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Abstract 

 The immunological synapse (IS) is a large-scale rearrangement of 

molecules at the interface between T cells and antigen presenting cells (APCs).  

The structure of the ‘mature’ IS is well defined, with a ring of adhesion molecules 

surrounding a centralized accumulation of T cell receptor (TCR)-peptide major 

histocompatibility complex (pMHC) interactions.  However, there is evidence 

that the structure of the IS differs depending on experimental conditions and the 

differentiation state of the cells used.  Given that IS are hypothesized to play a 

crucial role in the delivery of effector molecules, further studies are needed to 

determine the relationship between the phenotype of effector T cells and IS 

structure. 

 The aim of my thesis research was to test the hypothesis that CD4 T cell 

subsets possessing specialized effector functions form IS with distinct structures.  

To achieve this goal, I carried out experiments designed to examine the IS formed 

by Th1 and Th2 cells interacting with transfected fibroblast APCs and supported 

planar bilayers, and induced T regulatory cells (iTregs) interacting with bilayers 

and dendritic cells (DCs). 

 I provide evidence that Th1 and Th2 cells form morphologically distinct IS.  

Th1 cells form IS with adhesion molecules surrounding TCR-pMHC interactions, 

while Th2 cells form multifocal IS with adhesion molecules interspersed among 

multiple small accumulations of TCR-pMHC.  There are also differences in the 

distribution of the phosphatase CD45 and phosphorylated signaling molecules in 

Th1 and Th2 IS.  I hypothesize that these structural differences are related to 

differences in the effector molecules secreted by Th1 and Th2 cells, specifically 
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that the mature IS formed by Th1 cells act as gaskets for the directed secretion of 

cytotoxic molecules and CD40 ligand. 

 I also show that iTregs form either immunological kinapses or stable IS 

depending on the level of CD80 on the surface of APCs.  Induced Tregs are 

capable of downmodulating the costimulatory ligand CD80 on the surface of DCs 

in an antigen specific manner.  On the same timescale as CD80 downmodulation, 

iTregs transition from stable to motile contacts with DCs.  Experiments utilizing 

supported planar bilayers containing pMHC, ICAM-1 and CD80 showed that 

iTregs form motile immunological kinapses with a highly polarized cell shape in 

the presence of low levels of CD80.  However, iTregs arrest and form stable IS 

when interacting with bilayers containing high levels of CD80.  Consistent with 

CD80 modulating the stop signals iTregs receive upon antigen recognition, 

intracellular calcium flux is more sustained in the presence of high levels of 

CD80.  I hypothesize that mature IS formation is required for downmodulation of 

costimulatory molecules by iTregs.    
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Part A. CD4 T cell activation and function 

 The studies presented here concern immunological synapses (IS) formed 

between activated CD4 T cells and antigen presenting cells (APCs).  Signaling 

proximal to the T cell receptor (TCR) precedes IS formation and is critical for IS 

maintenance.  Section A-1 is an overview of the pathways involved in signal 

transduction through the TCR, and serves as an introduction to many of the 

molecules that will be discussed in the context of the IS.  Section A-2 serves as an 

introduction to the differentiation and function of the cells that are used in the 

studies presented in Chapters 2 and 3.  

A-1. T cell receptor proximal signaling  

 CD4 T cells recognize peptide antigens presented on major 

histocompatibility complex class II (MHC class II) molecules.  The T cell receptor 

(TCR), first identified by several groups in the early 1980’s, is the molecule 

responsible for the interaction with peptide-loaded MHC class II (pMHC) (1-4).  

Each T cell expresses a unique TCR, which is selected for in the thymus for its 

ability to bind to MHC molecules (5).  When T cells recognize pMHC on the 

surface of APCs, a signal is transduced through the TCR, a process that is 

dependent on the TCR-associated CD3 complex (6).  The molecules in the CD3 

complex contain immunoreceptor tyrosine-based activation motifs (ITAMs), and 

phosphorylation of ITAMs is crucial for TCR signal transduction (7-10).  The CD4 

coreceptor is associated with the Src kinase Lck whose activity is necessary for 

ITAM phosphorylation (11-13).  Upon TCR ligation, CD4 is brought within close 

proximity of the TCR-CD3 complex, resulting in the phosphorylation of ITAMs.  
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Dephosphorylation of an inhibitory tyrosine residue on Lck by the large 

phosphatase CD45 is also critical for this process (14). 

