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MHC:peptide is unclear, but there is preferential survival of these T cells in
culture.

I have used this system to examine several additional facets of
immunological synapse formation. Using antibodies to block ICAM-1/LFA-1
interactions or soluble CTLA-4Ig to block CD28/B7-1 (CD80) interactions, I have
shown that costimulation is essential in the formation of a mature immunological
synapse. When costimulation is blocked, the morphology of the clustered MHC
is altered and the amount of MHC:peptide complexes, as well as the size of the
MHC:peptide clusters, is significantly reduced. These reductions correlate with
reductions in T cell proliferation seen under the same blocking conditions.
Interestingly, when T cells are rendered anergic by stimulation through the TCR
in the absence of costimulation, they subsequently form mature immunological
synapses with normal MHC accumulation, ICAM-1 and PKC6 distribution.
However, at anergic synapses there is preferential accumulation of c-Cbl, a
known negative regulator of TCR signaling.

Finally, I have examined the peptide specificity of the MHC:peptide
complexes accumulated within the mature immunological synapse. Unlabeled
wild type MHC molecules on the surface of the APC were exogenously loaded
with a second antigenic peptide. T cells specific for this peptide, which do not
recognize the peptide covalently attached to the GFP-tagged MHC molecules, do
not accumulate the GFP-tagged MHC molecules within the immunological
synapse suggesting that there is accumulation of only the T cell’s cognate

peptide.
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Abstract

In this thesis, I report the generation of a novel cellular reagent that has
allowed for the examination of immunological synapse formation using live
CD4" T cells and antigen presenting cells (APC). This system relies on a fibroblast
cell line transfected with a GFP-tagged MHC molecule with covalently attached
antigenic peptide. This system has major advantages over previously reported
systems in that movement of specific MHC:peptide complexes can be followed at
all stages of the interaction of T cells and APCs during the formation of the
immunological synapse. Using this system, I have shown that within 30 seconds
of contact with the APC, there is a rapid increase in intracellular Ca**
concentration and subsequent large-scale morphological changes of the T cell
leading a flattening against the APC, which significantly increases the surface
area between the two cells. Within 1 minute of T-APC contact, multiple small
spots of redistributed MHC:peptide complexes appear at the interface which
intensify and coalesce into a single large cluster approximately 5.5 minutes after
initial contact. Based upon the prototypical distribution of ICAM-1 and PKC¥,
this structure is characterized as a “mature” immunological synapse. After
synapse formation, a fraction of the T cells re-initiate locomotion across the
surface of the APC and the synapse moves along with the T cell. During the
process of synapse formation, as well as during the process of cellular
dissociation, MHC:peptide complexes are captured by the T cells and are

retained on their surface for up to 96 hours. The function of this captured



Chapter 1

Introduction

The activation of T lymphocytes is a key event in the generation of an
immune response. Since the early 1980’s, it has been known that the clonally
distributed TCR recognizes peptide fragments presented in the context of
polymorphic MHC molecules on the surface of antigen presenting cells (1-3). The
interaction of the TCR with cognate MHC:peptide complexes initiates a series of
intracellular signaling events which, depending upon the environment (other
signals) and state of differentiation of the T cell, ultimately leads to effector
functions such as cytokine production, proliferation of naive or memory T cells,

positive or negative selection in the thymus, cell death, or anergy.

TCR Mediated Intracellular Signaling

Signaling from the TCR is a complicated affair, involving numerous
kinases and adaptor proteins in the transduction of signals from the TCR to the
nucleus (Figure 1). The TCR-CD3 complex contains no intrinsic enzymatic
activity and, thus, relies on the recruitment of cytoplasmic and membrane-bound
molecules to potentiate downstream signaling. The earliest detectable signaling
event after TCR antigen recognition is phosphorylation of tyrosine residues in
immunoreceptor tyrosine activation motifs ITAM) found on CD3 v, §, € and §
molecules (4). ITAM phosphorylation is predominantly carried out by the co-

receptor associated Src- family kinase p56“* (5). The phosphorylated ITAMSs on



CD3{ act as a docking site for ZAP-70, which interacts via its Src-homology 2
(SH2) domains (6 , 7). ZAP-70 is a Syk-family kinase that also contains ITAMs
and is itself phohsphorylated and activated by Lck (8, 9). In turn, the activated
ZAP-70 phosphorylates several important adapter proteins including SLP-76 and
LAT (10). These adapters are involved in the activation of several downstream
signaling cascades including the Ras-activated extracellular regulated kinase
(ERK) pathway, the Janus kinase (JNK) pathway, and PLCyl dependent
signaling pathways (10, 11, 12, 13). These pathways converge in the nucleus to
transactivate transcription of effector cytokines such as IL-2 and IFNy. TCR
signaling has also been linked to controlling cytoskeletal rearrangements within
the T cell. Activated ZAP-70 can phosphorylate Vavl, a guanine exchange factor
that activates, among other targets, members of the Rho-family of GTPases. The
activity of Rho-family members in controlling cytoskeletal rearrangements is

discussed in greater detail below.
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Figure 1. Overview of TCR-induced intracellular signaling pathways. Reproduced
from (227).

TCR Triggering

While our understanding of the details of intracellular signaling events
initiated by TCR triggering is increasing, and we understand much about the
physical interactions between the TCR and its MHC:peptide ligand from X-ray
crystallography studies, the mechanism by which TCR ligation initiates the
intracellular signaling is still unknown. Several different models have been

proposed to explain TCR triggering that involve at their core either a



conformational change or aggregation/oligomerization of the receptor upon
ligand binding.
TCR Triggering: Conformational Change Model

In the TCR triggering model championed by Janeway and colleagues,
MHC:peptide binding induces a conformational change within the receptor,
initiating signaling (14). One of the strongest supports for a conformational
change model came from measurements of interactions of purified TCR and
MHC:peptide molecules by plasmon surface resonance (BIAcore), which showed
that at 37°C, TCR intrinsically formed dimers with agonist complexes. This was
interpreted as a TCR conformational change, which facilitated interactions
between ligand, bound and unbound receptors, favoring subsequent ligand
interactions with the recruited receptor (15). However, these experiments were
repeated and with contradictory results (16). Significant technical difficulties in
the first report lead to erroneous conclusions, and it appears that the
conformational changes inferred by the BlAcore data does not occur (16). This
finding, combined with a lack of any observed large-scale conformational change
in TCR/MHC:peptide crystals (17) has left this theory of TCR triggering in

disfavor.

Receptor Aggregation Models: Serial Triggering

There are three basic TCR triggering models that incorporate TCR
aggregation/oligomerization as a key component. In the serial triggering model
proposed by Lanzavecchia (18-21), a single MHC:peptide complex can serially

engage and trigger as many as 180 TCR molecules (18). The triggered TCR are



internalized and their intracellular accumulation is “counted” by an unknown
mechanism. When a critical threshold of internalized receptors is reached, the T
cell becomes activated. According to Lanzavecchia, individual TCR complexes
are recruited to membrane microdomains enriched in signaling molecules (lipid
rafts) (20). In these rafts, the engaged TCR aggregate with signaling
intermediates or with each other and trigger their activation. This model is
supported by evidence that TCR do move into lipid rafts upon ligation and that

these rafts are necessary for T cell activation (22-24).

Receptor Aggregation Models: Topology

The second receptor aggregation model, which is based upon membrane
topology, is the kinetic segregation model of Shaw and van der Merwe (25, 26,
27). In this model, the 2D affinity of molecules on the surface is considered as
well as their lateral mobility and physical size. The TCR-CD3 complex is held in
a zone of close membrane contact where tyrosine phosphorylation can occur (26).
This model invokes the physical segregation of the TCR-CD3 complex away
from phosphatases such as CD45 based largely upon the size of the extracellular
domains of these molecules. Only molecules of the approximate size as the TCR-
MHC ligand pair, such as CD2/CD48 and B7-1/CD28, are associated with the
TCR, while larger molecules such as CD45 are segregated away from the TCR.
This teleologically pleasing model is supported chiefly by studies showing that
CD2 molecules with different large extracellular domains inhibit T cell

activation, rather than providing costimulation (27).



Receptor Aggregation Models: Kinetic Proofreading

The final aggregation model is the kinetic proofreading model proposed
by our collaborator Tim McKeithan (28) and later refined by Rabinowitz et al.
(29). In this model, TCR engagement initiates a multi-step program, which leads
to T cell activation. Each step takes a certain amount of time to complete and if
the TCR/MHC:peptide interaction ends before completion of the program,
incomplete signaling from the TCRs can result in a partially active state in which
the T cell may become non-responsive to further stimulation (i.e., antagonized).
By requiring a sustained TCR/MHC:peptide interaction, this model explains
how the T cell can distinguish between cognate and non-cognate peptides as well
as distinguishing between peptides containing only minor sequence differences
(altered peptide ligands) based upon affinity. It is supported by the
demonstration that MHC: altered peptide ligands have higher dissociation rates
(30) and by the finding that antagonists induce partial phosphorylation of CD3(,
and this partial phosphorylation pattern results in inactivation of the T cell (9,

31).

Costimulation

One of the fundamental paradigms that underlies cellular immunology is
the concept of self — nonself discrimination. In 1970, Bretscher and Cohn
proposed a model for B cell activation that required two distinct signals — one
through the antigen receptor and a second “help” signal provided by another cell

also responding to antigen (32). A few years later, Lafferty and Cunningham



modified this theory and applied it to T cell activation. Their model required 2
distinct signals to activate a T cell; one involving antigen recognition, the other a
“costimulatory” signal provided by the antigen presenting cell (33). This model
was later modified to include the concept that antigen recognition (signal 1) in
the absence of costimulation (signal 2) would lead to inactivation of the cell (34).
Formal demonstration of the need for costimulation came a decade later with the
work of Ron Schwartz and colleagues. They showed that fixed antigen
presenting cells or planar lipid bilayers containing only MHC molecules did not
induce T cell activation, but instead rendered the T cells hyporesponsive (35, 36).
This hyporesponsive state, termed anergy, was prevented by the inclusion of B7-

1 molecules in the bilayers (37).

Anergy

Since the initial descriptions of anergy in the late 1980’s, a major effort has
been undertaken to understand this phenomenon. While much has been learned
about the signaling defects and the phenotype of anergic cells, the mechanism
driving anergy induction remains unknown. Anergy is actually quite
heterogeneous and can be divided into forms that are rescued by IL-2 addition
and those that are not (38). Induction of IL-2 responsive anergy requires a signal
through the TCR in the absence of costimulation (39).

On the molecular level, anergic T cells display altered CD3
phosphorylation patterns (40, 41), which may be related to reductions in the Src-
family kinases p56"* and p59™" (42). Anergic T cells have severely reduced levels

of the AP-1 transcription factor and c-fos/c-jun containing NFAT (43). In



addition, the composition of NF-xB in anergic cells is altered; it is a p50-
homodimer rather than the p50-p65 heterodimer normally found in activated T
cells (43). As outlined below, these transcription factors (AP-1, NFAT, NF-xB) are
involved in regulating IL-2 secretion (43, 44). Anergic T cells are incapable of
producing sufficient IL-2 to maintain cell proliferation (35, 45, 46) and remain in
the G1 phase of the cell cycle (47).

This lack of IL-2 and subsequent inability of anergic T cells to progress
through the cell cycle has been attributed to continued presence of p27<¥', a
cyclin-dependent kinase inhibitor (47, 48). With non-anergic T cells, IL-2 receptor
signaling or costimulatory signals through CD28 cause p27*' degradation and
the cells transcribe AP-1 allowing for IL-2 transcription as well as progression
through the cell cycle (47, 48).

The precise events leading to the altered signaling I have described above
are less well understood. It is unknown how CD28 signals result in Kip1
downregulation or how this is related to the other signaling defects found in
anergic T cells. The IL-2 gene serves as a coincidence detector, requiring both a
signal through the TCR and costimulatory molecules for transcription to occur.
The nature of that costimulatory signal is unclear, because as described below,
the exact nature of costimulation is unknown. With the description of a
macromolecular signaling complex formed at the interface of a T cell and APC
(the immunological synapse-see below) (49, 50), it is tempting to envision that
differential recruitment of signaling molecules to anergic and non-anergic
immunological synapses could account for the differences in downstream

signaling observed and could account for the maintenance of the anergic state,



once established. To date, however, no rigorous studies of the molecular

components of anergic immunological synapse have been published.

Costimulation Via B7/CD28 Interactions

One of the first costimulatory interactions described, and the best
characterized, involves B7 family members, B7-1 (CD80) or B7-2 (CD86), on the
antigen presenting cell and their receptor on T cells, CD28. B7 molecules can also
bind an inhibitory receptor on T cells, CTLA-4 (CD152) (51). Early studies
showed that B7-1/CD28 interactions increased T cell proliferation, accumulation
of IL-2 mRNA and the subsequent secretion of IL-2 protein (52, 53, 54). Antibody
blockade of B7-1 results in significant reductions in antigen-specific T cell
proliferation (55). Combined with Schwartz et al.’s data using the planar lipid
bilayers (36, 37), results showing B7 blockade with a soluble CTLA-4-Ig fusion
protein (56) reduced IFNy production and proliferation of Ty 1 cells in vitro (57,
58), lead to the conclusion that B7/CD28 interactions are sufficient to provide
costimulation.

This costimulatory function of B7/CD28 interactions may play a role in T
cell activation in vivo as well. It has been proposed that the lack of costimulatory
molecules on normal somatic tissues plays a role in peripheral tolerance to self.
Without costimulation, potentially self-reactive T cells encountering antigen are
rendered anergic, rather than being activated and inducing an autoimmune
response (48). This theory is supported by evidence that abnormal expression of
B7 molecules plays a role in the pathology of experimental autoimmune

encephalomyelitis (59, 60) and experimental autoimmune anterior uveitis (61).



CTLA-4Ig blocks diabetes induction in non-obese diabetic (NOD) mice (62).
Human rheumatoid synovial T cells express B7-1, and it is thought that this

allows them to present antigen to each other to facilitate disease (63).

CD28-Mediated Intracellular Signaling

While CD28 initiates intracellular signaling and controls actin filament
rearrangements, the exact mechanism by which costimulation through CD28
prevents anergy is not yet fully understood. CD28 ligation induces a series of
intracellular signaling events that synergize with signals from the TCR and
enhance early TCR signaling pathways (64). These CD28 and TCR signals
integrate at the IL-2 gene to promote IL-2 production (65). CD28 ligation induces
phosphorylation of LAT (66), activation of Lck and TEC kinases (67), increased
expression of the anti-apoptotic gene Bcl-X; (68), and is linked to increases in
intracellular Ca™ concentration (69). The IL-2 promoter (along with IL-3, GM-
CSF, and IFNY) contains a region which is responsive to signals generated by
CD28 ligation, the so-called CD28 responsive element (CD28RE) (70). The
CD28RE has an NF-«B binding site and a non-consensus AP-1 binding site (65,
70). This is consistent with the finding that CD28 activates AP-1 by inducing c-
jun phosphorylation along with enhancing NF-«B nuclear translocation (71)
through activation of protein kinase C-6 (PKC8) (72, 73). It is not yet clear
whether the signals generated by CD28 ligation induce complementary parallel
pathways, or whether they function té augment TCR signaling cascades (65).
Recent unpublished evidence from John Riley at the University of Pennsylvania

presented at the 2002 Keystone Symposia on T Lymphocyte Activation using
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gene array analysis showed that CD28 signals quantitatively alter signals from
the TCR, but do not appear to qualitatively affect gene expression. Signals
through CD28 alone only induce <12 genes out of 18,000 tested (TCR alone alters

expression of ~2,700).

CD28 and the Actin Cytoskeleton

The other main function of CD28 ligation is the control of actin
cytoskeleton dynamics (74). CD28 signals induce the hyperphosphorylation and
activation of Vav (75) presumably via CD28's ability to activate Lck (67, 76). Vav
is a guanine exchange factor that activates members of the Rho family of
GTPases (77-79). One member of the Rho family, Cdc42, controls actin
polymerization by controlling the activity of the Wiskott-Aldrich syndrome
protein (N-WASP) (80). In combination with PIP,, another downstream result of
CD28 ligation (78), N-WASP regulates nucleation of actin polymerization by
controlling the activity of Arp 2/3 (81). In response to antigen, even in the
presence of optimal costimulation, Vav1” T cells have reduced proliferation and
cytokine production; phenotypically resembling T cells activated in the absence
of costimulation (82-85). Blocking actin cytoskeletal rearrangements with
pharmacological agents, such as cytochalasin D or C. botulinum C3 exotoxin,
results in a significant reduction in T cell proliferation and cytokine production
similar to costimulation blockade (84-87) demonstrating the importance of

cytoskeletal alterations in T cell activation.

11



ICAM-1 Costimulation

While CD28 is important, it is not unique in its abﬂity to provide
costimulation. CD28 " mice have been generated, and although CD28”" T cell
responses are reduced, they are not rendered uniformly anergic by exposure to
antigen and APC as would be predicted if CD28 was the only costimulatory
molecule (88). Studies have shown that intercellular adhesion molecule-1 (ICAM-
1) binding to its receptor LFA-1 is the dominant costimulatory interaction in
CD28” mice (88). ICAM-1 is an integrin originally classified as an adhesion
molecule, but it clearly possesses costimulatory functions as well (89). CD8" cells
appear to be most sensitive to ICAM-1 costimulation, but CD4" cells are also
responsive (54, 89, 90). On transfected fibroblast APC, ICAM-1 expression

increases T cell sensitivity to antigen by 10 — 100 fold versus ICAM-1" fibroblasts

(91). This shift in the dose-response is not simply a result of increased adhesion
because anti-LFA-1 antibodies mediate adhesion without affecting the dose
response curve (91, 92). Inclusion of ICAM-1 protein on beads coated with anti-
CD3 also increases CD25 expression (92) and T cell proliferation (91-93). This
effect requires that the ICAM-1 and anti-CD3 be present on the same surface,
because unlike B7/CD28 (52), ICAM-1/LFA-1 interactions cannot provide
costimulation in trans (91, 93). ICAM-1 functions to augment TCR signaling (86)
and is implicated in prolonging inositol phosphate production (93) maintaining
PIP, hydrolysis, and sustaining higher Ca™ plateaus several hours after initial T-
APC interactions (93, 94).

The costimulatory activity of CD28 and ICAM-1 can synergize to provide

optimal costimulation for the activation of T cells. With transfected fibroblasts, T

12



cell proliferation is 10 fold higher on ICAM-1* B7-1* APC compared to ICAM-1"
B7-1"or ICAM-1" B7-1" APC (58). ICAM-1 and B7 molecules also synergize to
stabilize IL-2 mRNA for several hours compared to less than 30 minutes in their

absence (95).

Costimulatory Requirements of Naive and Effector T cells

The requirement for costimulation in the activation of T cells depends
upon both the activation state of the T cells in question, and the response being
measured. Dubey et al. showed that naive T cells are strictly dependent upon
costimulation for proliferation and cytokine production (58, 96). These findings
have been confirmed by several other labs (54, 57, 92, 93, 97, 98). The requirement
for costimulation on activated or effector T cells is widely thought to be minimal,
if at all. This is primarily the result of the work again by Dubey et al. which
suggested that these T cells were costimulation independent (96); however, the
preponderance of evidence suggests that while these cells are less dependent
upon costimulation, they still require B7/CD28, LFA-1/ICAM-1, or both to
achieve full activation (54, 57, 99, 100). Recently activated T cells require B7-
1/CD28 interactions; they become énergic in their absence (100). These
differences probably result from differential dependence on costimulation of
different effector functions. IL-2 and IL-5 production along with proliferation are
very costimulation dependent, while IL-4 production is largely costimulation

independent in effector cells (57, 96).
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Microscopy of T Cell — Antigen Presenting Cell Interactions

T Cell Morphological Changes Upon Antigen Recognition

When the leading edge of a polarized T cell, which is more sensitive to
antigen than the trailing edge (101, 102), contacts an APC displaying appropriate
MHC:peptide complexes, TCR ligation rapidly induces a flurry of signaling
events including protein phosphorylation and increases in cytoplasmic Ca**
concentrations. Initiation of signaling stops T cell migration (103, 104), and the T
cells undergo a program of Ca™"-dependent, (102, 105, 106) cytoskeleton- driven
morphological changes (107, 108) resulting in the formation of a tight T-APC
conjugate with dramatically increased surface contact. These morphological
changes are antigen-specific (107) and require protein tyrosine kinase activity (85,
108). The T cells continue to display active membrane ruffling at the contact zone

after tight conjugate formation (108).

Supramolecular Activation Complexes (SMACs) and the
Immunological Synapse

Pioneering work done largely by Kupfer and colleagues has shown that a
variety of molecules accumulate at antigen-specific T-APC interfaces including:
TCR and CD4 (109), talin, LFA-1/ICAM-1, and PKC 6 (110). In addition, the
microtubule organizing center (MTOC) migrates from the uropod of polarized
cells to an area adjacent to the engaged TCR (111). In a ground breaking study,
Monks et al. (50) observed that rather than just random clustering at the T-APC
interface, molecules were spatially segregated into distinct structures termed

supramolecular activation complexes (“SMACs”). The central region (c-SMAC)

14



contains TCR/MHC:peptide complexes, B7-1 (CD80)/CD28, PKC 9, Lck and Fyn
(50, 112). Surrounding the c-SMAC is a peripheral ring containing ICAM-1/LFA-
1, Talin, and CD2/CD48 called the p-SMAC (50, 112). Recently, Freiberg
described the formation of a third region outside the p-SMAC called the distal
SMAC or d-SMAC (113). The phosphatase CD45 is found in the d-SMAC, as are

56" and CD4 by 15 and 23 minutes after initial contact, respectively (113).
P ol P Y

c-SMAC
TCR/MHC:peptide
CcD28/B7-1

PKC6

Lck and Fyn

| CD4

p-SMAC
LFA-11CAM-1
talin
CD2/CD48

d-SMAC
CD45

CD4 (after 23’)
Figure 2. Supramolecular activation complex | Lck (after 15)
(SMAC) organization and contents.

