et al. 2005; Campi et al. 2005; Dustin et al.
2006), as one example of signaling and direct cell-cell communication, taken from
a broader selection of patterns.

A further enrichment of the cSMAC/pSMAC model of cell—cell signaling at the
IS is derived from analyses of the contact face morphology and subsequent consid-
eration of the dynamics of membrane apposition for communication at this junc-
tion. In glass-supported lipid bilayers where the apposed system has a flattened
topology and cannot deform, membrane-membrane interfaces form a very flat and
contiguous contact face with the glass-supported surface (Grakoui et al. 1999;
Dustin et al. 2006). In completely juxtaposed settings, aggregation of signaling
molecules could only occur by movement along the membrane; such movement is
indeed observed and typically involves centripetal flow mediated by actin (Varma
et al. 2006; Yokosuka et al. 2005). However, the first live-cell imaging of cell—cell
based TCR-signaling clusters noted that the process was highly dynamic with
clusters forming, dissociating and reforming (Krummel et al. 2000) rather than
smoothly moving only inward. Similar non-radial movement was recently observed
for larger clusters within an NK-APC synapse, when the synapse was observed
specifically “en face” (Oddos et al. 2008). Is this process the same?

An immunological synapse between immune cells and their ligand-bearing
partners appears to contain multiple distinct regions of close membrane—membrane
apposition which may dynamically remodel in addition to permitting TCR and
integrin movements within that juxtaposed membrane space. In support of this,
transmission electron microscopy (TEM) analysis of the physiologically relevant
contacts suggests that a contiguous flat contact interface is not, in fact, representa-
tive of the physiological case for T-DC interactions (Brossard et al. 2005), CTL-
target contacts (Stinchcombe et al. 2001), NK-APC (McCann et al. 2003) and
typically even in T-B interactions (Krummel MF, unpublished).Within such con-
tacts, the membranes only touch sporadically, with the non-attached regions sepa-
rated by distances upwards of 50 nm and for stretches of upwards of 1 pm (Brossard
et al. 2005; Stinchcombe et al. 2001; McCann et al. 2003). In synpases formed by
CTLs and their targets, lytic granules are aligned with these clefts (Stinchcombe
et al. 2001). Thus, the physiologically relevant contacts involve significant synaptic
clefts formed between regions of closely apposed membrane (see cartoon in Fig. 3),
a result that is even more consistent with analogous synapses in neurons than
perhaps was appreciated in early studies. Indeed, the functional significance of
the synaptic nature of the contact, namely the formation of synaptic spaces for
secretion also appears to be supported by the partitioning of secretory domains
(Stinchcombe et al. 2001) and vesicles containing IL-2 and yIFN (Huse et al. 2006;
Reichert et al. 2001; Kupfer et al. 1994; Kupfer et al. 1991) as well as receptors for
these cytokines (Maldonado et al. 2004) at the IS.
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3 Functional Patterns of Cell-Cell Communication

It was then prescient for others (Dustin and Colman 2002) to have previously
defined “features” of synaptic contacts when relating them to neuronal synapse;
including “discreteness,” “adhesion,” “stability”” and “directed” secretion. With our
emerging knowledge, it seems timely, however, to look at the current model of an
IS as part of a broader pattern that immune cells utilize for cell-cell communi-
cation. With less emphasis on the molecular organizations within membrane—
membrane junctions of the IS that are to be reviewed by others in this issue, we
suggest that the following represent well-established “patterns” of cell-cell com-
munication in the immune system. For each one, we will describe how the pattern
appears to provide efficient communication to the system as a whole.

99 ¢

3.1 Dynamic Cellular Assembly and Disassembly

T cell-APC interactions are not permanent structures. Rather, the cell-cell contacts
last for seconds to hours but all ultimately result in “abscission” of the T cell from
the APC and possible reattachment to other partners (Fig. 1a). In vivo, there is
considerable variation in the length of contact and the variability appears to be
regulated by the strength of antigenic stimulation (Henrickson et al. 2008; Skokos
et al. 2007) as well as T-cell intrinsic factors (Sims et al. 2007). The timing of first
arrest is also variable: depending on the route of immunization and adjuvant, the
“stop” phase can occur between 2 and 18 h after administration of adjuvant. Some
of the timing certainly is influenced by the rate of loading and/or trafficking of the
antigen to the lymph node. It is clear that, particularly in high-antigen conditions,
soluble peptides administered intravenously can induce cell arrest within minutes
(Celli et al. 2007), suggesting there is no obligate lag-phase for arrest. Thus, there is
variability in the timing of the pattern, but the generation of multiple but transient
cell—cell contacts appears conserved.

This pattern is repeated in CTL—target and NK—target interactions, in which the
effector cells may only stay together with the targets for a few minutes prior to
moving on to another target. Perhaps this case exemplifies the utility of transient
arrest: the ability to interact serially with multiple partners (Wiedemann et al.
2006), which is clearly a benefit to kill most targets. For activating CD4+ T cells,
it likely serves to permit T cells to recognize signals on multiple surfaces, poten-
tially choosing the “best” APC encountered (Depoil et al. 2005). Additionally, it is
also possible that it allows T cells to “tag” and thereby mature multiple antigen-
presenting cells, providing increased specificity for future T cells. This has been
proposed to rely upon the chemokine receptor CCRS and the locally produced
CCL3 and CCL4 (Castellino et al. 2006; Hugues et al. 2007).