 Once phosphorylated, CD3 ITAMs recruit the Syk-family kinase ZAP-70 

(15).  ZAP-70 phosphorylates the adaptor molecules LAT and SLP-76, which form 

a trimolecular complex with Gads (16-18).  This structure forms the core of the 

proximal TCR signaling complex, recruiting numerous proteins responsible for 

altering the cytoskeleton, and transducing signals to the nucleus.  Of particular 

importance, phospholipase C (PLC)-γ is recruited to the LAT-SLP-76 complex 

and activated by the Tec kinase Itk (19, 20).  PLC-γ hydrolyzes 

phosphatidylinositol 4,5-bisphosphate (PIP2) to produce the second messengers 

inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG).  IP3 causes the release 

of ER calcium stores, which results in activation of the phosphatase calcineurin.  

Calcineurin dephosphorylates the transcription factor nuclear factor of activated 

T cells (NFAT) leading to its translocation to the nucleus (18).  DAG recruits 

protein kinase C (PKC)-θ to the plasma membrane, resulting in its activation (21).  

PKC-θ activates Ras GTPase via phosphorylation of the Ras guanine nucleotide 

exchange factor (GEF) RasGRP1, and active Ras initiates signal transduction 

through the MAP kinase pathway and gene transcription (22).  PKC-θ is also 

required for phosphorylation of CARMA1, allowing formation of the CARMA1-

BCL-10-MALT1 complex and activation of the NFκB pathway (23, 24).  In 

addition to these roles, intracellular calcium flux and PKC-θ activation are also 

critical regulators of the dynamic T cell-APC interactions that ultimately result in 

IS formation, as discussed below. 
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 The costimulatory molecule CD28 binds to CD80 and CD86 on the surface 

of APCs.  This interaction is crucial, as signaling through the TCR without 

costimulation results in a state of anergy.  Ligation of CD28 leads to its 

phosphorylation and the subsequent recruitment of phosphatidylinositol-3-OH 

kinase (PI3K) (25).  PI3K phosphorylates PIP2, producing phosphatidylinositol 

(3,4,5)-trisphosphate (PIP3).  PIP3 serves as a docking site for pleckstrin 

homology (PH)-domain containing proteins, many of which are important for T 

cell activation.  In particular, 3-phosophoinositide-dependent protein kinase 1 

(PDK1) and Akt are recruited to the plasma membrane via their PH-domains.  

PDK1 activates Akt, resulting in enhancement of the NFκB and NFAT pathways 

(18).  Thus, signals through the TCR and CD28 converge on a similar set of 

transcription factors, resulting in complete T cell activation. 

A-2. CD4 T cell subset differentiation and function 

 Upon receiving a productive signal via the TCR, naïve CD4 T cells have the 

ability to differentiate into at least four (and probably more) types of effector cells 

depending on the presence of cytokines and other factors.  Th1, Th2 and induced 

T regulatory cells (iTregs) are utilized in the studies presented here.   

Th1 cells 

 Th1 differentiation requires IL-12 produced by antigen presenting cells 

and interferon (IFN)-γ (perhaps produced by natural killer (NK) cells) (26). IFN-γ 

upregulates expression of the master transcription factor T-bet via a signal 

through signal transducer and activator of transcription 1 (STAT1).  T-bet then 

induces the expression of IFN-γ and the IL-12 receptor β2.  IL-12 (via STAT4) and 
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IFN-γ cooperate to maintain high levels of IFN-γ production, resulting in 

complete differentiation.  