An elegant live cell imaging study by Grakoui ef al. (49) using
fluoresceinated proteins suspended in a planar lipid bilayer described the
molecular rearrangements leading to the formation of this ordered structure.
Their bilayers contained only MHC:peptide complexes and ICAM-1 molecules.
As seen in figure 3, the green-labeled MHC molecules originally surrounded the

red-labeled ICAM-1 molecules. Over the period of 5 minutes, these molecules

15



change position and the ICAM-1 ends up surrounding the MHC molecules. Over
the next 55 minutes, this structure continues to evolve so that by 1 hour, the
arrangement of ICAM-1 and MHC molecules resembles the SMACs described by
Monks ef al. (50). Because the molecular accumulation and the directed secretion
of cytokines (114) and cytolytic granules (115, 116) at the T-APC interface

resembles a neuronal synapse, this structure is also called an immunological

synapse (117).

Figure 3. Formation of the immunological synapse. (Top) Time lapse imaging
of molecular rearrangements of MHC (green) and ICAM-1 (red) during the
interaction of T cells with proteins embedded in planar lipid bilayers. Times are
given in minutes after initial contact. (Bottom) Synapse after 60 minutes clearly
showing the mutually exclusive segregation of MHC to the c-SMAC and ICAM-1
to the p-SMAC. From Grakoui et al. (49).

It is hypothesized that the immunological synapse stabilizes the
interaction between the T cell and APC serving as a signaling platform where
various signaling molecules are recruited and maintained (118, 119), which
allows for signaling of sufficient duration to activate T cells (120). Consistent
with this model, many molecular species associated with T cell signaling are

accumulated in the synapse including: PKCq 9 (110), activated Lck (113), CD45

(113), CD3 (69), Fyn, CD28, and CD4 (118). The formation of the synapse is

16



thought to represent a checkpoint for full T cell activation (78, 112, 118, 121),
because only T-APC interactions involving antigen recognition will be of

sufficient duration to allow for synapse formation.
Formation of the Immunological Synapse

The precise molecular events leading to the formation of the
immunological synapse are unknown. Immunological synapse formation
requires T cell cytoskeletal rearrangements (74, 94) but, as seen in Figure 3, it
does not form until several minutes after the initiation of intracellular signaling.
There are several theories that have been proposed to explain how antigen-
recognition could result in the spatial segregation of molecules seen within the

immunological synapse.

Topology Model

The first model to be considered is the topology model of van der Merwe
described above (26, 112). This model relies on the segregation of different sized
molecules interacting at the T-APC interface. The TCR-MHC interaction is
predicted to span approximately 15 nm between the membranes (25). This model
predicts that molecules of similar size (CD2/CD48, B7/CD28) would have to
segregate from larger molecules such as CD43 and CD4S5 for efficient interaction
(25, 26). This segregation is occurring on a submicroscopic level with
microclusters of just a few engaged molecules at the earliest time points. As time
progresses, these microclusters aggregate, forming the visible immunological
synapse. It conveniently explains the segregation of molecules with very large

extracellular domains (CD43 and CD45) from the c- and p-SMAC structures (27,
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122, 123). A potential problem with this model is that while it can explain the
aggregation of molecules at the T-APC interface, it does not adequately explain
the segregation of similar sized molecules such as B7-1/CD28 and CD2/CD48

into different regions of the immunological synapse (49).

Lipid Raft Accumulation Model

The second model predicts that the engagement of the TCR with cognate
MHC:peptide complexes induces the aggregation of membrane microdomains
(124) (lipid rafts) at the T-APC interface (125). This aggregation would bring
together a variety of signaling molecules and their substrates that are found
constitutively associated with rafts along with the recruitment of other proteins
to the rafts, forming a large signaling complex (22-24, 126-129). This model is
supported by the findings of Viola et al. (130) showing that CD28 crosslinking
results in raft aggregation. Currently there is little other evidence in support of,
or against, this model. This model has the same short comings as the topology
model, in addition to the fact that rafts have not previously been shown to

accumulate at the synapse (129).

Costimulation and the Immunological Synapse

The role of costimulation in the formation of the immunological synapse is
unclear. As described above, synapse formation is driven by the T cell actin
cytoskeleton (74, 94) and costimulation is involved in controlling actin
cytoskeletal rearrangements. The localization of B7-1/CD28 to the c-SMAC and

ICAM-1/LFA-1 to the p-SMAC combined with the circumstantial evidence
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surrounding actin filament control is suggestive of a role for these molecules in
organizing the synapse. However the evidence for costimulation involvement in
the control of synapse formation is contradictory. The work of Wiilfing and
Davis suggests that costimulation through CD28 and/or ICAM-1 is crucial for
synapse formation (74, 94, 131, 132). Blockade of costimulation in their system
results in formation of defective synapses with only transient clustering of CD3(
in the c-SMAC (69).

By contrast, inclusion of B7-1 in planar lipid bilayers used by Dustin and
colleagues has no effect on synapse formation (49, 121). With CD28”" T cells,
PKC6 and LAT are accumulated at the T-APC interface; although they are
uniformly distributed rather than accumulating in the c-SMAC (113). CD28" T
cells also show redistribution of the TCR toward the APC in vivo (133).

The apparent discrepancy in the role of costimulation from these different
groups most likely is due to differences in their experimental systems. The
approach of Dustin and colleagues utilizes a completely artificial system,
replacing living APC with a glass supported planar lipid bilayer into which GPI-
tethered proteins have been embedded. While this system is optimal for imaging
studies and allows for the assessment of defined arrays of protein components in
synapse formation, the bilayers lack the full complement of surface proteins
found on a living APC, as well as extracellular matrix components, which are
implicated in controlling T cell activation (134). This has the potential to generate
erroneous results because on a living APC, these proteins are not in isolation and

may function cooperatively with proteins not included in the planar bilayer. It is
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important not to over-interpret results from this system and any finding should
be confirmed with more physiologically relevant systems.

There are problems with the systems employed by Wiilfing and Davis as
well. They are capturing images at a very high frame rate, which is critical for
generating 4D data sets, but it comes at the cost of optical and spatial resolution.
Their optical sectioning in the z-axis is in Tum steps, requiring interpolation of
data in between actual data points. This limits their ability to precisely quantify

areas or density of molecules.

Rationale

In this thesis I describe the generation of an imaging system that improves
on the currently used systems in several ways, and allows for the examination of
several key issues surrounding immunological synapse formation. My system
employs living fibroblasts transfected with an MHC class I molecule containing
covalently attached antigenic peptide and tagged with green fluorescence
protein (GFP) on the cytoplasmic tail. With these APC, I can follow the
redistribution of a specific MHC:peptide complex during antigen recognition by
T cells. While not a physiological APC, it is an improvement over the completely
artificial lipid bilayer system. Our state-of-the-art wide-field deconvolution
imaging system is capable of generating superb high-resolution images of fixed
T-APC conjugates, with superior spatial resolution that can be accurately
quantified.

There are several important questions that I have addressed with this

system. First, [ have examined the dynamics of synapse formation using live cells
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as APC. With the aforementioned advantages over previous systems, I analyzed
the early steps in synapse formation, correlating early MHC:peptide
redistribution to mature synapse formation. My results have added to our
understanding of the early events in synapse formation.

Another area that I addressed was the relationship between the
immunological synapse and intracellular signaling. By using pharmacological
inhibitors of intracellular signaling pathways, I have begun to define the
signaling events that are important in synapse formation. In agreement with
previous reports, I show that increases in intracellular Ca™ concentrations are
necessary for TCR-driven morphological changes upon antigen encounter. When
the Ca™ flux is prevented, T cells do not efficiently interact with the APC and do
not form immunological synapses. Inhibition of Src kinases (Lck and Fyn) also
inhibits efficient immunological synapse formation. In contrast, the MAPK
pathway does not appear to be necessary for formation of the synapse, but it is
required for continual T-APC interactions.

In addition to examining the formation of the immunological synapse, I
have addressed three major questions in my thesis research:

1. Do the MHC:peptide molecules accumulated in the immunological
synapse contain a mixture of cognate and non-cognate peptides, or is
the synapse peptide-specific?

2. What is the role of costimulation through CD28 or LFA-1 on the
formation and maintenance of the immunological synapse?

3. Do anergic T cells form synapses? Do they differ from synapses

formed by non-anergic T cells?
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Chapter 2

Materials and Methods

Animals

Heterozygous AD10 TCR transgenic mice on a B10.BR (H-2K) background,
specific for pigeon cytochrome C (PCC) fragment 88-104 (135) and reactive
against moth cytochrome C (MCC) fragment 88-103, were kindly provided by
Steve Hedrick (UCSD, San Diego, CA) by way of Philippa Marrack (National
Jewish Medical Center, Denver, CO). Homozygous 3.L2 TCR transgenic mice,
specific for peptide 64-76 of murine hemoglobin (Hb) d allele, were kindly
provided by Paul Allen (Washington University, St. Louis, MO) (136). The mice
were bred and maintained in specific pathogen-free conditions in the OHSU
animal care facility. For the PCR identification of the AD10 transgenic mice,
small pieces were collected from the tip of the tail and digested overnight in
digestion buffer (10mM Tris, pH 8.4, 5 mM KCl, 100 ng/ml gelatin, 0.45% NP-40,
0.45% Tween-20) supplemented with proteinase K (0.2 mg/ml) at 55°C. After
heating at 95°C for 15 minutes to destroy proteinase K activity, 2 ul of the
digestion reaction was used as a template in a PCR reaction. To detect the AD10
TCR B chain transgene, a 5" primer specific for VB3
(GACTCCAAGATATCTGGTG) and a 3’ primer (TGAGCCGAAGGTGTAGTC)
specific for the J region of the transgene were used. Samples were amplified
using a Stratagene Robocycler Gradient 96 (La Jolla, CA) followiﬁg this

amplification procedure: one cycle using 94° for 5 minutes, 55° for 1 minute, 72°
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for 1 minute followed by 35 cycles using 94° for 1 minute, 72° for 1 minute, and
55 ° for 1 minute. PCR products were separated by electrophoresis on 1%

agarose/TBE gels.

Antibodies

The following antibodies were purchased from PharMingen (BD Biosciences, San
Diego, CA): anti-I-E* (17-3-3), anti-I-E* (14-4-4s), anti-B7-1 (16-10A1), anti-ICAM-1
(3E2), anti-CD69 (H1.2F3), anti-VB3 (KJ25), anti-V[38.3 (1B3.3), anti-CD25 (3C7),
anti-Vall (RR8-1), anti-TCRp (H57). Polyclonal goat anti-nPKC6 (C18-G) and
polyclonal goat anti-c-Cbl (C15-G) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). An anti-mouse IgG-PE secondary antibody was
purchased from Southern Biotechnology (Birmingham, AL). Streptavidin Texas
Red and Texas-Red conjugated donkey anti-goat were purchased from Jackson
ImmunoResearch (West Grove, PA). Biotinylated Cholera Toxin B (CTxB)
subunit was purchased from Sigma (St. Louis, MO). CTLA-4/Ig was purified
from supernatants from a hybridoma kindly provided by Peter Lane (University

of Birmingham, UK) (56).

Antigen Presenting Cell Generation

Cells

Ltk fibroblasts obtained from the ATCC (Rockville, MD) displayed a broad
range of endogenous B7-1 expression. To generate B7-1" fibroblasts used in
transfections, Ltk™ cells were stained with anti-B7-1 FITC, and brightly stained

cells were sorted on a FACSCalibur (BD Biosciences, Palo Alto, CA). Sorted cells
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were cloned at limiting dilution and the resulting clones were analyzed by flow
cytometry. A high B7-1 expressing clone (Ltk'B7-1") with levels similar to B10.BR
splenocytes was used as the parental cell in the transfections. Cells were
maintained in DMEM (Gibco, Bethesda, MD) containing 10 % FBS (Hyclone,
Logan, UT.) and supplemented with 1 mM L-glutamine, 100 mg/ml sodium
pyruvate, 5 x 10° M 2-ME, essential and non-essential amino acids (Gibco,
Bethesda, MD), 100U /ml penicillin G, 100 U/ml streptomycin and 50 pg/ml

gentamycin.

Plasmids

To generate the GFP-tagged I-E* B chain with covalent antigenic peptide
used in this study, the MCC:I-E* B chain (137) was cut out of the phfA-prl-neo
vector (138) with Alu and EcoRI. This fragment was ligated into a shuttle vector
containing a c-myc epitope tag, in frame. This plasmid was cut with EcoRV and
BsiWI to generate a C-terminal fragment of I-E* with a c-myc tag. The phpA-prl-
neo vector (138) containing the covalent MCC:I-E* B chain was digested with
BamHI and BsiWI and the c-terminal c-myc fragment was ligated in. This
generated a full length I-E* B chain with covalently attached MCC peptide and a
C-terminal c-myc tag.

To generate an EGFP fragment, the Clontech EGFP-N3 plasmid (Clontech
Laboratories Inc., Palo Alto, CA) was digested with Bglll and BamHI and re-
ligated to delete much of the polylinker region. The EGFP fragment was then cut
out with AfIIII (filled in to form a blunt end) and Nhel, then ligated into the

MCC:1-E* B:C-myc plasmid digested with BamHI (also filled in to form a blunt
ycp &
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end) and Xbal. This generated the MCC:I-E*B:c-myc-EGFP construct used in this
study.

To prepare the wild type I-E* construct, a fragment containing the entire
wild type I-E* B chain was cut out of the PLXSN retroviral plasmid vector (a gift
of Hans Fischer and John Kappler) with BamHI and EcoRI. This fragment was
ligated into a shuttle vector, bluescript sk. It was then cut out of bluescript sk
with Apall and BamHI and ligated into pcDNA3.1 (-) Hygro (Promega, Madison

, WI) which carries a hygromycin resistance gene.

Transfections

Ltk B7-1" cells were transfected with 2 ng of the MCC:I-E* GFP construct,
30 pg of I-E* o chain in the pEVX-3 plasmid, kindly provided by Ronald Germain
(NAIAD, Bethesda, MD) (139), and 2 pg of ICAM-1 in the phfA-pr-1-neo
plasmid, obtained from Dr. A. Brian (91), with lipofectin (Gibco, Bethesda, MD)
according to manufacturer’s directions. Briefly, 10° Ltk” B7-1" cells were plated
into a 6 well plate and cultured overnight. The plasmid DNA was mixed and
incubated for 1 hour with a 1:4 dilution of Lipofectin in serum free Opti-MEM
media (Gibco, Bethesda, MD), then added drop-wise to the cells, also in Opti-
MEM. After 24 hours, an equal volume of DMEM containing 10% FBS was added
to the plates and they were incubated for an additional 24 hours. The cells were
split equally into 2 - 24 well plates and placed on drug selection for 3 weeks with
500 ug/ml G418 active drug. Drug resistant cells were screened for GFP
expression and I-E*surface expression by flow cytometry. Positive cells were

sorted on a FACSCalibur (BD Biosciences, Palo Alto, CA) based upon GFP

25



expression level, and cloned by limiting dilution. MCC Clone A was chosen
because its GFP expression was the highest of the tested clones.

To better mimic physiologic conditions where the cognate ligand is found
in a sea of non-cognate ligands, the MCC Clone A cells were super-transfected
with 2 ug wild-type I-E* B chain cDNA in pcDNA3.1(-) Hygro and 30 pg I-E* a0
chain plasmid. After selection with 350 ng/ml of hygromycin, the surviving cells
were analyzed by FACS for significant increases of I-E* expression compared to
the MCC Clone A cells. Positive populations were FACS sorted and cloned by
limiting dilution. One clone (MCC:GFP) was selected because it expressed the
highest level of wild type I-E* with minimal increases in GFP expression. These
transfectants were cycled on selecting drugs for 2 — 3 weeks every 3 months, and

maintain stable expression levels of the transfected molecules.

In Vitro T Cell Priming

Single cell splenocyte suspensions from 6 — 12 week old AD10 or 3.L2 TCR
transgenic mice were depleted of erythrocytes by hypotonic lysis with Gey’s
solution and resuspended in RPMI 1640 (Gibco, Bethesda, MD) containing 10 %
FBS (Hyclone, Logan, UT) and supplemented with 1 mM L-glutamine, 100
mg/ml sodium pyruvate, 5 x 10° M 2-ME, essential and non-essential amino
acids, 100U /ml penicillin G, 100 U/ml streptomycin and 50 pg/ml gentamycin.
Cells were primed in vitro with 2.5 pM peptide (PCCg,, for AD10, Hb, 5 for
3.L2) for 6 days with no addition of exogenous IL-2. Lymphocytes were isolated
from the primed cultures by density centrifugation using Lympholyte M

(Cedarlane, Hornby, Ontario) with a resulting purity of CD4" cells > 75 %. T cells
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were resuspended at 5 x 10°/ml in phenol red-free, bicarbonate-free RPMI-10 for
use in microscopy. To measure intracellular Ca*™ concentration, T cells were

labeled with 1uM Fura-2 as described below.

Fura-2 Loading

For measuring Ca*™* flux, in vitro primed T cells were resuspended at 2 x 10°/ml
in PBS containing 10 % FBS, 1 mM Ca™ and 0.5 mM MgCl,. The cells were
incubated with 1uM Fura-2 AM (Molecular Probes, Eugene, OR) for 30 minutes
at 37°C in the dark. After washing in PBS, cells were resuspended at 10’/ml in
PBS containing ImM Ca'* and 0.5 mM Mg** and incubated at room temperature
in the dark for 15 minutes to allow for AM hydrolysis. Cells were stored on ice

until use.

Anergy Induction

ADI10 T cells were in vitro activated for 4 — 6 days in the presence of 2.5 uM PCC
peptide. Lymphocytes were isolated from the primed cultures by density
centrifugation using Lympholyte M (Cedarlane, Hornby, Ontario). Cell
concentration was adjusted to 5 x 10°/ml. 5 ml of the cell suspension was added
to 100 mm petri plates precoated with 10 ug/ml anti-TCR (H57) in PBS. Control
cells were incubated on petri plates precoated with PBS only. After an 18 hour
incubation at 37°C, cells were removed from the plates by gentle scraping,
washed twice and resuspended at 5 x 10°/ml. The cells were incubated an

additional 2 days in the absence of antigen or IL-2 before use.
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Measurement of T Cell Proliferation

Proliferation of the AD10 T cells in response to MCC:GFP cells was measured by
a standard 72-hour [’H] thymidine incorporation assay. Naive AD10 T cells were
purified by T Cellect column (Cytovax, Edmonton, AB). For APC titration
experiments, 2.5 x 10" responders were co-cultured with increasing numbers of
the MCC:GFP cells and pulsed with 1 uCi [*H] thymidine (2Ci/mmol specific
activity) during the last 12 hours of a 72 hour assay. In costimulation blocking
experiments, 10* MCC:GFP cells were pre-incubated with blocking reagents for 1
hour prior to the addition of 2.5 x 10* primed AD10 T cells. The proliferative
response of 3.L2 T cells to the MCC:GFP cells was measured similarly. For
maximal loading of Hb peptide, MCC:GFP cells were treated for 20 minutes in
100 mM citrate buffer, pH 5.3 in PBS to strip weakly binding peptides from the
wild type I-E*. These cells were then exogenously loaded with 20 uM Hb peptide

by overnight incubation.

Measurement of T Cell Activation by Flow Cytometry

2.5 x 10° T cells and 2.5 x 10° MCC:GFP cells were incubated overnight (12 - 16
hours) in 2 ml total volume. Cells were stained for the activation markers CD25
and CD69, along with anti-Vf antibodies (anti-Vf3 for AD10, anti-VB8 for 3.12)

to measure TCR down-modulation.
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Microscopy

Signaling Inhibitors

To study the role of intracellular signaling cascades in the formation and
maintenance of the immunological synapse, cells were preincubated with 50 uM
PD98058 (140) (Sigma, St. Louis, MO) a specific MEK inhibitor, 5 uM PP2 (141)
(Sigma, St. Louis, MO), a specific Src kinase inhibitor, or 20 utM BAPTA-AM
(Molecular Probes, Eugene, OR), a Ca** Chelator for 30 minutes before imaging

began.

Cytoskeletal Inhibitors

To examine the role of cytoskeletal rearrangements in the formation of the
synapse, T cells or APC were pretreated for 1 hour with 10 uM colchicine (Sigma,
St. Louis, MO) to block microtubule polymerization or 10 uM cytochalasin D
(Sigma, St. Louis, MO) to block actin filament polymerization. Both of these
reagents were suspended in DMSO and were added at a final DMSO
concentration of 0.5 % to the T cell or APC cultures. They were diluted 1:20 when
added to the imaging dishes. The final concentration of these inhibitors in the
imaging dish did not have any observable effect on the population of untreated

cells.