As a general rule, the pattern of transience in cell-cell contacts increases the
number of cells and the area of sites affected by a single cell. In the case of helper
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a  Pattern 1: Transient Stability and Intermittent Motility.

i,mf.

b Pattern 2: Polarized Secretion Allows Selection of Target Delivery
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Partner .  Partner
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¢ Pattern 3: Regulated Adhesion Zone Membrane Morphology Coordinates Numerous
Ongoing Activites.

Integrin-Stabilized Contact Receptors for Cytokines?
Facilitated Transmembrane Interactions Excluded cell-cell Interactions?

d Pattern 4: Facilitated Clustering of Transmembrane receptors at Juxtamembrane
Domains Increase Signalosome Efficacy. Global and Local Mechanisms of Enhancement.
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Fig. 1 Basic patterns of immune synapse. (a) Dynamic cellular assembly and disassembly. (b)
Defined but flexible polarity. (¢) Close membrane-membrane juxtaposition with a synaptic cleft.
(d) Aggregation and segregation of transmembrane receptors and lipids
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T cells, which are limited in numbers but must survey vast regions, it is clear that
having multiple contacts may provide clear benefits in expanding the response to
include multiple other cells.

3.2 Defined but Flexible Polarity

Synaptic cell—cell contacts allow cells to provide information in the form of
signaling or killing events in a specific manner. Polarity of signals generated at
cell—cell contacts as well as subsequent secretion into these contacts, then, repre-
sents a second highly conserved pattern of immune cell—cell interactions. As shown
in Fig. 1b, this pattern permits cells to direct messages to one another while
excluding bystanders. As an example, when T cells are engaging a cell presenting
peptide—MHC complexes, it has been shown that CD40L is directly accumulated at
the IS where it is available to crosslink CD40 (Boisvert et al. 2004). Notably, it has
been proposed that this pattern is only true for some signals; vesicles containing
vIFN appear to be more synapse localized while other secreted products such as
TNF and chemokines may be more broadly directed (Huse et al. 2006). However,
given the strict limitation of vesicle-membrane fusion that occurs, there may
ultimately prove to be additional restrictions on these latter molecules. As noted
above, this pattern provides exquisite spatial specificity for inter-cellular commu-
nication by immune cells.

CTL-target and NK—target interactions provide the simplest and most extreme
rationale for highly directional secretion towards a particular cell. Such direction-
ality prevents off-target killing of bystanders and restricts delivery of granules to
the IS (Stinchcombe et al. 2001). At present, the full range of molecular players
achieving this directional specificity are unknown but SNARESs and other proteins
of the microtubule cytoskeleton are likely candidates.

3.3 Close Membrane—-Membrane Juxtaposition with a Synaptic
Cleft

The T cell-APC “immunological synapse” was first defined as a synapse by virtue
of the presence of both adhesion domains and signaling domains but it seems that
synaptic clefts are also frequently present. As noted above, TEM analysis of
physiologically relevant contacts suggests that T-DC interactions (Brossard et al.
2005), CTL-Target contacts (Stinchcombe et al. 2001) and typically even T-B
interactions (Krummel MF, unpublished) contain this architecture. As shown in
Fig. 1c, there are frequently spatially restricted areas where cell—cell signaling may
occur surrounded by membrane domains which may restrict direct membrane
contact. The latter domains, however, sample synaptic spaces and provide a region
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for the accumulation of soluble mediators. Notably, the variable spacing of mem-
branes around the closest point of apposition has been suggested to be important for
protein organization in the IS (van der Merwe and Davis 2003; Shaw and Dustin
1997) and MHCs with variable length extracellular domains that result in altered
capacities to signal (Choudhuri et al. 2005). However, some “large” molecules that
are typically excluded, such as CD43, are not excluded on the basis of extracellular
size alone, as tail-less forms can enter the central IS but do not interfere with
signaling (Delon et al. 2001).

The presence of multiple domains in the membrane with different degrees of
junctional “tightness” reflects variations in lipid composition as well as subcortical
actin arrays. In this vein, although this exact architecture may be lacking in glass-
supported approximations of cell—cell contacts, the generation of unique zones of
membrane in the IS of such systems with differing lateral mobility for specific
receptors has been observed in at least one such setting (Douglass and Vale 2005)
and the presence of “rafts” (Anderson and Jacobson 2002) as well as protein
“islands” in distinct regions (Lillemeier et al. 2006), also occurs at T cell-antigen-
coated planar substrate junctions.

This architecture provides flexible regions for signaling receptors, but also
regions into which vesicles may easily fuse and permits ongoing actin-organized
signalosomes to persist in adjacent regions. While the receptors for cytokines are
found in the IS (Maldonado et al. 2004) and cytokines are directed there (Huse et al.
2006; Reichert et al. 2001; Kupfer et al. 1994; Kupfer et al. 1991), the organization
of these receptors relative to microclusters of TCRs or to the synaptic space has not
been resolved. However, it is clear that regions of CTL granule release do not
overlap with regions of TCR accumulation (Stinchcombe et al. 2001), suggesting
that the TCR in the most tightly apposed regions of membrane are distinct from
synaptic clefts.