 Th1 cells, which secrete IFN-γ, lymphotoxin (LT), tumor necrosis factor-α 

(TNF) and IL-2, are mediators of several facets of the immune response.  IFN-γ 

secreted by Th1 cells is critical for the maturation of macrophages, increasing 

their ability to destroy phagocytosed microbes (26).  IFN-γ is also important for 

isotype switching by B cells.  In mice, the IFN-γ dependent isotypes are IgG2a 

and IgG3, and these isotypes are critical for the opsonization and subsequent 

phagocytosis of microbes (27).  IL-2 produced early in an immune response by 

Th1 cells is important for the generation of memory CD8+ cells capable of a 

secondary response (28), and IFN-γ also plays a role in stimulating CD8 T cells 

(27).  In addition to secreting cytokines, Th1 cells express CD40 ligand (CD40L), 

which activates B cells, dendritic cells (DCs) and macrophages in a CD40-

dependent manner.  Th1 cells also have lytic granules (containing granzyme B 

and perforin) and are capable of killing APCs in an antigen specific manner (29).    

Th2 cells 

 Th2 differentiation requires signaling through the interleukin (IL)-4 

receptor (IL4R) (26, 30).  IL-4 binding causes STAT6 mediated expression of the 

transcription factor GATA3, resulting in production of endogenous IL-4.  Newly 

produced IL-4 then further upregulates GATA3 in a positive feedback loop.  IL-2 

signaling via STAT5 is also required for efficient IL-4 production and Th2 

differentiation (26, 31). 

 Th2 cells secrete IL-4, IL-5, IL-10 and IL-13 and are critical regulators of 

the allergic response and immunity against extracellular parasites (26).  IL-4 
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produced by Th2 cells helps B cells to secrete large quantities of neutralizing 

antibodies (predominantly IgG1) and IgE (32), and also acts in the positive 

feedback loop during the differentiation of Th2 cells (26).  Mast cells and 

basophils bind IgE with high affinity, and cross-linking IgE on the surface of 

these cells by multivalent antigens results in degranulation and an allergic 

response (26, 27).  Th2 derived IL-13 is essential for protective immunity to 

nematodes (33), and IL-5 mediates the maturation and activation of eosinophils 

(26, 27).  

Induced T regulatory cells 

 Differentiation of naïve CD4 T cells to iTregs absolutely requires the 

presence of transforming growth factor (TGF)-β and IL-2 (26).  Signals through 

the TCR, TGF-β receptor and the IL-2 receptor (acting via NFAT, Smad3 and 

STAT5 respectively) cooperate to induce expression of the transcription factor 

FoxP3.  FoxP3 controls the expression of a multitude of genes that are required 

for iTreg function.  All trans retinoic acid has been shown to enhance the TGF-β 

and IL-2 mediated conversion of naïve CD4 T cells to iTregs (34). 

 Induced Tregs function similarly to thymus-derived or natural Tregs 

(nTregs), although they tend to recognize foreign antigens instead of self-

antigens and are critical for suppression of immune reactions to commensal gut 

bacteria (35).  In vitro, Tregs suppress the proliferation of T cells in a contact 

dependent fashion (36).  However, TGF-β, IL-10 and IL-35 are important for 

Treg function in vivo (37).  Additionally, cytotoxic T-lymphocyte-associated 

protein (CTLA)-4 has recently been shown to be critical for Treg function in vivo 

(38). 
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Part B. The immunological synapse 

 The experiments presented in this thesis examine differences in the IS 

formed by CD4 T cell subsets.  Therefore, a detailed introduction to IS formation, 

structure and function is important.  This part of the introduction begins with 

section B-1, which describes T cell locomotion and the ‘stop signal’ and 

subsequent conjugate formation that follow recognition of antigen by the TCR.  

The transition from locomotion to stable conjugate formation is examined in 

detail for iTregs in Chapter 3.  Sections B-2 through B-4 deal with the roles of the 

cytoskeleton and TCR proximal signaling in the formation and structure of the IS.  

The discussions in these sections are important for understanding the processes 

and signals involved in the formation of the structures described in Chapters 2 

and 3.  Actin dynamics are crucial for lamellapodium and uropod formation and 

the morphological changes associated with IS formation described in Chapter 3.  

The segregation of signaling and adhesion molecules seen in the IS described in 

Chapters 2 and 3 also requires actin remodeling.  TCR proximal signaling is 

crucial for all of the processes described in this thesis.  Chapter 2 examines the 

effect that reducing TCR signaling has on IS structure.  Chapter 3 describes 

differences in the locomotion of iTregs in the presence and absence of signaling 

through the TCR.  Section B-5 describes the role of costimulation in IS formation 

and structure.  This section is an important introduction for Chapter 3, which 

describes a new role for CD80 in IS formation by iTregs.  Section B-6 is a 

discussion of the function of the IS, which is germane to the discussion in 

Chapter 2, the model for iTreg function presented in Chapter 3 and the 
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discussion in Chapter 4.  Section B-7 discusses the diversity of IS structures that 

have been observed, and can be viewed as a lead-in to the rest of the thesis.    