Live Cell Microscopy

For live cell microscopy, 2.5 x 10° APC were seeded into 0.15 mm Delta T dishes
(BiopTechs, Butler, PA) 1 day prior to the experiment in DMEM culture medium.

In the 3.L2 experiments, the MCC:GFP cells were acid stripped and loaded with
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20 uM Hb peptide as described above. The acid stripping did not alter the AD10
response to the MCC:GFP cells, indicating that the covalent MCC peptide was
not being displaced. Blocking reagents were added to the APC 1 hour prior to
imaging. Just prior to microscopy, DMEM culture medium was removed from
the plate and replaced with 1ml phenol red- and bicarbonate-free RPMI culture
medium. Dishes were fitted into a BiopTechs ATC3 heating collar and
maintained at 37°C for the duration of the imaging. After adding 2.5 x 10° AD10
T cells to the dish, alternating 400 or 600X green fluorescent (528 nm) and
differential interference contrast (DIC) images (500 nm) were taken every 8 - 10
seconds for 45 minutes with the Applied Precision Instruments (APT)
DeltaVision® image restoration system (Issaquah, WA). This includes the API
chassis with precision motorized XYZ stage, a Nikon TE200 inverted fluorescent
microscope with standard filter sets, halogen illumination with API light
homogenizer, a CH350L camera (500 kHz, 12-bit, 2 Megapixel, liquid cooled),
and DeltaVision® software. Images were obtained at 512 x 512 pixels, with
binning of 2. For Fura-2 analysis 600X images with excitation at 340 nm and 380
nm and emission at 510 nm were captured in addition to fluorescent and DIC.
Image analysis was performed on a Silicon Graphics Octane workstation using

the API SoftWorx software package.

Fixed Conjugate Microscopy

For analysis of fixed conjugates, 5 x 10* APC were placed into a LabTek II
8 chambered 0.15 mm cover glass. After overnight incubation at 37°C, any

blocking reagents were added to the APC at least 1 hour prior to addition of T
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cells. 2.5 x 10° in vitro primed AD10 T cells were added to the wells in a total
volume of 100 pl and the chambers were centrifuged for 30 seconds to facilitate
T-APC interactions before being incubated for 30 minutes at 37°C. Media was
then removed and the conjugates were fixed for 30 minutes at room temperature
with 4 % paraformaldehyde containing 0.5% glutaraldehyde in PBS.

For extracellular staining, the cells were incubated for 2 hours at 37°C with
0.5 pg/ml PE-conjugated anti-ICAM-1 antibody or 5 ng/ml biotinylated Cholera
Toxin B subunit (CTxB) (to stain lipid rafts). After washing 3 times with PBS, the
CTxB stained cells were incubated with streptavidin-texas red to detect the
biotinylated CTxB.

For intracellular staining, cells were permeabilized with 1% Triton X-100
in PBS for 5 minutes at room temperature before 3 washes with PBS. After
blocking for 24 hours with 1% BSA/0.1% NaN, in PBS, cells were stained with
anti-PKC6 at 10 pg/ml in blocking buffer for 2 hours at room temperature in a
humidified chamber. Following 4 washes of 5 minutes with PBS, cells were
incubated with 5 pg/ml Texas-Red conjugated donkey anti-goat IgG for 2 hours
at room temperature. After 3 more washes with PBS, Anti-Fade reagent
(Molecular Probes, Eugene, OR) was added to the wells and chambers were
stored at 4° in the dark until imaged.

Conjugates were chosen based upon the characteristic flattened
morphology in DIC image. A stack of 50 — 90 fluorescent images spaced 0.2um
apart in the z-axis was obtained at 1000X on the API system and were
deconvolved using the constrained iterative algorithm of Sedat and Agard (142,
143). Deconvolution, three dimensional reconstructions, and measurements of

synapse area and fluorescence intensity within the synapse were performed on
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an SGI Octane workstation using the API SoftWorx software package. For
quantification of the GFP at the T-APC interface, the background fluorescence
was determined by use of the built-in data inspector feature on an area on the
APC adjacent to the synapse. Using the autopolygon feature of the SoftWoRx
program, pixels with a GFP intensity at least 2 fold above background were
selected. To determine the total area of the accumulated GFP, areas with GFP
intensity twice background were summed. After subtraction of background, the
integrated intensity, an indication of the amount of accumulated MHC within in

the synapse, was summed for areas with GFP intensity twice that of background.

Statistics

Determination of statistical significance was performed with student’s t test.
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Chapter 3

Results

APC Characterization

The precise spatial and temporal resolution of molecular rearrangements
leading to the formation of the immunological synapse during the interaction of
living T cells and antigen presenting cells (APC) have not previously been
examined. Previous studies examining immunological synapse formation have
used T cells interacting with surrogate APC consisting of fluoresceinated
proteins embedded in planar lipid bilayers (49), examined paraformaldehyde
fixed T - B cell conjugates after antibody staining (50, 109, 111, 144), or used
living T cells and APC but have displayed the results as manipulated grayscale
intensity images which limits useful detailed spatial and/or temporal
information (69, 131). As a part of my thesis research, I have developed a system
involving APC expressing a GFP-tagged MHC molecule containing covalently
attached antigenic peptide. With these cells, I have been able to follow the
redistribution of specific MHC:peptide complexes on the surface of the APC
during T cell antigen recognition and subsequent immunological synapse
formation.

To produce the antigen presenting cells used in these studies, an MHC
Class II negative murine fibroblast cell line (Ltk") was obtained from the ATCC.
In initial screening, it was observed that there was a broad range of B7-1 (CD80)

surface expression on these cells, while they were B7-2 (CD86) and ICAM-1
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(CD54) negative (Figure 4). From our previous studies, we knew that even high
levels of expression of the covalent MHC:peptide complexes on the surface of an
APC in the absence of ICAM-1 and B7 proteins was not sufficient to induce
activation of T cells (data not shown). To generate an Ltk™ clone with uniformly
high expression of B7-1, the cells were FACS sorted based upon their B7-1
expression level and were cloned by limiting dilution. One of the clones (B7-1™
Ltk) expressed levels of B7-1 similar to B10.BR splenocytes (Figure 4E) and this
clone was used as the parental cell line for all transfections. These cells have
maintained their B7-1 levels for over 3 years in continuous culture.

The B7-1" Ltk cells were co-transfected with the moth cytochrome C
(MCQ):I-E* B chain:GFP construct (Figure 4A), I-E* o chain, and ICAM-1
plasmids. The resulting MCC Clone A cells showed a 7.7 fold increase in GFP
fluorescence above autofluorescence background (Figure 4C) and expressed
levels of I-E¥ 17.6 fold above the I-E* negative parental cells (Figure 4B). They also
expressed high levels of B7-1 and intermediate levels of ICAM-1 (data not
shown). These cells were found to induce proliferation of naive, antigen-specific
T cells from the AD10 TCR transgenic mouse in a dose-dependent manner (data
not shown).

All of the MHC on these fibroblasts contained the covalently attached
MCCgs..0s peptide. To better mimic physiologic conditions in which specific
MHC:peptide ligands are found in a sea of non-cognate ligands, MCC Clone A
cells were super-transfected with plasmids encoding wild type I-E* B chain and
additional I-E* & chain. One of the resulting clones, MCC:GFP, expresses 2 fold

more I-E* than the MCC Clone A cells and 32.2 fold more than the parental cells
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(Figure 4B). I-E* expression on the MCC:GFP cells is similar to B10.BR
splenocytes (Figure 4B). These cells express slightly elevated levels of GFP
compared to MCC Clone A, perhaps a function of additional I-E* o chain (Figure
4B). Because the increase in I-E* staining is greater than the increase in GFP
levels, we deduced that the wild type I-E* B chain is expressed. The MCC:GFP
cells also expressed intermediate levels of ICAM-1 (Figure 4E) and high levels of
B7-1 (Figure 4D) but remain B7-2 negative (data not shown). As seen in Figure
4F, surface expression of the MCC:I-E* B chain:GFP fusion proteins are fairly
uniform on the surface of the MCC:GFP cells (bright green spot and black
regions are artifacts due to the contours of cell surface). This is an important
characteristic, since I will be looking at redistribution of these molecules upon T

cell engagement.
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Figure 4. Surface Phenotype of Transfected Fibroblast APC.

(A) Schematic of the MCC:I-_Ek:GFP construct used to transfect fibroblasts.
(B) I-EX expression on B7-1" Ltk (gray line) compared to MCC Clone A cells
(thin line). To better mimic physiologic conditions, MCC clone A cells were
super-transfected with wild type I-E" generating MCC:GFP cells (bold line).
I-E* expression on B10.BR splenocytes (dotted line) is shown for
comparison. The isotype control is shaded. (C) Expression of GFP by MCC
Clone A (thin line) and MCC:GFP (bold line) cells compared to B7-1" Ltk
(gray line) parental cells. (D) B7-1 expression on parental Ltk (dotted line),
B7-1" Ltk clone (gray line), and MCC:GFP cells (bold line). The isotype
control is shaded (E) ICAM-1 expression on MCC:GFP (bold line) compared
to B7-1" Ltk (gray line). Isotype control is shaded (F) GFP-tagged MCC:I-E¥
is uniformly distributed on the surface of the MCC:GFP cells.
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The ability of the MCC:GFP cells to activate T cells was also assessed.
Since the amount of MCC - loaded I-E* on the cells is fixed, the number of
antigen presenting cells per well was titrated to generate a dose response curve.
Using a standard 72 hour *H-thymidine incorporation assay, the MCC:GFP cells
induced proliferation of naive AD10 T cells in a dose depehdent manner (Figure
5D). The expression of cell surface phenotypic markers of T cell activation as well
as intracellular cytokine levels was assessed by flow cytometry. For these studies,
the AD10 T cells were activated in vitro for 6 — 8 days prior to the initiation of the
18 hour experiments. The T cells incubated with the MCC:GFP cells for 18 hours
showed increased expression of CD69 (Figure 5A) along with down-modulation
of the TCR (Figure 5B), both hallmarks of T cell activation. These cells also
showed increases in intracellular effector cytokines such as TNF-o. (Figure 5C),
IL-2 and IFNy (data not shown).

The FACS data suggested that the MCC:GFP cells express unlabelled wild
type I-E*in addition to the MCC:I-E*:GFP fusion protein. To assess the ability of
the wild type I-E* to present antigen, the cells were exogenously loaded with 20
pM Hb,, . peptide and used to present antigen to Hb:I-E* specific T cells from the
3.L2 TCR transgenic mouse. These Hb-loaded MCC:GFP cells were capablé of
inducing down-modulation of the 3.2 TCR (Figure 6B) as well as inducing the
dose-dependent proliferation of naive 3.L.2 T cells (Figure 6A). This response is
antigen-specific, as the MCC:GFP cells induce TCR down modulation on the Hb-

specific 3.L2 T cells only when Hb peptide is present (Figurc 6B).
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Figure 5. MCC:GFP cells induce full activation of AD10 T cells.

(A - C) In vitro activated AD10 T cells were cultured for 16 hours with
MCC:GFP cells before staining with anti-CD69 (A), anti-V[33 to measure TCR
down-modulation (B), or intracellular anti-TNFo (C) Line indicates cells
incubated with APC, shaded histograms are unstimulated controls. (D) Results
of 72 hour *H-thymidine incorporation assay showing MCC:GFP cells induce
proliferation of primary AD10 T cells in a dose-dependent manner.
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Figure 6. MCC:GFP Cells pulsed with Hb peptide stimulate 3.L2 T cells.

(A) Proliferative response of AD10 T cells to MCC:GFP cells () and 3.L2

T cells to 20 uM Hb peptide-pulsed MCC:GFP cells (O) as measured in a

72 hour [°H] thymidine incorporation assay. (B) TCR down modulation on
3.L.2 T cells after a 16 hour incubation with MCC:GFP cells alone (dotted line)
or 20 uM Hb-peptide pulsed MCC:GFP cells (bold line). Unstimulated cells
(thin line) are shown for comparison. The isotype control is shaded.
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Synapse Formation is a Dynamic Process

Having established that the MCC:GFP cells induce full activation of AD10
T cells, we went on to characterize the interaction of the T cells and MCC:GFP
cells and to determine whether an observable immunological synapse forms
during that interaction. To assess the potential redistribution of the GFP-tagged
MHC:peptide complexes and monitor the morphology of T-APC interactions,
alternating fluorescent and differential interference contrast (DIC) images were
obtained using the API DeltaVision wide field microscopy system.

The interactions of the T cell and the APC are complex and dynamic but
from observing more than 500 interactions, a consistent pattern emerged. First, T
cell migration usually ceases after the T cell makes initial contact with the APC.
This initial interaction of the T cell and the APC is generally mediated by a
slender membrane projection from the leading edge of the T cell that interacts
with the membrane of the APC (Figure 7). This is followed by distinct
morphological changes of the T cell resulting in tight adherence and flattening
against the APC, dramatically increasing the contact area. This typical flattened
appearance served as the basis for selecting fixed T-APC conjugates for further
examination of potential immunological synapses. When a 3D reconstruction of
the interface of the T cell and the APC is made, we often observed that a
peripheral ring on the T cell appeared to be pushing against the APC membrane
resulting in a bulging out or “blistered” appearance of the APC membrane
within this ring (Figure 8). This appearance is consistent with a model of
immunological synapse formation predicted by Dustin and colleagues (49, 118,

119) (Figure 8D), which proposed that the T cell actin cytoskeleton would
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generate a “protrusive” force against the APC membrane, and the observed
formation of a polymerizing actin ring at the periphery of a T cell interacting

with anti-CD3 on a glass coverslip (85).

Figure 7. Fixation catches early events in the process of synapse
formation.

AD10 T cells and MCC.GFP were incubated for 30 minutes at 37° before
fixation. (A) Very early interaction between T and APC shows faint GFP
“strings” projecting from the APC to the T cell. The accumuilation of MHC
opposite the interface is a common feature. (B-C) The same interaction
rotated 45° to show the ring of small MHC clusters at the interface. The dotted
line in (C) delineates this ring. (D) A second interaction showing a large
triangular membrane flap from the APC covering a portion of the T cell. At
various points along where the APC and T cell are interacting, small GFP
clusters are visible.
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Figure 8. T cell induced deformation of the APC membrane during initial
T-APC interactions.

(A) DIC image of a T cell interacting with an APC. (B and C) Fluorescent images
of the T-APC interaction showing bulging of APC membrane under the T cell.
This interaction is in the early stages because there is essentially no MHC
redistribution at the interface (white arrow). The “blistered” region of the APC
membrane lies within the periphery of the T cell interface. Note the GFP clusters
found on the backside of the T cell, even at this early time point of the interaction
(yellow arrow). (D)These images confirm a model of early interaction predicted
by Grakoui et al. (49).
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Within approximately 0.5 — 1 minute of the first contact, and concomitant
with the morphological changes of the T cell, small spots with increased GFP
fluorescence become visible at several locations along the T-APC interface
(Figure 9). The appearance of these MHC clusters is antigen specific because no
similar structures are observed when the Hb-specific 3.L2 T cells encounter these
same APC (see below, Figure 23). Over the next several minutes, these small
clusters intensify, indicating the accumulation of specific MHC molecules. In
fixed T-APC conjugates, these small clusters form at multiple sites along the
interacting regions of the T cell and the APC (Figure 7). These spots ultimately
coalesce into a very bright (Figure 9), stable, compact structure with significantly
increased MHC density that co-localizes with PKC-8 (Figure 241), characteristic
of a mature immunological synapse. On average, this process takes 5.5 minutes
from first contact to mature synapse formation (range is 3 — 20 minutes).

An example of the dynamic nature of T-APC interactions and synapse
formation is seen in Figure 10. In this set of images, a polarized T cell with a
highly active leading edge approaches an APC and over a 2.5-minute period
appears to sample or “scrub” the surface of the APC without forming a tight
conjugate. At 2:37 after initial contact, a small MHC cluster appears within the T
cell’s highly active leading edge (indicated by an arrow). As the T cell continues
to scrub the APC surface, this small spot intensifies and migrates toward the
center of the T- APC interface. At the interface, this cluster intensifies and
eventually forms a mature synapse. For the duration of the imaging, the T cell
membrane at the interface with the APC continues to be highly active as
previously described (108). This scrubbing morphology is commonly exhibited

even after the formation of the mature synapse and clearly demonstrates the

43



dynamic nature of the early interactions between T cells and APC not visible
with fixed conjugates, planar lipid bilayers, or reports utilizing manipulated

grayscale intensities of GFP rather than raw images.

6:24 9:09
Time Point (min:sec)

Figure 9. Small clusters of redistributed MCC:I-E*:GFP form at T-APC
interface that coalesce into mature immunological synapse.

To follow the interaction of in vitro activated AD10 T cells and MCC:GFP cells

" resulting in synapse formation, alternating GFP and DIC images were captured
with an image capture frequency of 12 seconds. Images contain a composite
overlay of GFP images (green) with DIC images (pseudocolored blue). Small
MHC clusters appear at the T-APC interface soon after interaction that intensify
and ultimately coalesce to form a mature immunological synapse. Images
obtained at 400X, Bar = 10 ym.
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Figure 10. Formation of the Immunological Synapse is a dynamic process.

The approaching in vitro activated AD10 T cell has very active leading edge that
makes contact with APC. The nascent synapse is visible within the highly active
lamellipodia of the T cell after initial contact (arrow). The leading edge of the T
cell maintains a high degree of activity for the duration of observation which in
real time displays “scrubbing” morphology (See movie 10 on CD). Lower images
are DIC only pictures showing morphologic changes during T-APC interactions.
Images obtained at 400X, Bar = 10 ym.
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The Role of the Cytoskeleton in Synapse Formation

The dynamic T cell morphological alterations exhibited upon T — APC
interactions clearly displayed in the scrubbing morphology images suggests that
active cytoskeletal rearrangements are involved in the process of immunological
synapse formation. Using pharmacological inhibitors or T cells from Vav”" mice,
Wiilfing and colleagues have shown that the bulk flow of membrane proteins
across the T cell surface to the T-APC interface and subsequent normal
accumulation of MHC molecules in the synapse requires rearrangement of the
actin cytoskeleton driven by members of the myosin Il protein family (94, 131).
To confirm the previous reports and show that synapse formation in my system
is also dependent upon actin-cytoskeleton rearrangements, the T cells were
pretreated with colchicine to inhibit microtubule rearrangements or I pretreated
the T cells or the APC with cytochalasin D to block actin polymerization. The
data shows that when the APC was pretreated with cytochalasin a normal
synapse formed (Figure 11 B), but when actin rearrangements were blocked in
the T cell, small, stable spots appeared that never accumulated more MHC
(Figure 11D). Colchicine treatment of the T cells had little or no effect on synapse
formation (Figure 11C). Thus, while the formation of the small synapse precursor
clusters appears to be independent of the cytoskeleton, the aggregation of these
clusters to form a mature immunological synapse is driven by the active
rearrangements of the T cell actin cytoskeleton. The microtubule network within
the T cell and the actin cytoskeleton within the APC are not necessary for
synapse formation. The formation of the small spots when the T cells were

cytochalasin D treated is in agreement with Dustin’s hypothesis that early in the
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process of synapse formation, the formation of small ligand-bound TCR clusters

may be independent of the T cell cytoskeleton (119).

Figure 11. Synapse formation involves actin cytoskeleton rearrangement
within T cells.

When compared to the control (A), treatment of AD10 T cells with 20 pM
cytochalasin D (D) alters synapse size, intensity and morphology while 20 pM
colchicine treatment of T cells (C) does not significantly alter synapse
formation. 20 uM Cytochalasin D treatment of APC (B) has no effect on
synapse formation.
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Movement of the Synapse With T cell Migration and Class II
Transfer to T cells

While many of the T-APC interactions were static for more than 45
minutes (the duration of imaging), in 25 - 30 % of the conjugates movement of
the T cell across the APC resumes after synapse formation. Similar movements
have been previously described (145, 146) but these studies did not examine the
fate of the immunological synapse. I followed the movement and status of the
immunological synapse during this T cell migration and observed that as the T
cell migrates across the surface of the APC, the synapse moves along with it. For
example, in Figure 12A the T cell interacts with the APC and forms a mature
synapse after approximately 5 minutes. At that point (labeled time 0), the T cell
re-initiates locomotion across the APC and the synapse itself moves along with
the T cell; more than 24 um over a period of 13 minutes and 48 seconds period.
This is the first demonstration that migration of T cells across an APC includes

the attendant movement of a mature immunological synapse.
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Figure 12. The Immunological Synapse moves with T cells as they migrate
across APC and dissociating T cells capture MHC from the synapse.