3.4 Aggregation and Segregation of Transmembrane
Receptors and Lipids

A final pattern that is established in all immunological synapses is the aggregation
of receptor complexes and lipid domains (Fig. 1d). Based on observations of
topology by TEM, there are likely two scales of clusters and at least two methods
of cluster coalescence. Small, initial “micro” clusters likely provide for the forma-
tion of higher-ordering signaling arrays or “signalosomes.” Clusters of TCRs likely
provide a high avidity lattice to capture pMHC complexes on the outside of cells
and trap signaling intermediates in their active state on the inside of the membrane.
Consistent with this, it has been observed that early microclusters of TCRs are in
fact highly enriched for tyrosine-phosphorylation (Varma et al. 2006; Mossman
et al. 2005). At the far edges of the synapse, continuous membrane extension and
retraction are commonly observed and, at the B-DC synapse, have been observed to
be involved in accumulating new ligands for the BCR (Batista et al. 2001).
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Distinct from these initial clusters are the centralized clusters, which are most
likely, associated with internalization of receptor-complexes (Varma et al. 2006;
Mossman et al. 2005). It remains unknown at this point whether coalescence into
these larger domains is fundamentally required for internalization of the TCRs or
simply occurs most efficiently there. Notably, other participants in signaling inter-
mediates such as CD4 (Krummel et al. 2000) and CD28 (Yokosuka et al. 2008)
border centralized TCRs but are not included in the central “cSMAC” (CD4) or
segregated from TCR clusters in cSMAC (CD28), consistent with this being an area
of less-intense or extinguished signaling.

An unresolved question in the field is the way in which these larger clusters
form. As shown for T cells interacting with membranes with reduced lateral protein
mobility, it is likely that the formation of these large clusters hastens termination of
signaling (Mossman et al. 2005).To this end; the dynamics of coalescence of
clusters may involve multiple mechanisms. On the one hand, flat lipid bilayers
demonstrate that TCRs can move laterally along the membrane and in a centripetal
manner (Varma et al. 2006; Mossman et al. 2005; Yokosuka et al. 2005). In
contrast, cluster coalescence in T cell-B cell or NK—APC contacts present a
much less concerted effect, although a centralized cSMAC is typically still formed
(Krummel et al. 2000; Oddos et al. 2008).

One intriguing possibility, in the confines of a cell—cell interaction, is that
multiple mechanisms may act to give the final aggregated structure. While, mem-
brane movement and coalescence of micro clusters in the membrane may drive
cluster aggregation within a give domain (Fig. 1d, middle panel), the joining of
individual membrane—-membrane contacts may also be necessary to reorganize
contacts in a full synaptic membrane architecture (“zippering,” Fig. 1d, lower
panel).

Regardless, if signaling is amplified by the formation of initial clusters (Varma
et al. 2006) but attenuated (Mossman et al. 2005), or, in other circumstances
amplified (Cemerski et al. 2008) by cluster coalescence, the fact that membrane
proteins move and membranes remodel provides the scaffold upon which the
kinetics of signaling and direct sensing of peptide complexes is regulated. This
pattern of clustering of receptors at interfaces is in fact conserved across all types of
contacts observed between immune cells, and indeed in most cell-cell signaling
contexts generally.

4 Four Fundamental Immunological Synapse Patterns
Are Observed in the Interactions of Activating T Cells
with One Another

So far, we have described immune synapses formed between two cells in which the
raison d’etre of the synapse is most associated with priming or cytotoxicity in a
specialized cell type (e.g., T cell, B cell, NK cell) by an APC or the functional



Immunological Synapses Within Context: Patterns of Cell-Cell Communication 35

equivalent. In fact, APC-mediated information transfer plays a central role in the
mobilization of multiple arms of immune responses. Thus, it is not surprising that
people have primarily focused on the communication between various types of
immune cells and APCs. However, immune cell interactions in vivo occur in
complex microenvironments where multiple cells dynamically migrate and interact
on complicated networks of cells or extracellular matrixes (Bajenoff et al. 2006;
Lindquist et al. 2004). It seems necessary, then, to begin to consider more complex
multicellular interactions in order to fully understand how the immune system
works. In this regard, direct observation of dynamics of immune cells under various
immunological settings has been instrumental in revealing various modes of
immune cell interactions that have not been fully appreciated before (Cahalan
and Parker 2008; Germain et al. 2006).