B-1. T cell-APC interactions 

T cell locomotion 

 Advances in in vivo imaging techniques have revealed that T cells migrate 

continuously on DCs within lymph nodes both in the absence of high-affinity 

cognate antigen, as well as 24 hr after initial activation (39-42).  Migrating T cells 

can be divided into three zones: i. a protruding edge with filopodia generated by 

filamentous actin (F-actin) polymerization called the lamellapodium, ii. an F-

actin and integrin rich zone at the center of the cell called the lamella, and iii. a 

myosin-II rich structure trailing the cell body that contains most of the cytoplasm 

called the uropod (43, 44).  Polymerization of actin at the lamellapodium causes a 

retrograde flow of actin from the lamellapodium to the uropod, propelling the cell 

forward if the actin cytoskeleton is attached to the substrate via integrins (43, 45, 

46).  Maintenance of this polarized cell shape requires complexes containing 

proteins with PDZ domains, with the Scribble and Crumbs complexes primarily 

located in the uropod and the Par3 complex located in the cell body (47).  These 

complexes of PDZ proteins maintain polarity by interacting with membrane 

proteins and the cytoskeleton, and are required for T cell motility (47).  Members 

of the ezrin-radixin-moesin (ERM) family of proteins that connect cell surface 

molecules to the actin cytoskeleton are also indicated in cell polarity, with 

phosphorylated ezrin primarily found in the uropod (48).  Overexpression of 

constitutively active forms of several members of the Rho family of GTPases, 

including RhoA, Rac1 and Cdc42, inhibit cell polarization and localization of the 
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ERM protein moesin to the uropod (49).  T cell chemotaxis is inhibited in cells 

expressing both constitutively active and dominant negative Rac1 and Cdc42, 

indicating that cycles of Rho family GTPase activation and inactivation may be 

required for polarization and locomotion (49).   

 In T cells migrating on substrates coated with inter-cellular adhesion 

molecule (ICAM)-1, a large band of high-affinity lymphocyte function-associated 

antigen (LFA)-1 is found in the lamella (50).  This LFA-1 rich ‘focal zone’ 

colocalizes with talin, and knocking down talin results in a drastic loss of motility, 

suggesting that it provides a crucial link between the substrate and the 

cytoskeleton via an interaction with LFA-1.  Making forward progress requires 

migrating T cells to advance the lamellapodium and detach the uropod in 

concert.  This process relies on two kinases that phosphorylate myosin light 

chains: myosin light chain kinase (MLCK) and Rho kinase (ROCK) (51).  MLCK 

and its upstream activator calmodulin are required for extension of the 

lamellapodium and ROCK is necessary for both formation and detachment of the 

uropod (48, 51).  The importance of the actomyosin cytoskeleton is further 

highlighted by the finding that the class II myosin heavy chain MyH9, which is 

located in the uropod of migrating T cells, is required for polarization and 

locomotion (52).  Uropod detachment may also require the large glycoprotein 

CD43, which is located in the uropod of migrating T cells, and is hypothesized to 

play a role in LFA-1 de-adhesion (53).         

Antigen recognition causes changes in T cell morphology 

 CD4 T cells recognize peptide antigens loaded on MHC class II molecules 

presented by DCs, B cells and other APCs.  This arrangement necessitates a cell-
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cell interaction, during which TCRs on the surface of T cells are triggered by 

pMHC on the surface of APCs.  The morphological changes that occur during 

antigen recognition, and the subsequent formation of T cell-APC conjugates, were 

thoroughly described in studies of a human CD4 T cell clone interacting in an 

antigen-specific manner with a monolayer of MHC class II-transfected fibroblasts 

(54, 55).  These studies showed that the morphological changes following antigen 

recognition can be broken down into three steps: i. CD4 T cells have a polarized 

shape and low levels of intracellular calcium while initially contacting the surface 