(A) Movement of the T cell across the surface of the APC is associated with the
movement of the mature immunological synapse. GFP (green) image is overlaid
on DIC (blue) image. In 13 minutes, the synapse has moved a total of 24 ym. (B)
The T cell and associated synapse migrate 8.6 ym across the APC. The T cell
then dissociates from the APC and captures MHC:peptide complexes directly
from the immunological synapse. The spot on the APC diminishes significantly
while the MHC spot transferred to the T cell remains unchanged. (C) Transferred
GFP-tagged MHC is present on the surface of T cell 4 hours after removal of
MCC:GFP cells. Images obtained at 400X, Bar = 10 pm.
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MHC Capture from the Synapse

During the 45 minute imaging period, T cells dissociate from the APC in
approximately 10% of interactions. When this occurs, transfer of MCCI-E*GFP
molecules from the synapse to the T cell is commonly observed (Figure 12B). The
series of images in Figure 12B illustrates such a “life cycle” of an immunological
synapse. By 4 minutes and 18 seconds after contact, a mature immunological
synapse has formed and the T cell begins migrating across the APC dragging the
synapse with it. When the T cell stops migrating and dissociates from the APC at
12:43, the synapse itself has moved a total of 8.6 pm. There is clearly a spot of
GFP on the T cell captured directly from the immunological synapse. Over the
next 7 minutes, the spot on the T cell remains unchanged in size and intensity,
but the spot remaining on the APC dramatically diminishes in intensity. This is
consistent with the fact that immunological synapse formation is driven by the T
cell and that the APC plays a “passive” role, as shown by the differential effects
of cytochalasin D treatment of T cells and APC (Figures 11B and 11D and (74).
Acquisition of MHC by T cells during antigen recognition has been detected
previously (147-150), but this is the first time transfer of specific MHC:peptide
complexes from an immunological synapse to a CD4" T cell has been observed
directly.

The fate of the MHC:peptide complexes captured by the T cells was
examined. Hwang and Sprent showed that transferred MHC class I molecules
were internalized and degraded in the T cell within 1 hour of capture (150).
However, Schlom and colleagues have demonstrated that the transfer of B7-1 to

T cells after incubation with APC results in the ability of these T cells to present
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antigen to other T cells up to 24 hours later (151). While they did not directly
assess the transfer of MHC molecules or the potential fate of these molecules, the
fact that these T cells could present antigen to fresh T cells without addition of
exogenous antigenic peptide implied that they captured preformed
MHC:peptide complexes from the APC and that they were still present on the
surface of the T cells 24 hours later. To address the fate of the transferred MCC:I-
E<GFP complexes, I incubated AD10 blasts with the MCC:GFP cells for 18 hours.
After isolation, I cultured the T cells for an additional 96 hours and at various
time points, I examined them for the presence of the transferred GFP tag by flow
cytometry as an indication of transferred MHC. The cells were also stained with
antibodies against I-E* to detect surface-associated transferred MHC still on the
cell surface and for the activation marker CD69.

As seen in Figure 13, the T cells continued to express detectable levels of
surface I-E* for up to 96 hours after they were removed from the APC. In parallel
experiments with the non-specific 3.L2 T cells, there is no detectable transfer of
GFP, indicating that the GFP transfer is due to antigen-specific recognition of the
GFP-tagged MCC:I-E* complexes on the APC (data not shown). At the earliest
time points (0 and 1 hour) the amount of I-E* on the surface of the T cells is
relatively high and it drops by 2 hours to a plateau level approximately 37%
lower than the initial time point (Figure 16). This suggests that some of the T cells
are internalizing MHC early in the culture, but a significant and FACS-detectable
level remains on the cells surface. A picture showing continued surface
expression of the transferred MCC:I-EGFP 4 hours after T cells were removed

from the APC is shown in Figure 12C.
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The I-E* FACS profiles of the AD10 T cells pre-incubated with the
MCC:GFP cells are bimodal, while the no APC control histograms are not (Figure
13). The GFP mean fluorescence intensity values for the whole population
steadily increase on the cells initially cultured with MCC:GFP cells after 12
hours, even though there is no source of additional MCC:I-EXGFP present. This
increase correlates with a relative time-dependent decrease in the numbers of I-
E® cells and an increase in the I-E" population (Figure 13). The I-E*" cells are also
CD697, indicating that they have been activated in the overnight culture (Figure
17). This general pattern was observed in 3 independent experiments and
suggested that the GFP" T cells were dying during the extended culture period,
while the GFP™ cells were surviving. The relative shift in the population from
equal numbers of GFP" and GFP" cells to a population dominated by the GFP™
cells explains the increase in the MFIL To examine this possibility, in a single
preliminary experiment Fas-mediated activation induced cell death was
prevented by inclusion of a blocking anti-FasL antibody to the extended cultures.
In those cultures, there was a bimodal distribution, but the relative sizes of the
GFP™ and GFP" populations were not significantly different over time (Figure
14). The relative percentage of the GFP" cells was 2 fold higher than the
MCC:GFP preincubated cultures without the anti-FasL or the first 48 hours,
thereafter dropping precipitously by 96 hours (Figure 15). During this same time
frame, the I-E* MFI also drops from its peak at 48 hours (Figure 15, 16). This data
suggests that the shift in the GFP and I-E* MFI over time is due to the selective
death of the GFP" cells in the cultures. The cause of this phenomenon is

unknown, but it clearly involves the Fas-mediated apoptosis of the GFP" cells.
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Figure 13. Transferred MHC:peptide complexes remain on the surface
of T cells for up to 96 hours.

AD10 T cells were incubated with (black lines) or without (gray lines)
MCC.GFP cells for 18 hours and before being isolated. They were cultured
for an additional 96 hours and at the indicated time points, samples were
stained for surface I-E* expression. The transferred MHC is present on the
cell surface for up to 96 hours. Note the I-E"™ and I-E" populations when the
T cells were incubated with MCC:GFP cells. The I-E"° cells over time, there
is a gradual shift in the relative frequencies of these two populations.
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Figure 14. Blocking Fas engagement prevents loss of I-E"° T cells.

Experiment is as described for figure 13 except that after removing T cells
from MCC:GFP cells, T cells were cultured with (Gray lines) or without
(black lines) blocking anti-FasL antibodies. In the untreated cultures, the |-
E"° cells are gradually lost over time, but they are maintained in the anti-
FaslL treated cultures.
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Figure 15. T cells incubated for 18 hours with MCC:GFP cells remain
GFP" for 96 hours.

T cells were incubated with MCC.GFP as described in Figure 13 and

analyzed for GFP expression. Note the increase in GFP" cells preincubated
with GFP:MCC.
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Figure 16. Apparent increase in I-EX on T cells is due to Fas-
mediated loss of I-E' cells.

The surface expression of I-EX on the T cells after transfer drops
significantly between 1 and 2 hours and then remains relatively stable for
96 hours. The apparent increase in I-EX mean fluorescence intensity
(MF1) is due to a selective loss of I-E” cells (Figure 13). Anti-FasL
antibody prevents the loss of the I-E" cells, indicating that it is a Fas-
mediated process.
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Figure 17. T cells capturing MHC:peptide complexes are CcD69*

T cells were incubated with or without MCC:GFP cells for 18 hours before
isolation and culturing, as described in Figures 13 and 14. In addition to l-EX
staining, cells were also stained for the activation marker CD69. The T cells
exposed to MCC:GFP cells expressed higher levels of CD69 than T cells
not incubated with APC. When anti-FasL was included in the cultures,
CD69expression was significantly higher up to 48 hours, presumably due to
prevention of Fas-mediated activation induced cell death.
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Stoichiometry of T:APC Interactions

In examining the immunological synapse, previous reports have relied
extensively on transformed B cell lines to act as antigen presenting cells (50, 74,
94,110, 111, 114, 115, 131). In those reports, individual APCs usually interact
with only a single T cell (94). When we examined the interactions of the T cells
with the APC in our system, the stoichiometry often varied from a 1:1
interaction. It was frequently observed that multiple AD10 T cells would interact
with a single MCC:GFP cell and that mature immunological synapses would
form at each interface with a T cell (Figure 18). This result was not as unexpected
as the finding that a single T cell could simultaneously interact with multiple
APC and induce the redistribution of MHC on each of those APC. Predictions
from earlier experiments (94, 111, 144) would suggest that the polarization of the
T cell cytoskeleton towards the interface of the T cell and APC would prevent
multiple, simultaneous interactions. Figure 19A shows a series of images from
live cell imaging where a single T cell interacts with two adjacent MCC:GFP cells
and induces the redistribution of MHC on both APC. As the time progresses, the
T cell appears to focus its “attention” on just one of the APC, subsequently
forming a mature synapse, while the cluster with the other APC remains small.
In over thirty of these interactions, when the 3D interfaces were reconstructed,
one of the interfaces is clearly larger and is spatially organized to more closely
resemble a mature synapse than the other (Figure 19D). That difference in size

and organization between the two interfaces is a common feature.
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Figure 18. Multiple T cells can interact simultaneously with a single
MCC:GFP cell and form immunological synapses.

(A) Live cell image showing 2 T cells interacting with a single

APC, each making a mature immunological synapse. (B) DIC image of

8 individual AD10 T cells interacting with a single APC. A membrane
projection from the APC bisects cell pairs 3/5 and 5/6 before terminating at 1/2.
(C) Fluorescent image of the “stalk” of T cells showing the redistribution

of MHC molecules to the interfaces of the T cells including formation of

2 mature immunological synapses.
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Figure 19. A single T cell can induce redistribution of MHC:peptide
complexes on 2 adjacent APC, but forms a synapse with only 1 of them.

(A) Time series showing a single T cell inducing MHC redistribution on 2
adjacent APC. (B) A second live cell interaction showing a single T cell and
2 interfaces with redistributed MHC. (C) Fixed conjugate DIC image of

a single T cell interacting with a pair of APC. (D) Fluorescent image of

(C) showing MHC distribution and the unequal sizes of the accumulated
MHC clusters. Mature immunological synapse is found only at the right
interface.
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Signaling and the Synapse

It has been proposed that the function of the immunological synapse is to
facilitate the long-term downstream signaling within the T cell, which is
necessary for full T cell activation. TCR-mediated tyrosine phosphorylation
events can be detected within seconds after T-APC interactions, while it takes 30
seconds to 1 minute to observe the initial MHC redistributions, clearly
demonstrating that the immunological synapse is not required for the initiation
of intracellular signaling. This data also suggests that the formation of the
immunological synapse is dependent upon signaling events within the T cell. It
remains unknown which of the TCR-triggered intracellular signaling pathways
are involved in the formation and maintenance of the immunological synapse.
To address this, | examined the effects of specific pharmacological inhibitors of
Ca** increases, Src family tyrosine kinases (Lck and Fyn), and MEK (which
blocks the MAPK pathway) on synapse formation and maintenance.

I began by examining the relationship between increases in intracellular
Ca™" concentrations and the appearance of the immunological synapse. In vitro
primed AD10 T cells were loaded with the ratiometric Ca"" indicator Fura-2 and
added to plates containing MCC:GFP cells. I then followed the interactions of the
T cells and APCs by digital microscopy to correlate initial T ~ APC interactions
with the onset of intracellular signaling (as shown by Ca"" flux) and the
formation of the immunological synapse. The image series in Figure 20 is
representative of images collected in 9 separate experiments (over 100 T-APC
interactions). In this series, three individual T cells interact with a single APC.

The initial contact between the T cell and APC is followed by a rapid
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increase in intracellular Ca** concentration within approximately 10 — 30 seconds
(further time resolution is limited by image capture rate). The T cells rapidly
flatten against the APC and within 30 seconds of the Ca™ flux (approximately 0.5
to 1 minute after initial contact) the initial MHC redistribution is visible. Finally,
a full synapse forms 3 - 20 minutes after the initial contact of the T cell and the
APC (average time is 5.5 minutes).

The temporal relationship between the Ca™ flux, T cell morphology
alterations, and the mature immunological synapse is most clearly seen with the
first T cell making contact with the APC. (Figure 20). Within 18 seconds of
contact, there is a large increase in the intracellular concentration of Ca™. By 1:59
the T cell morphology has undergone a dramatic change. The T cell is flattened
against the APC increasing the contact area between the cells and a large cluster
of redistributed MHC is visible at the T-APC interface. A mature synapse is
formed by 7:40 and is maintained for the duration of imaging (approximately 19
minutes).

The relationship between the intracellular Ca™ increase and formation of
the immunological synapse is best exemplified by the second T cell interacting
with the APC in Figure 20. This T cell makes contact with the APC at 7:40 and 10
seconds later there is a large increase in intracellular Ca"* concentration. In the
GFP+DIC image at this time point, a small MHC cluster is visible at the point of
contact between the cells. Over the next 1:50, several smaller spots have merged
and this cluster has intensified significantly; however, it is still relatively small
compared to the mature synapse on the adjacent T cell. By 13:03, 5:23 after initial
contact, a mature synapse has formed at the interface of this T cell and the APC.

The Fura-2 ratios for each of these T cells along with the mean are plotted in
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Figure 21. The open arrows indicate the time at which the first distinguishable
MHC clusters formed and the closed arrows indicate the formation of the mature
immunological synapse. This data shows that the initial visible MHC
redistribution occurs simultaneous with, or shortly after intracellular Ca™
concentration increases. Mature synapse formation follows minutes later.

To determine the necessity of these increases in intracellular Ca™ in T -
APC interactions and synapse formation, T cells were loaded with the Ca™
chelator BAPTA. After 50 uM BAPTA loading, the T cells were motile and clearly
viable, but very few interacted with APC (data not shown). When a few T cells
did interact with the APC, the interactions were brief and there were no T cell
morphological changes that would indicate that antigen recognition was
occurring. This suggests that the Ca™" flux is required for the morphological
changes that occur upon antigen recognition, in agreement with previous reports
(106). Without the Ca™ increase, there was no observable MHC redistribution, no
synapses formed and the T — APC interactions were nearly indistinguishable
from the interactions between non-specific 3.L2 T cells with the APC. Thus, the
increase in intracellular Ca*™ occurs before, or simultaneous with, the initial
redistribution of MHC and the Ca™" flux and the Ca"" - dependent morphological
changes in the T cell upon antigen recognition are required for the formation of
the immunological synapse.

To address the potential role of the MAP kinase pathway in the
interactions of the T cells and APCs and their subsequent synapse formation, I
loaded T cells with the MEK inhibitor PD98059 (2-(2'-amino-3"methoxyphenyl)-
oxanaphtalen-4-one) (140) at 5uM, to block MEK activity. Under these conditions,

the T cells interacted with the APC and underwent morphological changes that
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are characteristic of normal antigen recognition. When compared to the DMSO
only controls, the Ca™ flux in these cells was of normal magnitude and occurred
with normal kinetics. MHC redistribution was clearly observable at the T — APC
interface in more than 50% of the conjugates, but mature immunological
synapses formed in less than 10% of the interactions. In contrast to the control
conjugates, the PD98059 loaded T cells, which initially flattened against the APC
and induced some MHC redistribution, rounded up and prematurely detached
from the APC (Figure 22A). Thus, it looks as though MEK activity is not required
for the initial interactions of the T cell, the Ca*" flux, or the initial MHC
redistributions, but it is required to maintain the tight interaction of the T cell
and the APC and appears to be crucial for the formation of the synapse. It is not
clear whether MEK functions directly on the nascent synapse to mediate cluster
aggregation or whether its effects are exerted through the ability to maintain a
tight association between the T cells and the APC to allow synapse formation.
Finally, to assess the role of Src family kinases (p56"*, p59™) in T — APC
interactions and the formation of the immunological synapse, T cells were loaded
with the Src inhibitor PP2 (141). While Src activation is completely blocked at 100
pM PP2 (141), I used 50 uM to limit potential toxicity to the T cells. Under these
conditions, ~66% of the T cells interacting with an APC underwent a
morphological change which indicated that they were recognizing antigen.
Interestingly, these cells did not take on the normal flattened appearance that is
typically observed. Rather, they remained essentially round with just the leading
edge slightly deforming against the APC surface (Figure 22B). In approximately

50% of the interactions, the T cells showed an increase in intracellular calcium,
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but the magnitude of the flux was significantly reduced from the control or
PID98059 treated T cells (data not shown).

The redistribution of MHC in these interactions was also clearly affected
by blocking Src kinase activity. In approximately 77% of the interactions, there
was some clustering of MHC, but in only ~10 % of cases did this lead to the
formation of a mature immunological synapse. In the remaining cells, the
clusters never coalesced into a mature synapse or they never showed any MHC
clustering (~23%) at all. It is an important caveat to note that at this drug
concentration I may not be completely inhibiting Src activity, but under these
conditions it appears that the activity of Src family kinases (p56"*, p59"™) is
necessary for the normal morphological changes that occur during antigen
recognition. Their activity is also required for the formation of a full synapse, but

doesn’t appear to be necessary for the formation of the small MHC clusters.
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Figure 20. Ca™ flux within the T cell precedes synapse formation.

Three Fura-2 loaded AD10 T cells make contact with the APC and flux Ca**
within 30 seconds of contact. Ca™ flux occurs immediately before, or concurrent
with, the first visible MHC clusters and several minutes before mature
immunological synapse formation. In the top set of images, Fura-2 is imaged in
green (340 nm) and red (380 nm), which are overlaid to form a yellow color in the
non-activated T cells. When intracellular Ca™ concentrations increase, the 340
nm signal increases and the 380 signal decreases resulting in a color shift from
yellow to green. The GFP on the APC is pseudocolored blue and synapses are
visible as bright blue regions at the T - APC interface. To better visualize
synapse formation, in the bottom images fluorescent (green) and DIC images
(blue) are overlaid. Images obtained at 600X, Bar = 10 ym.
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Figure 22. Blocking Src kinases and MAPK pathway in T cells results
in unstable
T-APC conjugates.

A-C) T cells were pre-treated with MEK inhibitor PD98059 and still formed
normal conjugates. Conjugates were unstable because after 9 minutes, T
cell started to round up and a new leading edge formed (arrow) before the

T cell crawled away from the APC. (DIC images are presented to accentuate
morphological changes.) (D-F) Src inhibitor PP2 pretreatment of T cells
results in fewer productive T-APC engagements. In conjugates that form,

T cells do not take on characteristic morphology and nor do they form
mature immunological synapses.
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Peptide Specificity

One of the most important questions surrounding T cell activation is the
mechanism that underlies the TCR’s ability to detect a specific MHC:peptide
ligand, resulting in T cell activation. Central to that question is the identity of the
MHC:peptide complexes accumulated in the immunological synapse.
Knowledge of the identity of the accumulated peptide has broad implications for
the mechanism of T cell activation. Inclusion of null self-peptide:MHC complexes
in the immunological synapse would suggest that antigen recognition of foreign
peptide:MHC complexes occurs in the context of self ligands and that these self
ligands might set a signaling threshold that must be exceeded before activation
of the T cell occurs. Circumstantial data from Mark Davis using varying ratios of
agonist and null peptides to pulse APC suggest that the MHC accumulated at the
interface of the T cell and APC contains both the cognate peptide as well as a
host of irrelevant peptides at low agonist concentrations (132). This is in contrast
to the work of Monks et al, who mentioned, in data not shown, that I-E* but not
the irrelevant I-A* accumulated at the T-APC interface (50).

The presence of wild-type I-E* on the surface of the GFP:MCC cells which
can be loaded with exogenous Hb peptide and used to activate T cells from the
Hb-specific 3.L2 TCR transgenic mouse, allowed me to investigate the peptide
specificity of the MHC molecules accumulated within the immunological
synapse. Under these conditions, the GFP-tagged MCC:I-E* are irrelevant or null
complexes because they aren’t recognized by the 3.L2 T cells. If the MHC
accumulated at the synapse contains only specific peptide, then there should be

no alteration in the distribution of the irrelevant MCC:I-EXGFP complexes at the
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T-APC interface. If, on the other hand, the synapse is composed of both specific
and non-specific MHC:peptide complexes, then the irrelevant MCC:I-E*:GFP
molecules will accumulate at the interface.

When the in vitro activated 3.L2 T cells are incubated with the GFP:MCC
cells in the absence of Hb peptide, T cell migration very briefly slows upon
contact with the APC, and the T cell samples the APC surface as evidenced by
the scrubbing morphology exhibited (Figure 23A — C). However, migration does
not stop, and the T cell dissociates from the APC and moves away. This
interaction is very short lived (usually less than 2 minutes) and never induces T
cell morphological changes that are characteristic of antigen recognition. No
visible MHC clusters form (Figure 23A-C), and in Fura-2 loaded T cells,
intracellular Ca** does not increase (data not shown). This confirms that the
synapses seen with the AD10 T cells are antigen-specific and not an antigen-
independent event as has been observed with T cells and dendritic cells (123).
This also shows that the interactions of the 3.L2 T cells with the GFP:MCC cells
do not lead to the non-specific accumulation of MHC:peptide complexes nor do
they lead to activation of the T cell.

When the APC were acid stripped and loaded with 20 uM Hb peptide
overnight, the 3.L2 cells interacted with the MCC:GFP cells and formed stable
conjugates. Antigen recognition by the 3.L.2 T cells resulted in Ca™" fluxes within
the T cells similar in magnitude and kinetics to AD10 — GFP:MCC interactions
(data not shown) and to a flattening of the T cell against the APC (Figure 23 D,E).
From a morphological point of view, the 3.L.2 — APC conjugates were
indistinguishable from the AD10 — APC interactions. A 3D reconstruction of the

T-APC interface in Figure 23D shows that there are no areas of increased GFP
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density visible within the region of contact between the APC and the 3.L.2 T cell
(Figure 23F). When analyzed, the density and spatial organization of the MCC:I-
E*GFP complexes at the interface of the cells does not differ from any other
location on the surface of the MCC:GEFP cells. In fact, in the interface in Figure
23F, it appears as though there is a displacement of the MCC:I-E*:GFP complexes
out of the interface region.