Among activating T cells, our group and many others (Bajenoff et al. 2006;
Sabatos et al. 2008; Hommel and Kyewski 2003; Ingulli et al. 1997; Miller et al.
2004; Bousso and Robey 2003; Tang et al. 2006; Garcia et al. 2007) have observed
homotypic interactions (clusters) in antigen-specific T cells during priming in
lymph nodes. Previously, homotypic clusters of T cells had been extensively
observed as features of T-cell activation during in vitro culture assay, and indeed
were shown to be physiologically mediated by LFA-1 (Rothlein et al. 1986;
Rothlein and Springer 1986; van Kooyk et al. 1989). When observing these T-
cell clusters by real-time methods in vitro and in vivo, not only were these clusters
facilitated by integrin-based adhesion, but interactions in the clusters were
dynamic, like those of initially contacting T-APC couples, with individual cells
entering or leaving contacts with dwell times varying from minutes to hours
(Sabatos et al. 2008). This provided evidence for the application of Pattern 1, in
which individual T cells may visit one another for directed information exchange.
As to other comparisons with the exact topological organization of the T-APC IS, it
remains unclear at present whether LFA-1 alone is responsible for the contacts or
whether other adhesion receptors may contribute and, indeed, dominate in the later
phase. On the whole, it is also unclear at present how specificity is maintained
beyond the combined effects of affinity upregulation of LFA-1 (Dustin et al. 1997)
and increased expression of intercellular adhesion molecule-1 (ICAM-1) (Tohma
et al. 1992) induced by TCR signaling. Nonetheless, the transient stability pattern
appears to provide specificity, as unactivated T cells did not participate in these
multicellular clusters and had short interaction times (typically less than 1 min)
during encounters in vivo (Sabatos et al. 2008).

APCs are not strictly necessary for the transient nucleation of T-cell clusters; T
cells stimulated by anti-CD3/CD28 or phorbol 12-myristate 13-acetate (PMA)/
ionomycin formed similarly arrayed and dynamic multicellular clusters. This was
apparently borne out by observations of T-T contacts distal to DC cell bodies,
giving rise to the model for these interactions shown in Fig. 2. However, given the
density of the DC network in lymph nodes (Lindquist et al. 2004), it is impossible to
say with certainty that DC contacts were not occurring.

In addition to “transient stability” (Pattern 1), further characterization of cell—
cell interfaces in the T-cell aggregates revealed that this emerging cell—cell contact
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Fig. 2 A model of homotypic
cluster formation of
activating T cells during

in vivo priming. Naive T cells
are activated by antigen Dynamic swarming
presenting dendritic cells and T-T clustering
after several hours of stable

interactions. Then, they

regain motility, but swarm

around their priming sites

rather than migrate away.

During this dynamic O DC O

swarming phase, they form

dynamic homotypic clusters .
Stable interaction .

witha DC

Fig. 3 MTOC polarization toward T-cell synapse in vivo. Green: OT-II T cell, red: pericentrin.
CFSE-labeled OT-II T cells were injected to C57BL/6 mice, and subsequently immunized with
ovalbumin protein emulsified in complete Freund’s adjuvalent. Draining lymph nodes were
isolated 20 h after immunization, embedded in optimal cutting temperature compound, and frozen
under liquid nitrogen. The frozen lymph nodes were sectioned by a cryostat with 80 pm thick and
pericentrin was stained fluorophore-conjugated antibodies. Images of pericentrin-stained lymph
node sections were acquired using confocal microscope and processed by Imaris

region matches each of the other communication patterns described in Chap. 3.
This includes the observation that secretory vesicles of T cells are frequently
polarized toward neighboring T cells, indicating directed secretion of soluble
factors between two adjacent T cells (Pattern 2). More in-depth assessment of
cell polarity demonstrated pronounced polarization of pericentrin, an MTOC asso-
ciated protein, toward adjacent activating T cells. We have also been able to detect
this polarized pericentrin localization in T cells activating directly in the lymph
node (Fig. 3) although we’ve only isolated these with low frequency due to
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Fig. 4 Ultrastructure of T-T synapses. BALB/c wild type T cells were stimulated by PMA/
ionomycin for 18 h, and their clusters were analyzed by transmission electron microscopy

technical limitations of tissue section staining. Along with secretory vesicle polari-
zation shown by TEM, this indicates directional secretion of soluble factors from
one cell to another cell through the synaptic space. Extending this to specific
cytokines, we demonstrated that polarized vesicles near T-T interfaces contained
interlukin-2, a cytokine produced by T cells during the early phase of activation and
plays a critical role in T-cell activation, proliferation, differentiation, survival, and
even apoptosis (Gaffen and Liu 2004; Kim et al. 2000).

Membrane ultrastructures of interfaces formed between activating T cells ana-
lyzed by TEM also exhibited canonical synaptic structure (Pattern 3); tight mem-
brane apposition of two adjacent T cells with multiple clefts, similar to the
multifocal synapse structure formed between naive CD4+ T cells and dendritic
cells (Brossard et al. 2005) and that between CTL and targets (Stinchcombe et al.
2001) or NK and their APC (McCann et al. 2003) (Fig. 4). Also, we were able to use
“catch” reagents to localize the sites of uptake of T cell secreted IL-2. This
demonstrated that IL-2 was indeed directed across and accumulated in these
synaptic gaps in the catch assay. Notably, directional secretion of IL-2 is beneficial
for T cells in the clusters in IL-2 reception compared with isolated T cells, due to the
higher local IL-2 concentration at the synaptic junction — both in terms of the
amount of IL-2 accumulated and in terms of the “focusing” of the cytokine into
apparent “patches” within the cell—cell contact.

Finally, consistent with the application of Pattern 4, we demonstrated the
formation of signaling complexes of IL-2 receptors at the T-T synapses; Intracel-
lular pools of IL-2, IL-2 receptors (IL-2Rs), and signaling components of IL-2R
accumulated near the interfaces formed between activating T cells.