One potential criticism of this approach is that the I-E:Hb complexes can
not be specifically visualized during this interaction. However unlikely, I cannot
discount the possibility that the I-E*Hb complexes do not accumulate and form
an immunological synapse and this could explain why the MCC:I-EX.GFP
molecules also weren’t accumulated. In an attempt to address this criticism, I
fixed T — APC conjugates and then stained with antibodies against protein kinase
C - 6 (PKC0). PKC60 in known to co-localize with accumulated TCR-
MHC:peptide complexes within the c-SMAC region of the immunological
synapse (50). Therefore, its accumulation at the 3.L2 - GFP:MCC interface
confirms that an immunological synapse formed. The results in the top row of
Figure 24 show that at the interface between 3.1.2 T cells and Hb-pulsed
GFP:MCC cells, there is a clear accumulation of PKC8 (Figure 24C), proving that
an immunological synapse was formed during the interaction of these two cells.
When the distribution of GFP-tagged MCC:I-E* complexes is examined, it does
not significantly differ from the distribution seen on the opposite side of the APC
from where the T cell is bound (Figure 24 D-F). However, on the opposite side,

PKCH is not accumulated (Figure 24 E,F). In the bottom row (24 G-I), the
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accumulation and co-localization of the MCC:1-E::GFP and PKC# that occurs
within the synapses of AD10 T cells is shown for comparison.

These results clearly show that the 3.L2 T cells are interacting with the Hb-
pulsed GFP:MCC cells and that this interaction results in the formation of an
immunological synapse (as judged by PKCB8 staining). However, there is no
redistribution of the irrelevant MCC:I-E*:GFP complexes to the interface of the
3.L2 T cells and the APC. This strongly suggests that the only MHC:peptide
complexes accumulated in the immunological synapse contain the specific

cognate peptide ligands.
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Time Point

(min:sec)

Figure 23. Hemoglobin-specific T cells do not cause accumulation of
MCC:I-E*:GFP molecules.

(A-C). Hemoglobin-specific 3.L2 T cells interacting with MCC:GFP cells without
exogenous Hb peptide. The T cell contacts the MCC:GFP cell, migration slows
and the T cell scrubs the APC surface. Ultimately, the T cell moves on without
forming a stable conjugate. (D-E) When MCC:GFP cells are pulsed with Hb
peptide, the 3.L2 T cells recognize antigen and form stable conjugates
morphologically identical to AD10 -MCC:GFP conjugates, but no redistribution of
MCC:I-EX:GFP is observed. (F) Deconvolved, rotated 3D reconstruction of
interface from E showing lack of MCC:I-EX:GFP redistribution to the T - APC
interface. The dotted circle approximates the edge of the T cell on the APC
membrane. The live cell images (A-E) were obtained at 400X, Bar = 10 pm.
Conjugate (F) image obtained at 1000X.
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Figure 24. Hb-specifc 3.L2 T cells induce localization of PKCH in the
absence of MCC:I-E¥:GFP redistribution, confirming that MHC:peptide
complexes accumulated in immunological synapses are peptide specific.

GFP distribution patterns (A, D, G) and PKC8 staining (B, E, H) in fixed 3.L2-APC
conjugates (A-C), AD10-APC conjugates (G-I) or the side of the APC opposing
the 3.L2 — APC interface(D-F). The right column (C, F, |) shows the overlay of the
GFP and PKC-q images. The images were obtained at 1000X, Bar =5 ym.
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Effect Of Costimulation Blockade on Synapse Formation

The activation of naive T cells involves not only a signal generated by the
engagement of the TCR with the cognate MHC:peptide ligand, but also requires
the secondary molecular interactions between accessory molecules on the T cell
and the APC collectively called costimulation. Wiilfing et al have shown that
providing costimulation through CD28 or LFA-1 in addition to a signal through
the TCR induces the bulk flow of membrane proteins on the T cell towards the T-
APC interface (74, 94). Blocking the B7-CD28 interactions prevents a CD3{
central cap from forming at the T-APC interface (69). CD28 engagement has also
been linked to the accumulation of lipid rafts (130). To date, a thorough
examination of the effects of costimulation on synapse formation including
quantitative analysis has not been carried out.

To assess the role of B7-1 and ICAM-1 in immunological synapse
formation, soluble blocking reagents were used. To block interactions between
B7-1 and CD28, APC were pretreated for 1 hour with 25 ng/ml CTLA-4Ig before
imaging was initiated. Similarly, 25 ng/ml of anti-ICAM-1 was used to block
productive engagement of LFA-1 and ICAM-1. As a positive control, another set
of cells were pre-incubated with 25 ng/ml of anti-I-E* to block antigen
recognition.

When CTLA-41Ig is used to block B7-1:CD28 interactions, the mean time
between initial T — APC contact and mature synapse formation increases
modestly but significantly (p=0.04) from 5:30 (£0:16) to 7:11 (z 0:41), an increase

of 24%. Costimulation blockade also results in a reduction in the size and
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intensity of the synapses in the live cell images (data not shown) but does not
prevent characteristic morphologic changes (DIC images in Figure 25). However,
because kinetic imaging is carried out only in one focal plane, movement of T
cells in and out of that plane can alter the apparent size of a synapse, making
quantitation difficult.

To more accurately measure the area and intensity of the synapse with the
different treatments, T cells were incubated with the pretreated MCC:GFP cells
for 30 minutes and were then fixed with 4% paraformaldehyde and 0.5 %
glutaraldehyde. Conjugates were chosen based upon their characteristic flattened
morphology in DIC. For imaging, 45 to 60 — 1000X images were taken 0.2um
apart in the z axis. These image stacks were deconvolved to clarify the images by
reducing out of focus haze, thus improving spatial resolution and the overall
fidelity of the image. These stacks of deconvolved images were then
reconstructed into a 3D representation of the interface. A representative set of
interface images for each treatment is shown in Figure 25 (Movies 25D, H, L, P).

Based upon analysis of more than 150 conjugates, several general
observations can be made. The morphology and brightness of the synapse is
clearly altered when the APCs are pre-incubated with the blocking reagents. The
synapses of cells treated with control IgG (Figure 25D) generally have one or a
few large, intense clusters surrounded by several smaller regions of increased
density. This pattern is reminiscent of the MHC distribution in fixed AD10 T cell
— B cell conjugates published by Monks et al. (50). By contrast when B7-1 or
ICAM-1 are blocked, the synapses are more diffuse and irregular in shape and
lack a dense central cluster. They are also smaller and less intense than the

control IgG synapses. When APC are pretreated with anti-I-E* to block TCR
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engagement, the patterns were similar to those observed with costimulation
blockade. The small synapses seen with anti-I-E* may reflect incomplete
blockade of the MCC:I-E*:GFP complexes owing to high expression levels.

To assess the effect of these blocking reagents on full T cell activation, a 72
hour ’[H] thymidine incorporation experiment was performed. The APC
(MCC:GFP cells or B10.BR spleen cells pulsed with 50 nM MCC peptide) were
pre-incubated for 1 hour with the indicated blocking reagent prior to addition of
T cells. Freshly isolated primary or in vitro primed ADI10 T cells were used as
responders. Cultures were pulsed with *[H] thymidine for the final 12 hours of a
72 hour assay. As seen in Figure 26A, blockade of B7-1:CD28 engagement with
CTLA-4Ig significantly reduced the proliferation of AD10 T cells under all
conditions tested. Similar results were obtained by blocking with anti-B7-1
antibody (data not shown). The inhibition ranged from 58% with in vitro primed
AD10 + MCC:GFP to 93% with primed AD10 plus peptide pulsed B10.BR
splenocytes. Blockade of ICAM-1 / LFA-1 interactions also significantly reduced
proliferation, although not quite as effective as CTLA-4Ig. The effects of anti-I-E
were similar to CTLA-4Ig in each condition tested. Therefore, costimulation
blockade conditions identical to those used in microscopy experiments resulted
in significant reductions in T cell proliferation.

To determine whether the significant reduction in T cell proliferation
reflects an alteration in immunological synapse formation, the area and intensity
of the clustered MHC molecules in the synapse with fluorescence intensity at
least 2 fold above background were quantified. The data in Figures 26B and 26C

are representative of 6 separate experiments with similar results. Data from the
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different experiments are not combined due to experiment-to-experiment
variations in size and intensity.

The total area of MHC clusters in the synapse is significantly reduced by
costimulation blockade. Treatment with the control IgG results in a synapse with
a mean area of 2.8 um” (Figure 26C). CTLA-4Ig or anti-ICAM-1 treatment
significantly reduces the size of the clustered MHC to a similar extent. No
additive or synergistic effects of CTLA-4Ig and anti-ICAM-1 were observed,
perhaps due to the relatively low ICAM-1 expression and /or the saturating
concentration of the antibody reagents. For comparison, pretreatment of the APC
with anti-I-E* to block TCR engagement reduces synapse area to a similar degree.
The reductions in MHC cluster area are similar in magnitude to the reductions
seen in T cell proliferation using primed AD10 and MCC:GFP.

The intensity of the GFP signal is also significantly reduced by
costimulation blockade (Figure 26B). Because the integrated intensity is
proportional to the amount of MHC in the synapse, pretreatment of the APC
with reagents to block B7-1 or ICAM-1 significantly reduces the overall area as
well as the total amount of MHC within the synapse. Interestingly, while the
blockade of B7-1 or ICAM-1 significantly reduced T cell proliferation as well as
the size and intensity of the synapse, it had no effect on CD25 expression and
TCR down-modulation (Figure 27B and 28A) and CTLA-4Ig only slightly
reduced CD69 expression (Figure 27A and 28B).

When conjugates are examined at 15 minutes, the overall size and
intensities are reduced, but the same effects of costimulation blockade are seen,
suggesting that the effects are exerted early in the formation of the

immunological synapse (data not shown). The magnitude of the reduction in
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MHC cluster area and amount of the MHC clustered within the synapse

correlates with the reduction in T cell proliferation.
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Figure 25. Effects of costimulation blockade on the mature immunological
synapse.

Representative pictures of MHC clustering within the immunological synapse after
MCC:GFP cells were preincubated with 25 pg/ml human IgG (A-D), CTLA-4lg (E-
H), Anti-ICAM-1 (I-L), or Anti-I-E* (M-P) for 1 hour prior to addition of AD10 T cells.
The left column (A, E, I, M) contains DIC images with conjugates analyzed
identified by the arrow. The second column (B, F, J, N) is GFP images of the same
conjugates demonstrating the accumulation of MCC:I-EX.GFP at the T-APC
interface. The third and fourth columns show 3D reconstructions of the interface
after image deconvolution. The third column (C, G, K, O) has the synapse oriented
as in the second column for reference. The fourth column (D, H, L, P) shows the
interface rotated 90° generating a view of the interface from the T cell perspective.
Contrast and brightness settings are identical in the right two columns. Images
were collected at 1000X, but image processing has resulted in non-uniform
magnifications of reconstructed interfaces. Bar = 5um
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Figure 26. Costimulation blockade significantly reduces size and intensity

of the synapse.
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(A) Costimulation
blockade
significantly reduces
T cell proliferation.
MCC.GFP cells were
preincubated with 25
Hg/ml of indicated
blocking reagents for
1 hour before
addition of primary
(black) or in vitro
primed AD10 T cells
(white). Alternatively,
10° fresh B10.BR
spleen cells were
pulsed for 1 hour
with 50 nM MCC
peptide and
costimulation
blocking reagents for
1 hour before
addition of in vitro
primed AD10 T cells
(gray). (B and C)
Quantitation of the
MHC clusters with
GFP intensity 2 2X
background in
90°rotated images.
(B) Integrated
intensity of the MHC,
which reflects the
total amount of MHC
accumulated. (C)
The area of all MHC
clusters was
summed for each
cell. Mean values *
SEM are shown.
Values significantly

reduced relative to IgG control are indicated (* p<0.05, ** p<0.07). Data are
representative of 6 separate experiments.
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Figure 27. Costimulation blockade does not significantly alterCD69, CD25,
or TCR (VB3) expression on AD10 T cells.

MCC:GFP cells were preincubated with 25 pg/mi of blocking reagents, as
described in Figure 25 legend. In vitro primed AD10 T cells were incubated with
treated MCC:GFP cells for 16 hours before isolation of T cells and staining with

antibodies against (A) CD69, (B) VB3, or (C) CD25.
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Figure 28. Quantification of figure 27 showing costimulation blockade
does not significantly alter CD69, or TCR (VB3) expression on AD10 T cells.

Mean fluorescence intensity (MFI) values of (A) VB3 and (B) CD69 on
T cells as a function of reagent used to block costimulation blockade
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Figure 29. T Cells cultured overnight with anti-TCR antibodies become
hyporesponsive (anergic).

In vitro activated AD10 T cells were isolated and cultured overnight in dishes
coated with anti-TCR antibody. Cells were removed from the antibody and
cultured an additional 48 hours before testing their response to peptide pulsed
B10.BR splenocytes in a 72 hour *H-thymidine incorporation assay.
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Figure 30. Anergic AD10 T cells do & PMA + lonomycin

not produce IL-2 or upreguiate CD69.

AD10 T cells anergized as described for Figure 29

were stimulated for 18 hours with MCC:GFP cells or for 5 hours with PMA +
lonomycin. Fewer of the PMA+lonomycin treated anergic T cells produced IL-2
(A, B, E). When stimulated with MCC:GFP cells, the anergic cells were similarly
incapable of producing IL-2 (C). (D) CD69 was upregulated on control cells, but
not on the anergic cells.
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Figure 31. TCR down-modulation is defective on Anergic AD10 T cells.

AD10 T cells anergized as described for Figure 29 were stimulated for 18 hours
with MCC:GFP cells before staining with anti-VB3. The initial TCR level was
lower on anergic cells, presumably due to anergy induction protocol. Compared
to control T cells, TCR down-modulation by the anergic T cells was minimal.
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Figure 32 Anergic AD10 T cells form stable conjugates with MCC:GFP cells,
albeit at slightly reduced frequencies.

(A) Control or (B) anergic AD10 T cells were labeled with the red membrane dye
Dil and incubated with MCC:GFP cells for 30 minutes at 37°. Cultures were
analyzed by flow cytometry, while being maintained at 37°. (D) Conjugate
formation percentagewas defined as the number of T cells conjugated to the
MCC:GFP cells (R1) divided bythe total number of T cells analyzed (R2). (C)
Hb-specific 3.L2 T cells are an antigen specific control showing the background
of activated T cell - MCC:GFP adherence.
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Anergic Cell Synapses

In the absence of sufficient costimulation, T cell recognition of antigen
leads to a state of hyporesponsiveness termed anergy (152). These anergic T cells
respond weakly, if at all, to subsequent antigen challenge even in the presence of
optimal costimulation. It has been suggested that this is a mechanism by which
potentially self-reactive peripheral T cells are prevented from causing
autoimmune disease. Many downstream defects in anergic T cells have been
cataloged including altered signaling and the subsequent inability to produce IL-
2 and progress through cell cycle (46, 153). To date, however, no studies have
looked at the ability of anergic T cells to make immunological synapses, nor
characterized the molecules that accumulate at the interface of anergic T cells and
antigen presenting cells.

Having shown that costimulation is a critical component in the formation
of a normal mature immunological synapse, I went on to examine whether
anergic T cells would form immunological synapses and, if so, to characterize
some of the accumulated molecules. After in vitro priming for four to six days,
ADI10 T cell blasts were rendered anergic by overnight (18 — 24 hours) incubation
on plates coated with 10 ug/ml of the anti-TCRp antibody, H57 (See Materials
and Methods section for details). To confirm that these T cells were indeed
rendered hyporesponsive by this treatment, their ability to proliferate in
response to fresh splenic APC with PCC peptide was determined by a standard
72 hour *{H} ~ thymidine incorporation assay. The results, shown in Figure 29,
clearly show that these T cells are hyporesponsive compared to control T cells. In

the classical definition of anergy, the T cells are hyporesponsive, in part, due to
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an inability to secrete sufficient IL-2 to promote cell cycle progression (44, 154).
Under this classical definition, T cell responsiveness can be restored by the
addition of exogenous IL-2 to the cultures. Indeed, the proliferative capacity of
these T cells was restored by the inclusion of low levels (50 U/ml) rIL-2 during
the assay, confirming that these cells were anergic.

The anergic state of the T cells was further characterized by examination
of phenotype by flow cytometry in response to the MCC:GFP (Figure 30). After a
16 hour incubation with GFP:MCC cells or B10.BR splenocytes pulsed with 2.5
uM PCC, the expression of CD69, down modulation of the TCR, and intracellular
IL-2 levels were examined. On the anergic cells, baseline CD69 levels were higher
and TCR levels were lower, indicative of the interaction of the T cells with the
anti-TCRP antibody used to induce anergy (IL-2 levels were unaffected).

When incubated for 16 hours with the GFP:MCC cells, the expression of
the activation marker CD69 increased by 184% on the control cells, while the
increase on the anergic cells was just 28% (Figure 30D). With peptide-pulsed
B10.BR splenocytes as the APC, the results were simﬂar, 185% vs. 58%, (data not
shown). TCR down modulation was similarly affected on the anergic cells.
Interaction with the GFP:MCC cells resulted in a 54% reduction in the VB3
expression on the controls, while it decreased only 18% on the anergic cells
(Figure 31). The VP3 levels were not determined using the B10.BR splenocytes
because of the presence of irrelevant VB3 positive cells in the splenic cell
preparations. Finally, when the levels of intracellular IL-2 were compared, the
percentage of control cells that were IL-2 positive doubled, while for the anergic

cells, there was only a 7% increase (Figure 30C). When these cells were

89



stimulated with PMA and lonomycin for 5 hours to bypass TCR engagement, the
percentage of IL-2 positive control cells increased from 0.22% to 11.42%, while
with the anergic cells the increase was from 0.27 % to 4.4% (Figure 30E). The
intensity of IL-2 staining was also reduced in the few IL-2 positive cells (Figure
30 A and B). Thus, the T cells treated for 18 to 24 hours with the anti-TCRB
antibody are truly anergic.

Before beginning the microscopy experiments with the anergic cells, I
examined the ability of the anergic T cells form stable conjugates with the
MCC:GFP cells by flow cytometry. The plasma membranes of the T cells, both
control and anergic, were labeled with the lipophilic dye Dil, which fluoresces in
the red region of the spectrum (565 nm emission — compatible with FL2 on the
FACSCalibur). These red-labeled T cells were mixed with the MCC:GFP cells at a
ratio of 1:1 in suspension and were incubated at 37°C for 30 minutes. While being
maintained at 37°C, this mixture was analyzed by flow cytometry for the
formation of stable T — APC conjugates. In this experiment, conjugates were
defined as a single event of the appropriate size having both red and green
fluorescence. The data in Figure 32 shows that the anergic T cells do form stable
conjugates with the MCC:GFP cells, albeit at a reduced rate, 24% for controls
versus 16% for anergic T cells.

Having shown that the anergic T cells are interacting with the MCC:GFP
cells and forming stable conjugates, but still responding very weakly as judged
by proliferation or characteristic activation markers, the ability of these anergic T
cells to form immunological synapses was then examined by live cell and fixed
conjugate microscopy. In the live cell imaging, the morphological characteristics

of the anergic cells are indistinguishable from the control T cells (Figure 33); the
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anergic cells are polarized, motile, and highly active. When they encounter APC,
they undergo the typical flattening against the APC triggered by antigen

recognition and subsequent Ca'" fluxes.

Figure 33. Anergic AD10 T cells display characteristic morphological
changes upon recognizing antigen on MCC:GFP cells.

When the calcium responses in the anergic and control cells are compared
at the single cell level, as shown in Figure 34, the kinetics are similar. The
magnitude of the initial Ca"" peak is also similar in the two populations, with the
anergic cells fluxing slightly more calcium. They differ, however, in the
maintenance of the calcium response. In the control cells, the Fura-2 ratio
plateaus at approximately 4 times the baseline value and is maintained at that.
level for the duration of imaging (>40 minutes). In the anergic cells, the Fura-2
ratio returns to the baseline values within 9 minutes and remains at that level for

the duration of imaging.
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I went on to quantify the MHC accumulation at the interface of the
anergic T cells and the APC, as well as to characterize the molecules that are
recruited in the different cells. Because of the dynamics of the interactions and
our inability to capture 4D data at a rate that allows for accurate 3D
reconstructions of the interface over time, live cell imaging was not technically
possible. The T cells were allowed to interact with the MCC:GFP cells for 30
minutes at 37°C before fixation with 4% paraformaldehyde and 0.5 %
glutaraldehyde. Conjugates were stained for several cell surface molecules
including ICAM-1, as well as lipid rafts, using CTxB. For characterization of
molecules accumulated within the T cell at the interface, the cells were
permeabilized with 0.1% Triton X-100 before blocking and staining. Conjugates
to be examined were chosen based solely upon their morphology in the DIC
images.

A comparison of the clustered MCC:I-E*:GFP molecules at the T-APC
interface reveals no obvious morphological differences between the anergic cells
and the controls (Figure 35A vs. 35B). As described above, at the interface there
are one or two large regions of dense GFP accumulation surrounded by several
smaller regions. Using the auto-polygon feature of the SoftWoRx software
package to define areas with GFP intensity 2 fold or higher above the
background, area and intensity of the GFDP signal, which correlates with density
of accumulated material, were quantified. In this experiment, 67 anergic
conjugates and 80 control conjugates were analyzed. There were no obvious
differences in the morphology of the accumulated GFP-tagged MHC:peptide
complexes between the two groups. When comparing the total size of the

accumulated GFP clusters, the clusters with the anergic cells were 15.4% smaller
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than the control cells (Figure 35D). This difference was not statistically significant
(p=0.49), nor was the 15.3% reduction in the integrated intensity of the clusters
(p=0.53) (Figure 35C).

This data suggests that, when looking at only the accumulated
MHC:peptide complexes, there is little or no difference between the anergic T
cells and the controls. However, the MHC:peptide complexes are only one of
many molecules that accumulate in the SMACs at the T-APC interface.
Knowledge of the potential localization and spatial distribution of other
molecules will allow a better analysis of the anergic synapses and may explain,
in part, the defect in downstream signaling that occurs in the anergic cells. To
assess the accumulation of molecules of potential importance in the formation
and functions of the immunological synapse, fixed T — APC conjugates were
stained with antibodies specific for several surface proteins.

Conjugates were stained with antibodies specific for the integrin ICAM-1,
which I have already shown to be necessary for normal mature immunological
synapse formation (see Figure 25). In the mature immunological synapse, ICAM-
1is located in the p-SMAC (49, 50). With the anergic cells, a similar pattern of
ICAM-1 staining is observed (Figure 36A and B). There is a region staining
positive for ICAM-1 (red) surrounding the accumulated MCC:I-EX.GFP. There is
essentially no overlap between these two regions and the distribution is nearly
identical with the previously published reports (49, 50). The differential spatial
organization of the ICAM-1 and MHC:peptide complexes at the T-APC interface
confirms that the anergic T cells are making mature immunological synapses.

The T-APC conjugates were stained with Cholera Toxin B subunit (CTxB),

which binds to asailo-GM]1, a lipid enriched in so-called lipid rafts (124). Viola
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and colleagues showed that CD28 engagement drove the accumulation of lipid
rafts on the surface of T cells (130). While the existence of lipid rafts on the
surface of living cells is still somewhat controversial (155), they are thought to be
regions of the membrane where molecules important in generating intracellular
signals are segregated, allowing them to efficiently interact and become activated
(127). As such, knowledge as to whether these rafts aggregate at the T-APC
surface in the anergic cells might give an insight in to the potential defects in
those cells. As seen in Figure 36G and H, the CTxB stained lipid structures do
tend to accumulate at the T-APC interface in the both the control and anergic T
cells. Thus, lipid rafts appear to aggregate normally at the interface of anergic T
cells and antigen presenting cells.

I next looked at intracellular proteins, which may be important in the
initiation and transduction of downstream signals from the TCR. To facilitate
intracellular staining, the fixed conjugates were permeabilized with 0.1% triton
X-100 for 5 minutes before blocking and staining.

One of the hallmarks of mature immunological synapse formation is the
accumulation of T cell-specific PKC6O within the c-SMAC. The fixed control and
anergic T cell - APC conjugates were stained and examined for the specific
accumulation of PKC8. The results shown in figure 36C and D show that within
the anergic T cells, the PKC6 accumulates at the interface and co-localizes with
the GFP-tagged MHC:peptide complexes. This accumulation has been observed
in a minority of synapses, but this is most likely due to a technical artifact, and

not to a lack of PKCB8 accumulation.
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Another important set of molecules in the control of TCR signals are
members of the Cbl oncogene family. One member of the Cbl family, Cbl-b, has
been localized to the synapses formed by T cells from old, immunocompromised
mice (156). Cbl-b is thought to act as a negative regulator of TCR signaling (75).
Because Cbl-b”" T cells do not require costimulation for optimal activation, it is
thought that Cbl-b may act as a negative regulator of TCR signaling. I examined
the localization of Cbl-family members by staining the permeabilized conjugates
with antibodies to c-Cbl. This molecule was not found within the normal T cell
—~APC conjugates, but ¢-Cbl was found to accumulate in anergic synapses (Figure
36 E and F). The images in figure 36 E and F are representative of 12 control and
12 anergic synapses imaged to date. Its distribution was somewhat surprising
because a portion appears to co-localize with the MHC:peptide , but a large area
does not and apparently extends into the p-SMAC region. It is unclear why this
protein’s distribution pattern differs from most of the proteins accumulated at
the T-APC interface. Like Cbl-b, c-Cbl has also been implicated in the control of
TCR signaling (226). Preliminary data also suggests that F-actin accumulation in
the anergic synapses is also defective (data not shown), most likely due to the
accumulation of ¢-Cbl, which is implicated in controlling F-actin dynamics (226).
The final molecule that I have stained for is the small G-coupled protein Rap1.
Rapl is an antagonist of the Ras-mediated MAPK pathway initiated upon TCR
signaling (157, 158) and it has been implicated in the induction of T cell anergy.
These reports found that Rapl was active in the absence of costimulation, but
when costimulation is available, Rap1 is inactive and the Ras — mediated ERK
kinase cascade is turned on (48, 157). Because of this potentially critical role in

the induction of anergy, we hypothesized that it might be recruited to, or
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constitutively expressed at, the immunological synapse in anergic T cells.
However, when the distribution of Rap1 staining was analyzed, there appeared
to be no preferential accumulation to the synapse, anergic or control (data not
shown). Rather, Rap1 appears to be distributed throughout the cytoplasm of both
T cells and APCs. This was somewhat surprising, but a recent report has
indicated that in neuronal cells, Ras is found at the plasma membrane while

active Rap1 is actually perinuclear (159).
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Figure 34. Ca™" flux in anergic AD10 T cells is relatively normal.

T cells were loaded with Ca™ ratiometric indicator Fura-2 before addition

to dishes containing MCC:GFP cells. Fura-2 ratio values were calculated

for individual T cells after imaging. Shown are mean Fura-2 ratio as a
function of time after initial T-APC contact. Mean values are derived from

at least 12 individual cells for each group. Data is representative of 3 separate

experiments.
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Figure 35. Anergic T cells make immunological synapses that are
morphologically similar to controls and the density and area of clustered
MHC are not significantly different.

(A and B) Representative images of synapses formed by (A) control and (B)
anergic AD10 T cells displaying comparable morphology. (C and D) Quantitation
of the (C) integrated intensity and (D) total area of MHC clusters accumulated
within the immunological synapse with GFP intensity values = 2X background.
The mean values are shown on the graphs. The small differences between
anergic and control T cells is not statistically significant. Data are representative
of 3 separate experiments.
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Figure 36. Further characterization of anergic immunological synapses
shows that they are similar to control synapses except for increased
accumulation of c-Cbl, a negative regulator of TCR signaling.

(A-B) Anergic T cell - APC interface displays prototypical ICAM-1 (red) and
MHC:peptide (green) distribution. (C-H) Accumulation and distribution of
several molecules accumulated in anergic synapses (left column-C, E, G) are
similar to control synapses (right column - D, F, H) including (C - D) PKC8 and
(G - H) CTxB stained lipid rafts. (E - F) In contrast, c-Cbl is preferentially
recruited to anergic synapses, where it appears to localize in the c-SMAC with
MHC:peptide.
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Chapter 4

Discussion

T cell activation is a key event in the generation of an immune response.
The ligation of the clonal T cell antigen receptor (TCR) with its cognate
MHC:peptide ligand induces intracellular signaling. Secondary signals from the
antigen presenting cell, collectively called costimulation, are required in addition
to TCR ligation to fully activate the T cell. Because the TCR and associated CD3
molecules lack any intrinsic enzymatic activity, a complex scheme involving
numerous proteins whose concerted activity is essential to full T cell activation
has evolved to transmit signals from the TCR to the nucleus. Pioneering work
from the 1980’s and early 1990’s, carried out primarily by Abraham Kupfer and
colleagues, showed that many of these key molecules in T cell activation (TCR,
CD4, MHC, talin, LFA-1/ICAM-1, PKC0) were accumulated at the interface of
the T cell and APC (109-111, 114, 115, 144). These results fit into a generalized
model that predicted that molecules involved in facilitating intracellular
adhesion (any receptor/ligand pair) would be enriched in the cell-cell contact
area. This enrichment is characterized by an increase in the local density of the
involved molecules in the contact space (115, 160). However, in 1998, Monks et al.
showed that these molecules were not simply randomly distributed at the
interface of the T cell and APC (50). These molecules were spatially segregated
into specific regions and they coined the term supramolecular activation complex

(SMAC) to describe them. TCR-ligated to MHC:peptide (113), CD28/B7-1, and
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PKC0 are located in the central portion of the interface, the central SMAC (c-
SMAC) (50). Surrounding that central region, is the peripheral SMAC (p-SMAC),
containing ICAM-1/LFA-1 and talin (50). A recent addition to this model is a
ring surrounding the p-SMAC called the distal SMAC (d-SMAC) that contains
the phosphatase CD45 (113). This molecular assembly along with the observation
that cytokines are directionally secreted (114) lead to widespread adoption of the
term “immunological synapse” (49, 117, 118) to describe this interface.

While it now appears that all 3 lymphocyte subsets (T ,B, NK) make
immunological synapses (49, 161, 162), the best characterized is the synapse that
forms between T cells and APC. Still, relatively little is known about the
formation of this immunological synapse. There are models that help to explain
the process such as van der Merwe's kinetic segregation model (26, 112), and the
lipid raft accumulation model (22, 129), but none satisfactorily explains all of the
experimental evidence. While both models can account for the accumulation of
similar sized molecules at the T-APC interface, neither satisfactorily explains the
precise spatial organization of molecules at the synapse, the accumulation of
cytoplasmic proteins, or the mechanism used to generate this arrangement.

This failure of these models is due, in part, to the lack of information on
the interaction between live T cells and live APC. This can be traced to the
limitations of the systems used to examine synapse formation. Early work has
utilized fixed conjugates with transformed B cells or artificial membranes with
embedded proteins as “APC” (50, 110, 111, 114, 144). The approach used by
Dustin and colleagues employs glass-supported artificial lipid bilayers
embedded with defined proteins (49, 103, 104). This system allows for exquisite

pictures of the early events of T cell antigen recognition and the formation of the
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immunological synapse (49). However this approach also has some drawbacks.
The first is that these lipid bilayers contain only a subset of proteins that are
involved in the interaction between T cells and antigen presenting cells. This
allows for the detailed analysis of the role of a single protein in the
immunological synapse, but in the absence of the full complement of interacting
proteins, it can be difficult to get an accurate understanding of the importance of
a particular protein. Additionally, the artificial bilayer is completely passive in
this interaction. It cannot respond to signals from the T cell as living APC might
by potentially changing its complement or concentration of surface proteins.
With these limitations noted, this system has given us our only high resolution
imaging of synapse formation using living T cells (49).

T-B conjugates have been fixed and examined at various time points to
generate a “snapshot” of events as they occur over time (113). The data generated
with this method are very compelling about the spatial organization of the
molecules accumulated at the synapse, but they lack any information on
dynamic interactions between T cells and APC and, as such, make conclusions
about events during synapse formation more difficult. Davis and colleagues have
addresses this problem and were the first group to visualize TCR and MHC
interactions by live cell video microscopy (69, 74, 94, 131). However their system
uses APC transfected with GFP-tagged wild type MHC which is exogenously
loaded with peptide. With this approach they can not discriminate between
complexes loaded with cognate peptide and those loaded with non-cognate
peptide.

In this thesis, [ have described the generation of a system with which I

have been able to examine the dynamics of immunological synapse formation
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during the interactions between live T cells and antigen presenting cells. One of
the key features of this system is that the specific MHC:peptide complexes are
tagged with GFP on the cytoplasmic tail. As such, [ have been able to assess the
redistribution of specific MHC:peptide complexes at all stages of T — APC
interactions. This is a major advantage over B lymphoma cells transfected with
GFP-tagged wild type MHC exogenously loaded with antigenic peptide because
only a fraction of those GFP-tagged molecules will be loaded with cognate
peptide and it is impossible to know whether any particular molecule contains
cognate peptide. It also has advantages over the systems which have relied on
fluorescent proteins embedded in an artificial, glass-supported lipid bilayers in
that the APC are capable of responding to the T cells. As adherent cells, my
transfected fibroblasts make imaging technically easier because they remain in
the focal plane during imaging. Of course, it must be noted that this system has
drawbacks as well. These are not physiological APC and may not respond as a
dendritic cell or B cell might. These cells also express relatively high levels of the
cognate MHC:peptide complex. However, the advantages of this system far
outweigh these potential limitations.

Using this system, I have been able to show that costimulation is critical to
the formation of the immunological synapse and that T cells rendered anergic by
stimulation in the absence of costimulation form relatively normal synapses
when encountering antigen in the context of optimal costimulation. I have also
been able to assess the role of different intracellular signaling events in the
formation of the synapse. The importance of the MAP kinase pathway in

sustaining the immunological synapse, a novel finding, is made possible, in part,
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by this system in which specific MHC:peptide complexes can be visualized
(Figure 22).

As stated above, one of the keys to the success of this project was the
generation of an antigen presenting cell line with optimal characteristics for
imaging. The MCC:GFP cells were chosen because they displayed sufficient
costimulatory capacity to allow for full activation of the antigen specific AD10 T
cells and they expressed a level of the GFP-tagged I-E“MCC protein optimal for
imaging. The MCC:I-EX.GFP fusion protein is uniformly distributed on the
surface of the cells with just a small amount detectable in the cytoplasm,
presumably in the Golgi and trans-Golgi network in transit to the plasma
membrane. Higher expression levels increased the background and the resulting
poor signal to noise ratio prevented observation of any MHC redistributions
(data not shown). Similarly, cells with lower MCC:I-E:GFP complexes were also
sub-optimal due to the low level of expression which made imaging technically
difficult because exposure times, on the order of 7 — 10 seconds, were
prohibitively long to capture the dynamic live cell images. The increased
exposure time also leads to photobleaching of the already dim GFP as well as to
detectable phototoxicity of the cells. The synapses formed with these APC were
faint and indistinct due to the low GFP signal.

Fibroblasts were chosen as the parent for the transfections because as
adherent cells, imaging of live cell interactions is more readily facilitated by the
fact that these cells will remain within the plane of focus for the duration of the
imaging. Suspension cells like B cell lymphomas may not stay within the focal
plane unless tethered to the coverslip by artificial means like poly-L-lysine,

which might alter cellular interactions. Additionally, the fibroblasts lack
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invariant chain, so greater than 90% of the covalent MHC:peptide molecules
actually reach the cell surface with the peptide in the peptide binding groove of
the MHC (163).

Another key feature of these APC is the fact that they express fairly high
levels of wild type I-E* that can be exogenously loaded with peptides. This better
mimics physiologic APC where the specific MHC:peptide complexes are found
in a sea of non-specific ligands and presumably imposes some sorting, since not
every TCR ~ MHC:peptide interaction will be a productive engagement.
Preloading the MCC:GFP cells with Hb peptide also allowed them to act as
efficient APC for Hb-specific 3.L.2 T cells. This feature allowed me to show that
the MHC:peptide complexes specifically accumulated in the immunological

synapse contain just cognate peptide for the TCR, as discussed below.

Synapse Formation is a Dynamic Process

I began my imaging studies by examining the interactions between the
APC and the T cell, which are very dynamic and complex. Previous reports
published over the past 10 years have described a series of discrete events that
occur when T cells recognize antigen on the surface of an antigen presenting cell
or planar lipid bilayer. Importantly, my results correlate very well with those
previous reports and they extend our knowledge of these events by examining
them in a single system which utilizes living T cells and APCs and has the ability
to monitor the movement of specific MHC:peptide complexes. Initially, a
polarized T cell makes contact with the APC via a slender membrane projection

from the leading edge and stops migrating. TCR recognition of antigen induces a
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rapid morphological change within the T cell resulting in a flattening against the
APC and a resulting dramatic increase in contact area (Figures 114, 20). This
typical flattened appearance served as the basis for selecting fixed T-APC
conjugates for further examination of potential immunological synapses.

In my system, I observed that this flattening was preceded by a rapid
increase in the concentration of intracellular Ca** (Figure 20). This Ca™" flux,
which requires specific antigen recognition (103, 107, 108), occurred almost
simultaneously with the initial contact of the APC. The role of the Ca** flux in the
morphological changes associated with antigen recognition is unclear. Increasing
intracellular Ca™* concentration with the pharmacological agent thapsigargan
results in cessation of T cell migration and loss of polarity (102), but does not
induce tight T-APC couples or ICAM-1 rearrangements (94). Anti-CD3 treatment
induces a Ca™" flux, but does not induce a morphological change (107). When
combined with results showing that chelation of intracellular Ca*™ with BAPTA
blocks morphological changes, Donnadieu et al. concluded that a Ca** flux was
required, but did not drive the morphological changes induced by antigen
recognition (107). However, other reports have suggested that Ca*™ chelation
with BAPTA has no effect (94, 103) on initial morphological changes, but that
Ca" is instead required for sustained stable T-APC conjugates (69, 108). My
results support the necessity of a Ca™* flux in the cessation of T cell migration and
morphological changes induced by antigen recognition, as BAPTA loaded cells
did not slow or undergo any morphological changes typically associated with
antigen recognition. Without the formation of the stable contacts, I could not

assess the necessity of Ca™ in the continued stability of the T-APC conjugates.
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When I made 3D reconstructions of the interface of the T cell and the APC,
I often observe that after initial T-ACP contact, but before an immunological
synapse forms, a peripheral ring on the T cell appeared to be pushing against the »
APC membrane resulting in a bulging out or “blistered” appearance of the APC
membrane within this ring (Figure 8). This observation is consistent with a
model of immunological synapse formation predicted by Dustin and colleagues
(49, 118, 119) which suggested that a “protrusive force” mediated by the T cell
cytoskeleton pushed the two membranes into close apposition and allowed for
sampling of the MHC:peptide complexes on the APC. These images also
corroborate the observed formation of a polymerizing actin ring at the periphery
of a T cell interacting with anti-CD3 antibodies on a glass coverslip (85).

Within approximately 0.5 — 1 minute of the first contact, and concomitant
with the morphological changes of the T cell, small spots with increased GFP
fluorescence become visible at several locations along the T-APC interface
(Figure 9A). The appearance of these MHC clusters is antigen specific because no
similar structures are observed when the Hb-specific 3.L.2 T cells encounter these
same APC (Figure 23). The existence of these spots, and the timing of their
appearance, correlates well with the early clustering of CD3( observed by
Krummel et al. (69). As with those CD3( clusters (69), the early MCC:I-E*:GFP
clusters are very dynamic (Figure 9). They form and break apart rapidly during
the first 2 —~ 3 minutes. Ultimately, these spots coalesce into a large cluster at the
T-APC interface. When the accumulated GFP reaches maximal intensity, it
defined as a mature immunological synapse. This definition was confirmed in

fixed conjugate imaging based upon characteristic p-SMAC ICAM-1 and c-
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SMAC PKC8 distribution. The process of synapse formation takes 3 — 20 minutes,
with a mean time of 5.5 minutes.

The formation of these small MHC:peptide clusters is independent of the
T cell cytoskeleton, but the movement and increase in size leading ultimately to
the coalescing into a mature synapse, is dependent upon the actin cytoskeleton of
the T cell (Figure 11). This is due, in part, to the very high level of expression of
the cognate MHC:peptide complexes on the surface of the APC. Cytoskeleton-
independent clustering was predicted by Dustin and Cooper under conditions of
high cognate MHC:peptide concentration on an APC (119). While the T cell’s
actin cytoskeleton is required for synapse formation, intact microtubules appear
to be dispensable in this process (74, 94).

Once the T cell and APC made tight conjugates with the attendant
morphological changes of the T cell, the T cells continued to actively project and
then retract lamellipodia from the edge contacting the APC. Based upon the
literature (102), I had expected that the T cell would maintain some activity while
in contact with the APC, but the extent and duration of these interactions was
somewhat surprising. This “scrubbing” morphology was accompanied by
formation of MHC clusters within the highly active interface that ultimately lead
to the formation of an immunological synapse. Negulescu ef al. saw similar
membrane activity and described it as “palpating” the APC (102). This activity
was evident even in non-productive T-APC engagements where the T cell
dissociated from the APC before any detectable MHC:peptide redistribution. The
formation of MHC:peptide clusters within these highly active regions suggests
that this is a mechanism to facilitate more efficient sampling of the APC surface

for cognate MHC:peptide complexes.
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T Cell Movement Across APC and MHC Transfer

T cells have been shown to migrate across the surface of macrophages
during antigen recognition and even jump from one macrophage (M¢) to an
adjacent one (145) after a period of stasis upon initial T-M¢ interaction. Similarly,
in a 3D collagen matrix T cells move from one antigen-pulsed dendritic cell to
another, “summing” up signals generated during each interaction until the cells
are fully activated (146, 164). However neither of these reports examined the
formation and stability of the immunological synapse during these encounters.
On the artificial lipid bilayers and transformed B cells, no such movement has
been detected after synapse formation, leading to the argument that this
movement from cell to cell is the result of a “defective” immunological synapse.
In my experiments, I frequently observed that after the formation of a mature
immunological synapse, T cells would reinitiate locomotion across the surface of
the MCC:GFP cells. During that movement, the immunological synapse is
dragged along and is relatively unchanged during that process, as judged by
MHC density and morphology. Thus it appears that the movement is not
initiated by faulty synapses. However, since I examined only the MHC molecules
during this movement, it is conceivably possible that the morphology or
components of the synapse are altered when the T cells are moving across the
APC surface. To rule that possibility out, plans are underway to utilize YFP-
tagged ICAM-1 molecules in addition to CFP-tagged MHC:peptide on the APC.
This will allow me to assess both the spatial distribution of the MHC as well as

that of ICAM-1. If the mature synapse is being “dragged along”, the relative
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spatial positioning of ICAM-1 in the p-SMAC and MHC:peptide in the c-SMAC
should be maintained.