Additionally, the synaptic structure appears to alter signaling in a fundamental
way for IL-2 signaling. IL-2 binding to IL-2R induces phosphorylation of STAT-5
by Janus kinase 1 (JAK1) and JAK3 which are associated with 8 and y subunits of
IL-2 receptor, respectively (Lin and Leonard 2000). Phosphorylated STAT-5
(pSTAT-5) is known to dimerize and subsequently translocate to the nucleus for
the transcription of target genes. We fluorescently stained pSTAT-5 to measure the



38 J. Doh and M.F. Krummel

strength of IL-2 signaling, and substantial amounts of T cells in the clusters
exhibited higher pSTAT-5 staining than isolated T cells, indicating enhanced
IL-2 signaling in the T-cell clusters. Interestingly, pSTAT-5 localized near inter-
faces of cell—cell contact as well as nuclei, and staining of pSTAT-5 near synaptic
junctions revealed bright puncta. When overlaid with intracellular pools of IL-2 by
dual staining, the majority of pSTAT-5 puncta were either co-localized or adjacent
to IL-2 staining of neighboring cells, suggesting that pSTAT-5 accumulation near
synaptic region was a result of directional IL-2 secretion. This observation agrees
well with the finding that IL-2 signaling during anti-viral CD4+ priming was mostly
paracrine, not autocrine (Long and Adler 2006), and indeed synaptic spaces formed
between activated T cells may be the place where IL-2 paracrine delivery occurs.

Together, this provides a newly discovered application of the synapse patterns in
activating T cells, following TCR stimulation. Unlike the more prototypical
(T-APC, B-DC, NK-Target) examples involved in the initial priming of the cells
by antigen—receptor ligand bearing cells, it suggests a specialized platform for
cytokine mediated interactions.

S Signaling Implication of T-T contacts for IL-2 Receptor
Structure and Function

What does the discovery of “synaptic T-T IL-2 signaling” in particular contribute
to our understanding of this cytokine and its function? It is clear from multiple
studies that IL-2 can be added “in solution” and will function this way (Laurence
et al. 2007; Liao et al. 2008), suggesting that it is not technically necessary that the
secretion starts out being directional. Then, is it possible that there are major
differences between cytokine signaling via synaptic junction and cytokine signaling
by the binding of cytokines from the bulk? It is straightforward to imagine the
enhancement of cytokine signaling via directed secretion of cytokines and polari-
zation of cytokine receptors to the synaptic region by increasing local concentration
of cytokines. In fact, that was the case when the local cytokine level was measured
by cell-based IL-2 capture assay, and cytokine signaling strength was measured by
the level of phosphorylation of STAT-5 (Sabatos et al. 2008). Also, through
synaptic secretion and uptake, the majority of cytokines secreted by one cell
would be captured by the other cell and little cytokine would be released outside
of the synaptic space, resulting in increased specificity/efficiency on a per-molecule
basis. However, the functional significance of this array may extend beyond this
simple “efficiency” aspect and is indicated, as discussed in the observation of
phosphorylated STAT-5 on the membrane in addition to within the nucleus, the
latter being the prevailing result from experiments using soluble cytokines. To
understand this, it is necessary to review the known mechanisms of IL-2 receptor
signaling.
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IL-2 receptor is composed of three distinct polypeptide chain subunits; IL-2Ra
(CD25), IL-2RB (CD122, also IL-15Rp), and common yc (CD132, also a signal-
ing receptor of many other cytokines such as IL-4, IL-7, IL-9, IL-15, and IL-27)
(Waldmann 2006). Combinations of three subunits constitute receptors with three
different affinities; low affinity receptor IL-2Ra (K4 ~ 10 nM), intermediate
affinity heterodimeric receptor IL-2RByc (K4 ~ 1 nM), and high affinity hetero-
trimeric receptor IL-2Rafyc (Kq ~ 10 pM) (Gaffen and Liu 2004; Kim et al.
2006). IL-2Ra is significantly upregulated upon activation, to at least an order of
magnitude higher than the expression level of IL-2RByc (Robb et al. 1987), and
has very short cytoplasmic domain. Thus, it is suggested that the main role of IL-
2Ra is to enhance cytokine binding by forming high affinity heterotrimeric
receptors with IL-2RByc, or by first capturing IL-2 from the extracellular envi-
ronment, due to its high abundance and fast on-rate, and subsequently forming a
heterotrimeric receptor with IL-2RByc (Stauber et al. 2006; Wang et al. 2005).
IL-2Rp and yc are members of type I cytokine receptor super family and play a
central role in IL-2 signaling (Gaffen 2001). Cytokine binding to IL-2RByc
triggers phosphorylation of the receptor and JAK1 and JAK3, which are asso-
ciated with the cytoplasmic tails of IL-2Rf} and vyc, respectively. Phosphorylation
of the receptor induces the association of STAT-5, a key transcription factor of
IL-2 signaling, with the phosphorylated receptor and subsequent phosphorylation
of STAT-5. Then, pSTAT-5 dissociates from the receptor, dimerizes, and trans-
locates to the nucleus to activate multiple genes. At T-T junctions, when the
three polypeptide chains of IL-2 receptors were stained, distinct patterns of
receptor distribution were observed; IL-2Ra distribution was mostly uniform,
while substantial local enrichment of yc in synaptic regions was frequently
observed. (IL-2Rf staining was too dim to be detected.) This, a priori, suggests
a variable stoichiometry of the three-chains across the cell-cell interface; as
mentioned above, expression level of IL-2Ra is at least ten-fold higher than
that of IL-2RByc.