One of the more interesting observations made during the live cell
imaging is that in approximately 10% of interactions resulting in a mature
synapse, the T cells dissociate from the APC. Very often when this occurs, there
is transfer of GFP-tagged MHC:peptide complexes to the T cell directly from the
immunological synapse. While the transfer of MHC and other membrane
proteins from the APC to the T cell during antigen recognition has been
previously described (63, 116, 147-151, 165-169), this is the first description of the
transfer coming directly from the immunological synapse between CD4" T cells
and APC. The capture of membrane bound antigen has recently been described
after the formation of a synapse between an antigen-specific B cell and an antigen
displaying cell (ADC) (162). Transfer of MHC Class I molecules to NK cells
mediated by allele-specific interactions with human KIR (170) or murine Ly49
(171, 172) molecules after the formation of an NK immunological synapse has
also recently been documented.

Since I see the transfer of MHC as a single large piece from the synapse,
my results are at odds with Hudrisier et al. who suggested that there was
continual transfer of small amounts of MHC rather than transfer of a large single
piece (167). However, their study did not include any imaging, instead relying on
biochemical detection of the transferred MHC. Additionally, I consistently
observed the transfer of small MHC clusters to the T cell during the early phases
of T-APC interactions. These spots generally migrated back to the T-APC
interface and became part of the immunological synapse (Figure 8). Thus, at the

early times, small amounts of MHC are associated with the T cell but these
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interactions are transient. The material transferred to the T cell upon dissociation
appears to be captured in one large bolus from the immunological synapse, not
from these early, transient events.

The transfer of MHC from APC to T cells was first recognized in the early
1980’s by several groups (147, 165, 166). Studies done since that time to
characterize protein transfer have focused almost exclusively on CTL and the
transfer of MHC class I molecules. These previous reports have found that
transfer requires antigen recognition (148, 149, 151, 167) and is dependent upon
the dose of antigenic peptide present on the APC (148, 167). Transfer is mediated
by signals from the TCR (149-151, 167) and requires CD28 but not LFA-1 (150,
151). Similar to the results of Nepom et al. (166), I showed, using the Hb-specific
3.L2 T cells, that non-specific bystander T cells do not pickup MHC molecules
from APC (data not shown). The transfer of the MHC and other transferred
proteins from the APC to the T cell, such as ICAM-1 and B7-1 / -2, requires direct
T cell - APC contact (150, 167, 168) and is not simply a case of passive acquisition
from apoptotic debris (150, 167, 168) or released molecules from intact APC (162).
This transfer is not an in vitro artifact as it can be detected in vivo using rat T cells
transferred into SCID mice (150). In addition, thymocyfes from parent (P1) to F1
(P1 x P2) bone marrow chimeras have on their surface MHC from the other
parental strain (P2) (165) showing that they are capturing MHC from thymic
stroma.

In my experiments, after of rapid loss from the peak at 1 hour the
transferred MHC:peptide complexes remain on the surface of the T cells for up to
96 hours (Figure 13 - 16). This is seemingly at odds with the majority of previous

reports. When examining the transfer of MHC class I to the surface of CD8" CTL,
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Sprent and colleagues have found that the captured MHC is rapidly internalized
(148) with a t, ,, of approximately 4 hours and only a slight increase above
background detectable at 16 hours (148). The time course of MHC class I transfer
to CTL is much more rapid in that transfer can be detected within 5 minutes after
T-APC contact and reaches its peak at 30 minutes (148, 167). However the
consensus that MHC is rapidly internalized upon transfer to the T cell does not
necessarily hold true for MHC class Il molecules. Isolated murine thymocytes
express detectable levels of class Il even after 48 hours of suspension culture in
vitro (169). When examining the transfer of B7-1 to T cells using PCC:I-E*-specific
5C.C7 TCR transgenic T cells, Sabzevari et al. observed that the T cells expressing
the captured B7-1 molecules could present antigen to fresh T cells several days
later without the addition of exogenous antigen (151). While they did not
specifically examine the fate of transferred [-EPCC complexes, the antigen
presentation results suggest that the T cells also captured the MHC:peptide
complexes and retained them on their surface for several days. Similarly, Patel ef
al. were able to use T cells that had acquired antigen from APC in vitro to induce
in vivo tolerance to myelin basic protein in an EAE model (149).

Several previous studies have clearly demonstrated that the transfer of
MHC to activated T cells is more efficient than is the transfer to naive cells (149,
151, 168). In T cells recovered from rheumatoid synovial with transferred B7-1,
CD69 and CD25 levels were elevated indicating that these T cells were activated
(63). This is similar to my results, which showed that the T cells expressing the
transferred I-E“MCC complexes were CD69", while the I-E¥'° cells were CD69

(Figure 17). Since CD69 expression is induced by antigen recognition, it is
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presumed that the CD69 on the T cells serves as a marker of those that have
responded to the MCC:GEFP cells, rather than directly mediating MHC capture.
The T cells that have captured MHC are preferentially surviving in my
experiments, in an apparent discrepancy with previous reports (148, 151). In the
studies with Class I transfer to CTL, the T cells expressing the transferred
proteins became targets of fresh CTL added to the cultures (116, 150, 168) and
were killed. In the class II system, the T cells which had absorbed B7-1 (and
presumably MHC:peptide) from the APC were more susceptible to activation
induced cell death than those that did not capture B7-1 (151) when fresh T cells
were added. However, in my results, the I-E*" T cells actually survived while the
I-E¥ cells slowly disappeared after 24 hours. This reduction in the I-E* cells was
responsible for the apparent increase in the mean fluorescence intensity (MFI) of
GFP and surface I-E* expression during the course of the experiment, as the
levels present on the positive cells did not significantly change (Figures 13, 14).
The loss of the I-E* cells was Fas -dependent because inclusion of blocking anti-
FasL antibodies to the cultures delayed their disappearance and also blocked the
apparent increase in I-E* and GFP MFL. It is unclear why the I-E* positive T cells
preferentially survived in my experiments in contrast to the previous reports. It
must be noted that the same bimodal profiles were seen in three separate
experiments, but results involving anti-FasL. are from a single preliminary
experiment. One possibility is that the T cells that have captured MHC:peptide
are incapable of presenting antigen to other T cells. While there are numerous
reports of T cells acting as APC (116, 149, 173-176), the T cells may lack sufficient
costimulatory molecules or the transferred MHC:peptide molecules are still

attached via the TCR and are not accessible to other T cells. These MHC:peptide
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complexes may be continuing to signal the T cell, providing a tonic stimulus that
results in the survival of the cells. Another possibility could be that since only
about 50% of the T cells picked up the MCC:I-EX:GFP molecules during the
overnight incubation, the I-E* cells are not antigen reactive and so don’t respond
to the MHC:peptide complexes present on the remaining T cells. Without the
addition of fresh, antigen-reactive cells, there would be no responders to mediate
cell death. While appealing at first, this ignores the fact that the antigen was
present on T cells, who themselves might be antigen responsive. Nepom et al.
showed that T cells which captured I-A molecules from APC were still antigen
reactive after 3 days in culture (166). It is unclear why these I-E*' T cells are
preferentially surviving, but future experiments will address whether the T cells
are continuing to be signaled by the captured MHC, as well as examining the
ability of these T cells to present antigen.

The mechanism by which this transfer from the APC to the T cell occurred
is unclear, but recently published studies have begun to elucidate the details.
One mechanism proposed was that only proteins were being selectively plucked
from the APC upon binding to proteins on the surface of the T cell. This is
apparently not the case. Using APC with membranes labeled with the lipophilic
dye PKH26, two independent groups have demonstrated that there is transfer of
both membrane and the membrane associated proteins from the APC to the
membrane (149, 167). Stinchcombe et al. recently showed by transmission
electron microscopy that CTL and target cell membranes actually fuse in small
regions they termed membrane bridges, and that these bridges likely served as
the mechanism for MHC class I transfer to the T cell from the target (116). While

the results suggest that the membrane is incorporated into the T cell membrane
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in the correct orientation, it is also possible that it is held as a vesicle tethered to
the T cell via the embedded proteins. Knowledge of the location of the
transferred proteins (extracellular or integrated into the plasma membrane) will

tell us much about the function of the transfer.

Stoichiometry of T — APC Interactions

Previous reports examining the immunological synapse have relied
extensively on transformed B cell lines to act as antigen presenting cells (50, 74,
94,109-111, 114, 115, 131, 132, 144, 177). In those T cell - B cell conjugates, the B
cells are capable of interacting with multiple T cells, while the T cells are
monogamous, interacting with only 1 APC (102). Wiilfing stated unequivocally
that after examining several hundred conjugates, he failed to find a “single
instance where one T cell and multiple B cells interacted” (94). My results show
clearly that a single T cell could interact with multiple APC and induce the
redistribution of the GFP-tagged MHC:peptide complexes. However, as far back
as 1978, several studies have clearly shown that a single T cell could interact with
more than one APC simultaneously (107, 114, 115, 178, 179). These reports were
published many years before the discovery of the immunological synapse, and so
the state of the synapse was unknown under these conditions. In my studies,
when the sizes of the redistributed GFP regions are compared, in every case
(>30) one of the interfaces was larger, contained more MHC and was a mature
synapse, while the other interface was small and poorly organized (Figure 19) .
This result is reminiscent of the findings of Kupfer who found that when a single

T cell engaged 2 adjacent APC, talin accumulated at both interfaces, but the
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MTOC reoriented under only one of the interfaces (114). In these conjugates,
mitotic B cells were only found where the T cell MTOC reoriented, correlating
with the directed secretion of cytokines towards that B cell (114, 115). Thus, a
single T cell can interact with two adjacent APC and induce the redistribution of
MHC molecules, but it appears that a mature immunological synapse is formed
with only one of these APC. This implies that synapse formation requires T cell

polarization, as has been previously proposed (111).

Intracellular Signaling and Synapse Formation

In continuing to characterize the formation of the immunological synapse,
I next turned to examine the relationship between intracellular signaling and the
synapse. It has been proposed that the function of the immunological synapse is
assembly of a stable supramolecular signaling complex (49, 118, 180) that allows
for the sustained signaling needed for full T cell activation (86, 93, 181).
However, to date no systematic examination of the signaling required to form or
to maintain the immunological synapse has been undertaken. Freiberg showed
that Lck is phosphorylated rapidly after antigen recognition (113). Based upon
my observations, in agreement with others (49), that the synapse takes
approximately 5 minutes to form after T-APC interaction and the fact that
intracellular signaling cascades are triggered within seconds of TCR ligation with
cognate MHC:peptide complexes (182), I expected that signaling was triggered
prior to mature synapse formation. However, it is unclear whether the initiation
of intracellular signaling occurs before the initial redistribution of MHC:peptide

in the early clusters, or whether the formation of the clusters triggers signaling.
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This question relates directly to the mechanism of TCR triggering; aggregation
vs. serial triggering vs. conformational change of the TCR.

If the TCR signals as a result of oligomerization, it would be expected that
the MHC:peptide ligand would cluster immediately prior to the initiation of
intracellular signaling. This initial clustering would occur independently of the T
cell cytoskeleton since TCR-mediated signaling is required for cytoskeletal
alterations (85, 112, 182, 183) and might be directly observable with the system I
have developed. To examine this question, I chose to monitor changes in
intracellular Ca™ concentration using the ratiometric Ca™ indicator, Fura-2.
Because Fura-2 is optimally excited by two different wavelengths dependent
upon Ca™ binding, it is possible to determine a ratio of the emission of Ca*™
bound and Ca™ free states. Using this method, the absolute ratio values are not
affected by differences in dye loading between cells, making direct comparison
between cells and treatment conditions possible.

The data in Figure 20, representative of 7 experiments and >100 T-APC
interactions, shows that the Ca™ response is triggered almost immediately upon
contact with the antigen-bearing APC. The lag time between contact and the first
detectable Ca'" response is as fast as 12 seconds in our system. This is very fast
and may appear to be at odds with previous reports that have shown that the
Ca"" increase follows T-APC contact by 20 - 62 seconds (101, 102, 108, 184). One
possible explanation involves the density of the cognate MHC:peptide ligand on
the surface of the MCC:GFP cells. With the high density of specific MHC:peptide
ligands, the initial interactions of the T cell with the APC will result in
productive TCR-MHC:peptide engagements resulting in a very short lag time

between contact and Ca™ flux.
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Since we can specifically visualize MHC:peptide complexes, we are in a
unique position to analyze the relationship between the onset of intracellular
signaling and the redistribution of specific MHC:peptide complexes. In the
images I collected, the first visible redistribution of the MHC:peptide complexes
occurs either simultaneously with, or shortly after, the initial increase in
intracellular Ca™ concentration. Since Ca*" release is downstream of the initial
phosphorylation events that occur upon TCR ligation of cognate MHC:peptide
complexes (185, 186), this data clearly suggests that even the earliest visible
redistributions of MHC:peptide complexes driven by T cell antigen recognition
follow the initiation of intracellular signaling, and do not drive the initial
signaling events. Further experiments utilizing a recent upgrade to the imaging
system allowing for faster image capture rates are planned to address this
question with even better temporal resolution.

I then went on to determine whether the mitogen activated protein kinase
(MAPK) pathway and Src-family kinases (p56-* and P59"") play a role in the
formation and /or maintenance of the immunological synapse. When T cells were
pretreated with the MEK-specific inhibitor PD98059 (140), the initial
morphological interactions appeared quite normal, in agreement with a previous
study that demonstrated that the ERK pathway does not contribute to the actin
cytoskeletal rearrangements in Jurkat cells stimulated with anti-CD3 antibody
(85). The formation of the immunological synapse also appeared normal.
According to Ron Germain’s “spreading raindrop” model of TCR antagonism,
this result was not expected (187). According to this model, a population of MEK
is associated with the plasma membrane and when TCR - triggering results in

the phosphorylation of ITAM motifs on the CD3 complex, MEK binds and
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protects the phosphorylated tyrosine residues from the action of phosphatases
like SHP-1. One prediction from this model is that use of the MEK inhibitor
would blunt TCR - mediated signaling and result in an altered activation
phenotype similar to T cell responses to TCR antagonist peptides. TCR
antagonists induce molecular accumulation at the T-APC interface, but do not
induce the formation of mature immunological synapses (50, 113), so it would be
expected that use of PD98059 would prevent mature synapse formation.
However, my results clearly show that it does not. What does occur is that
several minutes after the formation of tight T-APC conjugates and the formation
of a mature immunological synapse, the T cells repolarize and move away or
simply fall off of the APC (Figure 22). This was somewhat surprising, but it
correlates well with a recent report from Weber et al. who demonstrated that
Jurkat cells would adhere to a surface coated with ICAM-1 protein, but between
5 and 30 minutes, the Jurkat cells treated with PD98059 would lose adherence,
presumably due to an undefined effect on the activity of H-Ras (188). Thus, the
MAPK pathway is not involved in the initial interactions of the T cell and APC or
in the formation of a mature immunological synapse, but it is required for the
sustained interactions between these cells and the long-term maintenance of the
immunological synapse.

The results were very different when the activity of the Src-family tyrosine
kinases (Lck and Fyn) were inhibited by Src-specific inhibitor PP2 (141). In those
interactions the T cells interacted with the APC and small MHC clusters formed.
However, the morphological changes associated with antigen recognition did not
occur and in only approximately 10% of the interactions did a mature

immunological synapse form. This is consistent with a requirement of actin
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polymerization in synapse formation as well as recent reports that show that Src
kinases are required for actin-driven events in cell spreading and actin “collar”

formation (85).

Peptide Specificity Of the Immunological Synapse

It is unknown whether the MHC:peptide complexes accumulated contain
a mixture of cognate and irrelevant peptides, or whether the cognate peptides are
specifically accumulated. This is one of the major unresolved questions about
immunological synapse formation and has broad implications for our
understanding of T cell activation. We now have a fairly detailed understanding
of the intracellular signaling events initiated by TCR engagement of
MHC:peptide complexes, although much remains to be elucidated. Based on X-
ray crystallography, the structural aspects of MHC:peptide — TCR interactions is
also reasonably well understood (17). However, the events linking the physical
interaction of the TCR with MHC:peptide complexes to the initiation of the
intracellular signaling are unknown and still the focus of vigorous debate.

Several different models have been proposed to explain what van der
Merwe calls the “TCR triggering puzzle” (26). Various models invoke TCR
conformational changes (189), monovalent serial engagement of a few
MHC:peptide ligands with numerous TCR (18, 19, 21, 190), aggregation or
multimerization of the TCR (28, 191, 192), or topological restraints between the
membranes of the T cell and antigen presenting cell (25-27).

In the kinetic proofreading model, proposed by our collaborator Tim

McKeithan (28) and later refined by Rabinowitz et al. (29), TCR engagement
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initiates a multi-step program which leads to T cell activation. One potential step
in the kinetic proofreading model is oligomerization of the TCR (28). The role for
TCR oligomerization in T cell activation is supported by biochemical data (191-
194) and has received considerable attention since the description of the
immunological synapse (49, 50). One of the predictions made by the initial
kinetic proofreading model is that TCR antagonism could result from inclusion
of lower-affinity MHC:peptide ligands in aggregated TCR/MHC:peptide
clusters. This could tie up TCRs in non-productive engagements, preventing
aggregation or reducing the avidity between the clustered receptors and
clustered MHC molecules (28). This obviously requires the inclusion of MHC
molecules loaded with closely related peptides that interact with the TCR, but
does not address the question of peptide specificity in general.

Non-cognate MHC:self peptide molecules may be important in controlling
T cell activation. Tonic signaling from these molecules has been linked to T cell
survival in the periphery (195-198), although in some systems, this is not
required (199, 200). Activation of the T cell would require that signaling would
have to exceed a critical threshold set by the tonic signaling through these
MHC:self peptide complexes. Their inclusion in the synapse could be a
mechanism by which this requirement to exceed this threshold is enforced, by
potentially tying up TCR or by generating a unique signal. Exclusion of the
irrelevant ligands from the synapse might lower this threshold or facilitate the
assembly of more stable signaling structures, allowing for signaling of longer
duration required for T cell activation (120, 154).

The presence of wild type I-E* on the surface of the MCC:GFP cells

allowed me to address the question of peptide specificity. The cells were
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exogenously loaded with Hb peptide and used as APC for Hb-specific T cells
from the 3.L2 TCR transgenic mouse. Under these conditions, the GF P-tagged
MCC:I-E* molecules are considered null complexes. The basic experiment and

interpretation are found in Figure 37 below.

Load Wild Type I-E* on APC with Hb
AY Loswopy
T s

Add Hb-specific T cells

Specific + Non-Specific: Specific Only:
GFP Accumulated No GFP Accumulated

T”'—)
e

AKX VAV

Figure 37. Schematic of MHC:peptide specificity experimental design.

The results in figure 23 show that when the 3.1.2 T cells encounter I-E*:Hb

complexes on the surface of the MCC:GFP cells, they form tight conjugates which

are stable for at least 1 hour and that there is no specific accumulation of GFP-
tagged MCC:I-E* complexes. This shows that MHC:peptide complexes
accumulated in the immunological synapse are peptide specific. PKC6 staining

of the 3.L2 - MCC:GFP conjugates was very similar to AD10 - MCC:GFP
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conjugates, indicating that the 3.L2 T cells were forming immunological synapses
upon antigen recognition (Figure 24).

My observation that the immunological synapse specifically accumulates
cognate MHC:peptide complexes clearly indicates that there is some peptide-
specific sorting mechanism operating during synapse formation. It is unclear
whether this sorting mechanism is functioning early in the process, during the
formation of the early MHC clusters, or whether this is occurring during the
coalescing of these clusters to form the synapse. If the initial clusters contain only
specific complexes, it would imply that a sorting mechanism is functioning very
rapidly, and also suggests that receptor aggregates, containing only cognate
complexes are required for the generation of intracellular signaling. This
hypothesis cannot be directly examined in the current system, nor can the timing
of the MHC:peptide sorting, because the I-E*:Hb complexes cannot be directly
visualized on living cells. To address this question, a new set of transfectants
with cyan fluorescence protein (CFP)-tagged I-E*:MCC and yellow fluorescence
protein (YFP)-tagged I-E*:Hb molecules has been made. This will allow for direct
visualization of both complexes during antigen recognition on live cells. If the
molecules are aggregated at the submicroscopic level (<100 nm), they might
undergo fluorescence resonance energy transfer (FRET) (201, 202). To date these
experiments have not been performed due to difficulties in CFP-tagged protein
expression patterns.

With the basic system in place, we will proceed to experiments examining
the potential inclusion of weak agonist or antagonist peptides in immunological
synapses. Based upon the predictions from the kinetic proofreading model,

antagonist ligand should be accumulated, but the structure and molecular
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components of the synapse would be significantly different. With the FRET
approach, we can assess the degree of interaction between agonist and antagonist

or weak agonist complexes at the T-APC interface.