Under what conditions of receptor—ligand occupancy might this result be
explained? It could just reflect the local accumulation of trimeric IL-2R near
synaptic interfaces and enhanced paracrine signaling of IL-2 as a result (upper
panel of Fig. 5). However, one interesting possibility is that IL-2 captured by one T
cell’s IL-2Ra may interact with IL-2RByc of another T cell through a T-T synapse
(middle panel of Fig. 5). This type of cytokine transpresentation has been well
documented for IL-15, a cytokine with significant similarities to IL-2; IL-15 bound
to the IL-15Ra (K4 ~ 10 pM) of monocytes or dendritic cells can trigger signaling
to NK cells or CD8+ memory T cells, which constitutively express IL-15RByc
(Dubois et al. 2002). Given the structural similarity of IL-2Ra and IL-15Rq, IL-
2Ra also can present receptor-bound IL-2 to neighboring cells (Chirifu et al. 2007).
Indeed there is evidence that IL-2 transpresentation occurs between IL-2Ra expres-
sing cells and IL-2RByc expressing cells (Eicher and Waldmann 1998). Since the
binding affinity of IL-2 for IL-2Ra is about 1,000-fold lower than the binding
affinity of IL-15 for IL-15Ra, IL-2 transpresentation might require specialized
synaptic junctions such as T-T synapses.
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Fig. 5 Three potential configurations of IL-2/IL-2R binding at T-T synaptic junction. IL-2 direc-
tionally secreted to the synapses formed between activating T cells can be bound to the hetero-
trimeric receptor IL-2Rafyc (upper), or be bound first by IL-2Ra of one T cell and subsequently
presented to the other T cell (middle), or be bound to the heterodimeric receptor IL-2RByc and
trigger receptor signaling in the absence of IL-2Ra (lower)

IL-2 bound to IL-2Rofyc was shown to be subsequently internalized and
degraded with IL-2RByc, while IL-2Ra is dissociated from quaternary complexes
in endosomes and recycled to cell surfaces (Hemar et al. 1995). If an IL-2 molecule
bound to IL-2Ra of one cell can interact with IL-2RByc on the other cell, the
duration of IL-2 signaling by the IL-2RByc expressing cell might be substantially
extended by the suppression of receptor internalization and degradation. Therefore,
local accumulation of pSTAT-5 near the synaptic junction may be an evidence of
extended duration of IL-2 signaling by transpresentation of IL-2.

Additionally, IL-2 transpresentation may be beneficial to “less”-activated T cells
with lower IL-2Ra expression than adjacent “more”-activated T cells that can
transpresent IL-2. In this way, successfully activated T cells may assist new clones
which arrive at the priming site later, or have weaker TCR affinity, or are specific to
less abundant foreign antigens. As a result, diversity of TCR repertoire against
foreign pathogens can be increased and immune evasion by mutation or antigen
presentation disruption can be minimized.

Transpresentation of IL-2 may not be necessary for cooperation among activat-
ing T cells, though. Directionally secreted IL-2 to synaptic spaces could directly
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bind intermediate affinity receptor IL-2RByc and signal through IL-2R yc without
binding IL-2Ro (lower panel of Fig. 5). Again, this is beneficial for T cells with low
expression levels of IL-2Ra. It is important to note that under model antigen
ovalbumin immunization, the activating clusters of T cells were mostly composed
of antigen specific transgenic T cells and participation of wild type T cells in the
clusters was minimal. This indicates that T-cell synapses would not assist activation
of antigen non-specific T cells (Sabatos et al. 2008).

Finally, we note that many receptor-ligand pairs are engaged at the synaptic
junction formed between activating T cells. One example is the interaction of LFA-1
with ICAM-1 and ICAM-2, which plays a critical role in the formation and mainte-
nance of the synapse, but may also trigger some signaling to T cells. It is possible
that T-T synapses may mediate crosstalk between IL-2R signaling and other
receptor signaling pathways by promoting various receptor—ligand interactions.

6 Additional Roles of T-T Synaptic Contact

In the previous chapters, we described a novel immune synapse formed between
activating CD4+ T cells, mostly at the molecular and cellular levels. In this chapter,
we will discuss further the potential roles of T-T synapses in modulating immune
responses under various physiological circumstances. Also, we will extend the
discussion of T-T synapses from homotypic clusters of activating CD4+ T cells
to multicellular clusters composed of multiple subsets of T cells.

6.1 Physiological Circumstances of T-Cell Cluster Formation
and Its Role in Secondary Responses

Only tiny fractions of T cells recognize antigens from a specific pathogen. There-
fore, if all the T cells in the lymph node are randomly migrating in search of
antigens, the possibility of multiple activating T cells intermingling within the same
lymph node would be extremely low. However, it has been recently shown that in
inflamed lymph nodes, when T cells (either CD4+ or CD8+) recognize DCs
presenting their target antigens, both T cells and DCs secrete chemokiness CCL3
and CCL4 to recruit CCRS expressing T cells (Castellino et al. 2006; Hugues et al.
2007). This chemokine driven migration of activating T cells might enable multi-
cellular cluster formation of activating T cells, even low physiological precursor
frequencies.