The Role of Costimulation in Synapse Formation

One major focus of these imaging studies has been to examine the role of
costimulation in the formation of the immunological synapse. While B7-1
(CD80)/CD28 are localized in the central portion of the immunological synapse
(c-SMAC) and LFA-1/ICAM-1 are located in the p-SMAC, the role of these
molecules in the formation of the immunological synapse is not clear. It has been
suggested that ICAM-1 may be involved in driving synapse formation (203), but
there is no direct evidence for the requirement of ICAM-1 in synapse formation.
CD28 does not appear to be directing the early steps in synapse formation
because it does not move into the c-SMAC of the nascent synapse until
approximately 3 minutes after T-APC contact (113). In support of a central role of
costimulation in synapse formation, Wiilfing and Davis have shown that the
polarized bulk flow of T cell surface molecules towards the engaged APC could
be inhibited by antibody blocking of B7:CD28 or LFA-1:ICAM-1 interactions (74,
94). In data not shown, they reported that anti-B7-1/-2 antibodies also blocked
accumulation of GFP-tagged MHC molecules to the synapse (131). Using T cells
from mice lacking a key downstream mediator of CD28 signals, Vav1, Wiilfing et
al. also showed that MHC accumulation at the T-APC interface was “defective”
(131). Similarly, Krummel ef al. (69) showed that a “central capping” phenotype

of CD3{ could be diminished by blocking B7:CD28 interactions. The importance
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of costimulation in synapse formation in the Davis system is confirmed in a
recently published paper (132). This is in contrast to results from Dustin and
colleagues showing that incorporation of B7-1 in their planar lipid bilayers has
no effect on the frequency of synapse formation or the density of MHC:peptide
complexes accumulated (49, 121). In vitro, PKC8 and LAT are accumulated at the
T-APC interface in CD28"" T cells, although they are uniformly distributed rather
than accumulating in the c-SMAC (113). In addition, CD28"" T cells show
redistribution of the TCR toward the APC in vivo (133)

Using my system, with which I can follow the movement of specific
MHC:peptide ligands, I have confirmed that B7-1:CD28 and ICAM-1:LFA-1 are
indeed important mediators of mature synapse formation. To accurately quantify
the synapses, I adapted the fixed conjugate methodology of Kupfer and
colleagues (50, 109, 111, 113, 115, 144). A reconstructed 3D interface was
generated from which I can measure the intensity and area of clustered MHC.
The resulting areas are small (Figure 26) because MHC clusters were defined as
areas with MHC twice background values and not the entire contact region
between the APC and T cell. Monks et al. have estimated that only about 6% of
the contact zone contains accumulated TCR (50).

Upon quantitation of the area and amount of MHC accumulated in the
synapses, I determined that CTLA-4Ig or anti-ICAM-1 treatments (Figure 26)
significantly reduce both the size (Figure 26C) and intensity (Figure 26B) of
accumulated MHC. The morphology of the clustered MHC is also altered in the
treated synapses (Figure 25). The synapses with control IgG (Figure 25D)
generally have one or a few large, intense clusters surrounded by several smaller

regions with increased density. This pattern is reminiscent of the MHC
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distribution in fixed AD10 T cell - B cell conjugates published by Monks et al.
(50). With costimulation blockade no central dense cluster is observed and the
MHC clusters formed are irregularly spaced. However, costimulation blockade
does not completely block MHC redistribution indicating that even in the
absence of costimulation an immunological synapse, albeit altered, can form.
This is consistent with data in Bromley et al. (121).

After observing the significant affects of costimulation blockade on the
size, density, and morphology of the immunological synapse, I wanted to see if
these differences correlated with differences in T cell functional outcomes. In
examining the proliferative capacity of T cells to respond to MCC:GFP cells, I
found that the magnitude of the reduction of synapse size and intensity are very
similar to reductions in T cell proliferation measured after 3 days of co-culture
(Figure 26A). This indicates that the size and/or intensity and/or morphology of
the immunological synapse present at 30 minutes may be predictive of full T cell
activation. These results are in agreement with the models that propose that
synapse formation may serve as a “checkpoint” for full T cell activation (78, 112,
118, 121).

By contrast, with the exception of a slight reduction in CD69 expression
when the APC were preincubated with CTLA-4Ig, blockade of B7-1, ICAM-1 or I-
E* has virtually no affect on CD69 or CD25 expression or TCR down-modulation,
all phenotypic markers of T cell activation (Figure 27). These findings are not
unprecedented. CTLA-4lg does not block CD69 expression in vivo, even though it
reduces diabetes in NOD mice (62). Others have also found that CD28 also has
no apparent effect on TCR downmodulation (121). Our results with anti-ICAM-1

blockade are consistent with previous studies that suggested that ICAM-1 is
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critical in TCR down-modulation at low ligand density (98, 204), but at higher
antigen doses the importance of ICAM-1 in TCR down-modulation is reduced.
While widely accepted as an accurate predictor of T cell activation, previous
studies have shown that TCR downmodulation does not always correlate with T
cell activation (98, 205-207). The lack of a correlation between TCR down-
modulation and the properties of the immunological synapse suggests that these
two phenomena of T cell activation are independent. Based upon these findings,
I propose that the properties of the synapse are a better predictor of full T cell
activation than TCR down-modulation.

It is not clear how costimulation through CD28 and LFA-1 are controlling
the formation of the immunological synapse. My experiments did not directly
address this question, but the mechanisms involved are likely linked to the
mechanisms of costimulation in general. It has been suggested that costimulation
has two major functions in T cell activation:

1. initiate unique signals which overlap and synergize with TCR-

mediated signals to induce full T cell activation; and

2. control cytoskeletal rearrangements that are crucial for T cell activation

(182).
While unique intracellular signaling pathways initiated by these costimulatory
interactions are important, it is more likely that the control of the actin
cytoskeleton by costimulation is more significant in the context of immunological
synapse formation, in light of the evidence implicating the actin cytoskeleton in
synapse formation (94, 108).
There is much evidence linking costimulation, particularly through CD28,

to the actin cytoskeleton (see Figure 37). Actin filament regulation involves
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members of the Rho GTPase family (Racl, RhoA, Cdc42). Rho family members
work through downstream mediators, such as the Wiskott-Aldrich syndrome
protein (WASP) and the Arp2/3 complex, to control the initiation of actin
polymerization (75, 80, 81, 182, 208-210). Vav1 is a guanine exchange factor that
activates members of the Rho family (76, 79). In the presence of a TCR signal,
ligation of CD28 induces the hyperphosphorylation and activation of Vav1 (75,
83, 182), but CD28 ligation alone can also result in Vav activation (182). Vav1’ T
cells have normal TCR proximal signaling (e.g. phosphorylation of ZAP-70, LAT,
SLP-76, etc.), but have defects in Ca'* responses (78, 82, 84) and NFxB activation
(82). These T cells also have significantly reduced proliferation and IL-2 secretion
(82, 83) in response to anti-CD3, and addition of a signal through CD28 does not
restore full activation (83). Interestingly, the Vav”/" T cells do not down regulate
p27"! upon activation (83), reminiscent of T cells rendered anergic by the
absence of costimulation (47, 48). Phenotypically, these T cells have been
compared to normal T cells responding to antigen on costimulation deficient
APC (131). Most relevant to this study, Vav1™ T cells do not display TCR
clustering in response to CD3 crosslinking (83), and they form defective
immunological synapses, in that MHC molecules do not accumulate within the c-
SMAC (131).

A tempting model for CD28 direction of synapse formation can be drawn
from our knowledge of CD28’s control of actin rearrangements. Signals through
the TCR, which precede CD28 ligation, induce some phosphorylation of Vav1 as
well as generating unknown signals which favor B7-1/CD28 interactions (121).
Among the effects of CD28 ligation is the hyperphosphorylation and activation

of Vavl. Vav1 activation serves to activate several downstream events including
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sustained Ca™ increases (131), PKC8 activation (211), and Rho family GTPase
activation. Rho activation, in turn, controls the polymerization of the actin
cytoskeleton, which has been shown to be a central mediator of immunological
synapse formation (74, 94, 108, 131). Consistent with this model, cytochalasin D
poisoning of the cytoskeleton prevents stable synapse formation (69) and Figure
11).

An alternative model for the mechanism by which CD28 costimulation
might control immunological synapse formation involves the redistribution of
lipid microdomains called lipid rafts on the surface of the T cells (124, 125, 212).
These microdomains are enriched in signaling-associated molecules such as LAT,
Lck, ZAP-70, PIP,, and Ras (22-24). The aggregation of these microdomains by
crosslinking associated proteins or by use of Cholera toxin B results in protein
phosphorylation and cellular activation (88, 213, 214). Raft accumulation and
subsequent kinase activation has also been linked to the reorientation of F-actin
(22, 213), and thus might be involved in the initiation of the actin-based model
described above. Viola showed that crosslinking CD28 results in the
accumulation of lipid rafts (130). It has been proposed that costimulation actually
results from the aggregation of these lipid rafts and this might explain the ability
of raft-associated proteins like ICAM-1, CD48 and CD59 to provide costimulation
(127, 215). Based upon these results and the findings of Viola et al. (130), a model
has been proposed in which lipid raft accumulation is a central event in
immunological synapse formation (215, 216). There are a couple of caveats to this
model. First, a formal demonstration of lipid rafts in the immunological synapse
has not been made (129). Second, CD28 is not a raft-associated protein and the

kinetics of CD28-mediated raft accumulation, on the order of 15 minutes (130), is
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difficult to reconcile with the timing of synapse formation (~5 minutes) (130, 180)

and the appearance of CD28 within the c-SMAC (3 minutes) (113).

Anergic T Cell Synapses

T cells that encounter antigen in the absence of appropriate costimulation
enter a state of hyporesponsiveness termed anergy (35, 39, 217, 218). These cells
do not proliferate or secrete cytokines upon reencountering antigen, even in the
presence of antigen presenting cells displaying optimal costimulation (152). This
has lead to the proposal that anergy induction is critical in maintenance of
peripheral T cell tolerance in vivo (48) since normal somatic tissues would not be
expected to express costimulation constitutively. Many of the molecular details
which result in anergy induction have been elucidated, but the underlying
mechanism which results in anergy induction remains to be determined.

In classical anergy, there are many signaling alterations within the anergic
T cell that result in the inability to synthesize IL-2 (46, 219). These defects include
decreases in the transcription factor AP-1 (43, 220), altered Ca*" responses (40),
alterations in NF-xB and NFAT/AP-1 transcription factor activity (43), impaired
expression of c-fos, c-jun, and JunB (44), differential recruitment of p56"* and
p59"" (42), and altered CD3{ phosphorylation patterns (41). Anergic T cells do
not proliferate and are arrested early in the G, phase of the cell cycle (47). This
growth arrest has been linked to upregulation of a pair of cyclin-dependent
kinase inhibitors, p21“*" and p27*** (47, 48, 83, 221). Administration of
exogenous IL-2, which rescues the cells from anergy (38), induces the down

regulation of p27“*!, allowing the cells to transit through the cell cycle (47, 48). Tt
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is this transit through the cell cycle induced by the signals through CD28, and
not merely physical engagement of CD28 alone, which is responsible for the
prevention of anergy when costimulation is present (38).

CD28 signaling is also linked to anergy prevention by controlling
activation of Rap1. Activation of the small G protein Rap1 occurs when T cells
recognize antigen in the absence of costimulation (157). Rap1 is an inhibitor of
the Ras-mediated MAPK signaling pathway, and signals through CD28 inhibit
Rap1 activation (158). It is unknown how CD28 signals inhibit Rapl activation
and facilitate Ras activation or why TCR signals alone induce Rap1 activation,
though differential activation of p59"™ has been implicated (48).

With the discovery of the immunological synapse, and the suggestion that
the synapse serves to facilitate signaling by serving as a platform for signaling
molecules to accumulate, it is possible that synapses formed by anergic cells will
be quantitatively or qualitatively different from normal synapses. To date,
however, no studies have addressed the ability of anergic T cells to make
immunological synapses or characterized the molecules that accumulate at the T-
APC interface of anergic cells.

To test the hypothesis that anergic T cells form altered synapses, in vitro
primed AD10 T cells were anergized by incubating them overnight on plates
coated with anti-TCR antibody. These anergized T cells were hyporesponsive
(Figures 29 - 31) but are still capable of forming conjugates with APC (Figure 32).
Surprisingly, the anergic T cells are able to form immunological synapses (Figure
35). This contrasts with predictions Mark Davis made at the 11* International
Congress of Immunology in 2001 that anergic T cells would not be capable of

making immunological synapses. When the size and density of MHC:peptide
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clusters are calculated, there is only a very small reduction that is not statistically
significant (Figure 35). The morphology of the MHC:peptide clusters is also very
similar in normal and anergic T cells (Figure 35). Based upon MHC:peptide
accumulation patterns, there is very little difference between normal and anergic
synapses.

However, the engaged TCR/MHC:peptide complexes are only one part of '
the immunological synapse. Because they make synapses, it is possible that
differential recruitment of various signaling molecules to the anergic synapse
could explain differences in downstream events associated with anergy. To
examine this possibility, I stained for several different molecules (Figure 36). In
somewhat unexpected results, there was no apparent difference in recruitment of
PKC6 (Figure 36 C and D) or CTxB-stained lipid rafts (36 E and F) to anergic
synapses. By contrast, c-Cbl was preferentially recruited to the anergic synapses
(Figure 36G and H). The importance of this difference in c-Cbl recruitment to the
anergic synapse is unclear. Members of the Cbl family are negative regulators of
TCR signaling and have been implicated in controlling the Vav-WASP pathway
leading to actin cytoskeletal rearrangements (75). Another Cbl family member,
Cbl-b has been implicated in controlling synapse formation in T cells from aged
mice which functionally resemble anergic T cells (222). Cbl-b”" T cells are
costimulation independent, and when crossed to Vav”/ T cells, the loss of Cbl-b
restores normal synapse formation to the Vav”/'T cells, suggesting that Cbl-b
functions as a negative regulator of synapse formation (156). Thus, the
differential recruitment of c-Cbl may be consistent with generation of altered
signaling pathways within the anergic T cells. Experiments are planned to

examine the recruitment of Cbl-b to the anergic synapse, as well.
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The differential recruitment of c-Cbl to the synapse is an interesting
finding, but there are many other molecules that need to be assessed before we

reach a complete understanding of the

anergic synapse. Experiments are Ml /f -
planned which will examine both the . f .’ /. |
activation state and the cellular .‘\_, -

localization of Rap1 in the anergic T cells A ‘i ?Qm . A~
using a novel reagent used to image g} ”L'},,_; o —

Rapl in neuronal cells (159). This reagent contains, in order, cyan fluorescent
protein, Rapl, the Ras binding domain of Raf (Raf-RBD), and yellow fluorescent
protein. When in the active GTP-bound form, the Rap1 will bind the Raf-RBD,
bringing the CFP and YFP into close proximity allowing for fluorescence
resonance transfer (FRET). In the inactive, GDP-bound form, the Rap1 will not
bind the Raf-RBD, and the CFP and YFP will not be within the required 50 - 70 A

radius to allow for the generation of a FRET signal.

In addition to Rapl, there are several other molecules which potentially mediate,
or may be altered in, the anergic state that I plan to examine. Among these are:
C3G/CrkL - alternate adapter to Grb2/Sos implicated in Rap1 activation
p59™" - Src kinase implicated in signaling in anergy induction
P-Tyr - to show that tyrosine phosphorylation is occurring
Phalloidin — are actin rearrangements the same?
SHP-1 - Phosphatase implicated in controlling TCR signaling
CD45 - Phosphatase implicated in controlling TCR signaling

Gamma tubulin - allows for analysis of MTOC movement
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Knowledge of the spatial and temporal localization of these molecules within the
anergic immunological synapse might help us to better understand the molecular
events leading to this hyporesponsive state and will give us a deeper
appreciation for the mechanisms underlying tolerance induction and

maintenance.
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Chapter 5

Summary and Future Directions

In this thesis, I have described the development of a system to examine
the dynamics of immunological synapse formation. This system utilizes
fibroblast cells transfected with a green fluorescence protein (GFP)-tagged MHC
class II mblecule with covalent antigenic peptide. This approach allows me to
follow the redistribution of specific MHC:peptide molecules during T cell

antigen recognition.

Dynamics of Synapse Formation — Signaling To and From the Synapse

In corroboration with previous reports (49), I found that upon contact
with antigen-bearing fibroblasts, T cells underwent a rapid, Ca™-dependent
morphological change resulting in a dramatic increase in contact area with the
APC (Figures 7 and10). The Ca"" flux is induced immediately upon APC contact
and precedes the initial redistribution of MHC: (Figures 20 and 21). These small
clusters of MHC:peptide coalesce to form a mature immunological synapse,
characterized by recruitment of PKC8 and ICAM-1 (Figure 36). The
morphological changes and subsequent synapse formation, depends upon the
activity of Sre-family kinases like p56"* but not the MAP kinase pathway.
Continued MAPK activity, however, is necessary for long-term stability of the T-

APC conjugates (Figure 22).
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Costimulation is Crucial to Synapse Formation.

While B7-1 / CD28 is located in the c-SMAC and ICAM-1/LAFA-1 is
found in the p-SMAC (118), the role of these costimulatory molecules in synapse
formation of the synapse is controversial (49, 74, 94, 103, 121, 131, 132). In the first
quantitative examination of the effects of costimulation, I found that
costimulation is required for normal immunological synapse formation. The
mechanism by which costimulation contributes to mature immunological
synapse formation was not directly tested in this thesis, but control of

cytoskeletal rearrangements necessary for synapse formation seem most likely.

Anergic T cells Make Immunological Synapses

When T cells encounter antigen in the absence of costimulation, they enter
a hyporesponsive state termed anergy (152). The mechanism of anergy
maintenance is unknown. I tested to determine whether anergy maintenance
involves differences in the ability to form synapses or differential recruitment of
proteins involved in signaling. I found that anergic T cells did make
immunological synapses with no significant difference in morphology, area, or
amount of accumulated MHC molecules (Figure 35) compared to non-anergic T
cells. There were also no differences in the accumulation of ICAM-1, PKC6, or
lipid rafts to the anergic synapses (Figure 36). However, there was a clear
difference in the distribution of c-Cbl. Another member of the Cbl family, Cbl-b,
has been linked to inhibition of TCR (156) signaling and is accumulated in the
synapses of T cells from aged mice, which are phenotypically similar to anergic T

cells (222). C-Cbl has also been implicated in the negative regulation of TCR
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signaling (226). These results are a starting point for further characterization of
the anergic synapses. In future experiments, [ plan to examine the distribution of
Cbl-b and several other molecules that could be important in the maintenance of

an anergic state, such as CrkL/C3G, P59Fyn, SHP-1 and Rap1.

Peptide Specificity of the Synapse
The final set of experiments presented in this thesis relate to the identity of :
the MHC:peptide complexes accumulated within the immunological synapse. In
my system, wild-type I-E* on the APC can be loaded with exogenous peptide
and present it to antigen-specific T cells. Under these conditions, the GFP-tagged
[-Ek:MCC molecules act as a non-cognate ligand and are not accumulated within
the synapse, showing that the synapse accumulates specific MHC:peptide

ligands but not a non-cognate MHC:peptide ligand.

Future Directions: Imaging TCR Peptide Specificity and TCR Antagonism
Knowledge of whether the immunological synapse contains only specific
MHC:peptide complexes or rather contains a mixture of cognate and non-
cognate complexes has several implications for the nature of T cell activation.
Inclusion of self peptide-containing complexes might increase the threshold for
TCR triggering due to the tonic signaling these ligands provide in the periphery
involved in long-term survival of the T cells (196, 197, 223). One proposed model
of the phenomenon of TCR antagonism envisions inclusion of the antagonist
ligand in receptor aggregates potentially altering signaling. While not directly
addressed in this thesis, I have transfected fibroblasts with cyan fluorescent

protein (CFP)-tagged MHC:peptide complexes and yellow fluorescence protein
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(YFP)-tagged wild type MHC. With these APC, I will be able to visualize both
cognate and non-cognate ligands simultaneously. These APC will be loaded with
a range of peptides including mull, weak agonist/antagonists, and heteroclitic
peptide to examine whether they are included in the synapse and/or how they
affect synapse formation. This combination of CFP and YFP has the added
advantage that if they are localized within ~60 nm, fluorescence resonance
energy transfer (FRET) may occur. This will give us data on TCR aggregation at
the submicroscopic level, which will help solve the TCR triggering “puzzle”

detailed above.

Future Directions: MCC:I-E:GFP Transgenic Mice and Imaging of Physiologic
T — APC Interactions

These imaging studies prove the power of the techniques employed, and
set the stage for some very exciting and informative experiments. One of the
most exciting prospects involves the generation of transgenic mice expressing the
same MCC:I-Ek:GFP construct used to transfect the fibroblast APC in this thesis.
These mice will allow me to examine synapse formation with real, physiologic
APC such as B cells and dendritic cells. I will begin by imaging synapse
formation between naive, effector, and anergic T cells and DC. Recent reports
suggest that that DC have unique properties related to synapse formation which
may explain their ability to activate naive T cells (123, 224, 225). I will
characterize the synapses formed between these various T cells and DC. I will
also compare the ability of naive DC to in vivo activated DC to see if DC
maturation increases the ability of these cells to participate in immunological

synapse formation.
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Experiments are planned with B cells that will examine the functions of
the immunological synapse between T cells and B cells. The first experiment is to
determine whether normal B cells can induce synapse formation, as most
previous work utilizing B cells as APC used transformed B cell lines. The most
interesting experiment may be to examine the function of the synapse in cognate
I-B interactions. T-B conjugates will be stained to determine whether molecules
important in providing help to the B cells (e.g., CD40-CD40L) localize to the
synapse. This would suggest that the synapse serves as a bi-directional signaling
structure, activating both the T cell and the B cell simultaneously. This will
provide insight not only into the signaling functions of the synapse for the T cell,
but may also provide evidence that this structure is directly involved in T, cell

effector functions as well.
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