CCL3/CCLA4 secreted by activating T cells can recruit both CD4+ and CD8+ T
cells. Thus, activating CD4+ T cells and CD8+ T cells may intermingle via synaptic
interactions. Synaptic delivery of IL-2 during priming of CD8+ T cells could drive
then IL-2 paracrine signaling critical for the expansion of CD8+ memory T cell
upon secondary challenge (Williams et al. 2006).
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Increases in precursor frequencies would also increase the probability of synaptic
T-T interactions; memory responses and alloreactive T-cell activation leading
to transplantation rejection are two examples of physiological high precursor fre-
quencies. In fact, substantial clustering of memory T cells in lymph nodes was
observed during the secondary challenge of lymphocytic choriomeningitis virus
(R.S. Friedman, J. Hu, M.F.K., and M. Mattloubian). The clusters we observed
may ultimately play a more prominent role once precursor levels are higher or in
response to pathogens that stimulate a large fraction of T cells in the primary
activation.

6.2 “Quorum Sensing” by the Immune System for Activation
and Differentiation of the Effectors

Can information sharing across a synaptic junction confer the capacity for quorum
decision making in populations of T cells, such that the response ultimately focuses
on the correct response? Even under identical stimulation conditions, cytokine
secretion profiles at the single cell level are quite diverse, and typically only a
subpopulation of T cells produces certain cytokines. A detailed mechanism or exact
reason for this heterogeneity is not clear yet, but the heterogeneity of activating T
cells may require their cooperation for optimal activation and differentiation by
sharing resources. IL-2 is indeed a critical factor for survival, proliferation, and
differentiation of T cells, whose mRNA transcription occurs in only subpopulation
of activating T cells (Saparov et al. 1999). If collaboration is necessary, there might
be a “critical number” of T cells for full activation and differentiation, something
akin to bacterial “quorum sensing.” There are evidences that increases in precursor
frequencies may inhibit full activation and differentiation of T cells due to the
internal competition among T cells for the acquisition of limited amount of
resources in vivo (Bar et al. 2008; Hataye et al. 2006). These results appear to
contradict our “quorum sensing” hypothesis, but it can be reconciled if there are
“optimal” ranges of initial precursor frequencies — below which T cells are poorly
activated due to lack of cooperation, and above which T cells are poorly activated
due to internal competition. Alternatively, clonal competition may occur among
identical clones or clones specific against identical epitopes, while cooperativity
among T cells may take place among activating T cells specific for different
epitopes from identical pathogens.

6.3 Polarization of Helper T-Cell Differentiation
via Synaptic Cytokine Sharing

CD4+ helper T cells differentiate into various subsets of effectors depending on the
cytokine milieu they are exposed to for the effective clearance of diverse pathogens
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(Constant and Bottomly 1997; Bettelli et al. 2008). Key cytokines for Th differen-
tiation and their genetic regulation have been extensively studied, but how those
cytokines coordinate the differentiation of T cells in vivo has still remained elusive.
We propose that immune synapses formed between T cells serve as platforms to
spread differentiated phenotypes of effector T cells by directional secretion of key
cytokines. It has been shown that some cytokines critical for Th skewing such as IL-
2, YIFN, and IL-10 are directionally secreted (Huse et al. 2006), and some of their
receptors are also polarized toward the immune synapses (Maldonado et al. 2004),
suggesting that synaptic secretion of those cytokines via T-T synapse may happen,
and indeed may play a critical role in the propagation of phenotypes of already
polarized T cells participating in the synapses. However, IL-4, a critical cytokine
for Th2 differentiation and also for differentiation of T cells to a newly discovered
IL-9- and IL-10-producing subset (Dardalhon et al. 2008; Veldhoen et al. 2008), is
secreted multidirectionally. Additionally, many pro- and anti-inflammatory cyto-
kines critical for Th differentiation and reprogramming at the periphery are not, or
may not be delivered directionally. Therefore, it is likely that combinations of
synaptic and non-synaptic secretion of cytokines would guide proper differentiation
of activating and activated T cells depending on the circumstances.

6.4 T-T Interactions during the Cessation of the Inmune
Response: The Facilitation of Fas/TNF Interactions
Leading to Apoptosis?

Immune synapses formed, even transiently, between T cells may also down-modu-
late the response by facilitating engagements of TNF-receptor family members,
inducing apoptosis to each other. It is well-established that cell-cell contacts by
activating T cells can lead to activation-induced cell death (AICD) (Lenardo 1991),
frequently via Fas/FasL or TNF receptor engagements (Sytwu et al. 1996). It is thus
tempting to speculate that the pattern we have observed for T-T engagements both
in vitro and in vivo will play regulatory roles in permitting or facilitating the down
regulation of the response by this mechanism. To this end, it is worth noting that
synaptic contacts have been shown to recruit other TNF-family-member transmem-
brane proteins to the T-APC synapse (Boisvert et al. 2004).

6.5 Treg Exclusion in T-T Contacts

It was recently reported that regulatory T cells take up IL-2 more rapidly than
activating T cells even though their IL-2Ro expression levels are comparable
(Pandiyan et al. 2007). Since IL-2 is a critical survival factor for activating T
cells, IL-2 deprivation in activating CD4+ T cells due to rapid IL-2 uptake by
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Fig. 6 Effect of synaptic secretion of IL-2 on IL-2 dependent survival of activating T cells. If IL-
2 is secreted via synaptic interface, it will be successfully transferred to the neighboring activating
T cells (left). In contrast, if IL-2 is secreted in non-synaptic manner, most of IL-2 secreted to the
bulk will be taken up by adjacent Tregs, and neighboring T cells may undergo apoptosis due to the
starvation of IL-2 (right)

adjacent Treg may cause the death of activating T cells. Synaptic secretion of IL-
2 among activating CD4+ T cells may be important in situations where activating T
cells and regulatory T cells compete for limited amount of IL-2 (Fig. 6). If
combined with the recently reported negative feedback regulation of IL-2 secretion
(Villarino et al. 2007), synaptic secretion of IL-2 in multicellular clusters of
activating T cells may allow for optimal secretion of IL-2 “just enough” for T
cells in the clusters, so that IL-2 uptake/signaling by neighboring Treg may be
minimal. According to our observation, regulatory T cells make only transient
contact with CD4+ T cells during priming in lymph nodes, indicating that regu-
latory T cells will not take part in multicellular clusters of activating T cells (Tang
et al. 2006).

7 Creating System-Wide Decisions Through Collective
and Spatiotemporal Information Sharing

It should be clear from the discussion of the application of synapse patterns at T-T
junctions that such contacts are not neutral for the functioning of the immune
response. In the case of the T-T junction, we have discussed numerous implications
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of the pattern for the outcome of the T-cell response. These can be summarized by the
following criteria that would seem critical for the integrity of the immune system.

7.1 Cell-Based Vectorial Spreading of Information

High motility between contact formations allows the immune system to use indi-
vidual immune cells as “vectors” to carry information from one contact to another.
Modifications to the cells’ signaling potential from one contact is thus purveyed,
possibly over a great distance, and transmitted as a secretory or transmembrane
signal, at the next.

7.2 Selection of a System of Appropriate Cell Types

Implicit in Pattern 2 is the idea that a given cell may choose to secrete only into a
single cell at any one time. This also implies that it is capable of choosing the “type”
of cell (APC, T, NK, Macrophage, etc.) into which it will secrete. Thus, a wide
variety of synapse opportunities permits the activated cell to discriminate and
activate specific cell types.

7.3 A Very Steep Gradient of Cues at Each Encounter Point

Pattern 3 dictates a very steep gradient of the most important cues surrounding
activated cells. While some secreted molecules might “spill” from the synaptic
space, the concentration would be dramatically higher in the inter-cellular clefts. In
this light it is interesting that chemokines, which attract cells to a region, appear not
to follow Pattern 2 (i.e., may be non-directionally secreted). However, the ultimate
ability of each attracted cell to reap signaling benefits from following a chemokine
cue is still maintained, possibly by selection for the dwell-time in contacts once
contact is achieved. By analogy to the single Herald of Aristotle, it is as if non-
citizens (cells) can still hear the herald but only citizens have the right to vote (to
make a substantial synapse bearing the features of Patterns 2—4).

7.4 Repeated Selection for Specificity and Mutual Enhancement

Since each T, NK, or B cell that moves and re-engages has already been selected for
its recognition of foreign antigen, it transmits to each APC or target a signal that
corresponds to the strength of the signal. Thus, T cells are not only first activated
based on their ability to recognize the pMHC complex alongside the arsenal of
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costimulatory signals that a local APC may provide — it also carries along the ability
to retransmit the degree of stimulation to APCs based on their ability to interact. In
the case of secondary T-APC contacts, this may again rely on the presence of
pMHC complexes on the second APC to influence the synapse duration and
therefore the accumulation of focal signaling clusters (Pattern 4). In the case of
T-T contacts, more primordial ‘“activation” may serve as the basis of mutual
adhesion and lead to specific transmission of information to cells bearing appropri-
ate cell-surface signatures. This permits enhancement of the response over a period
of time while selecting against cells whose specificity for the insult is not as
significant.

8 Concluding Remarks

Two final notes bear stating. Firstly, these patterns are malleable with regard to
microenvironment. Some parts of the patterns may be inhibited by prevailing
conditions — for example the tumor microenvironment could allow contact surfaces
while preventing polarization of secretion (Allows patterns 1, 3, and 4 while
inhibiting 2). Secondly, to understand the building blocks and their implications
is to be able to consider therapeutics. It may be that successful particle-based
therapeutics may be designed to “seed” synapses of various kinds and for various
stages of cell activation.

Therefore, it is the quality of these interactions that actually defines the efficacy
of the system as a whole. In the case of human beings, the quality of interactions
defines the growth and prosperity of the human community; destructive interactions
lead to erosion of structure and the social fabric whereas positive interactions lead
to cooperative growth and prosperity. In the case of the immune system, the quality
of cell—cell interactions defines the successful survival of the larger organism in a
world crowded with parasites and pathogens.
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