of APCs, ii. T cells exhibit a spike in calcium levels and become rounded up, and 

iii. T cells flatten against the APC while maintaining increased calcium levels.  A 

similar flattening phenotype, with an associated increase in intracellular calcium 

is seen when naïve TCR transgenic CD4 T cells form conjugates with peptide-

pulsed B cells  (56).  Actin polymerization and continuous signaling through the 

TCR are critical for maintenance of the morphological changes associated with 

antigen recognition, as treatment with cytochalasin D or blocking anti-MHC class 

II antibodies inhibits the flattening phenotype and associated calcium flux (57).  

Further, buffering intracellular calcium prevents T cells from forming stable 

interactions with APCs (58).  The correlation between an increase in intracellular 

calcium and changes in T cell morphology is significant because calcium flux 

occurs only seconds after cross-linking the TCR (59).   

 The observation that T cells flatten against APCs upon antigen recognition 

was reminiscent of earlier studies examining the conjugates formed by cytotoxic 

T lymphocytes (CTL) and target cells, although this phenotype was not explicitly 

quantified (60, 61).  These early studies did, however, find that the microtubule 
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organizing center (MTOC) and the Golgi apparatus in the CTL were polarized 

towards the CTL-target cell interface (60, 61).  As a result of these observations, it 

was hypothesized that polarization of the MTOC served to direct cytotoxic 

molecules contained in secretory compartments towards the target cell (61).  

Further experiments with CD4 helper T cell clones and APCs showed that the 

MTOC and Golgi apparatus in helper T cells are polarized towards the APC as 

well (62).  Significantly, experiments with a Th2 cell line showed that after 

several hours of incubation with antigen-loaded splenic B cells, IL-4 accumulated 

in the T cell is polarized towards the T cell-APC interface (63). Several molecules 

involved in antigen recognition and subsequent signaling events, including the 

TCR, CD4 and PKC−θ also accumulate at the interface of T cell-APC conjugates 

(64, 65).  Together, these observations indicate that the purpose of prolonged 

interactions between T cells and APCs is two-fold: i. sustaining a signal through 

the T cell receptor, and ii. allowing for the efficient delivery of effector molecules 

towards the APC.  

Adhesion molecules are critical for productive T cell-APC interactions 

 The adhesion molecule LFA-1 and the cytoskeleton-associated protein 

talin are also found at the T cell-APC interface (66, 67).  The discovery that LFA-1 

accumulates at the interface of T cell-APC conjugates, although not unexpected 

given its role in adhesion, is significant, because blocking assays inhibiting the 

binding of LFA-1 to its ligand prevent killing in cytotoxicity assays and 

proliferation in mixed lymphocyte reactions (68-70).  LFA-1 binds to its ligand, 

ICAM-1, in a cation-dependent manner, and signaling through the TCR 

transiently increases the avidity of LFA-1 for ICAM-1 (71, 72).  The coupling of 
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LFA-1 avidity to TCR signaling, known as inside-out signaling, is mediated by the 

scaffold proteins ADAP and SKAP55, which link SLP-76 in the TCR signaling 

complex to integrins (73, 74).  The critical role that LFA-1-ICAM-1 interactions 

play in T cell-APC conjugate formation was further shown in experiments 

examining the interaction of CD4 T cells with planar lipid bilayers reconstituted 

with ICAM-1 and pMHC (75).  In these experiments, T cells crawled around in the 

absence of pMHC, but immediately stopped when they reached a bilayer 

containing both ICAM-1 and pMHC.  Remarkably, the T cells fluxed calcium and 

polarized the MTOC towards the planar bilayer in addition to stopping, revealing 

that TCR-pMHC and LFA-1-ICAM-1 interactions are sufficient to induce the 

morphological changes associated with antigen recognition noted earlier by 

Trautmann and colleagues (54). 

 When ligands for the adhesion molecule CD2 (CD48 in rodents and CD58 

in humans) were incorporated into planar lipid bilayers along with ICAM-1, CD2-

CD48/58 and LFA-1-ICAM-1 accumulated in distinct domains at the T cell-lipid 

bilayer interface (76, 77).  Specifically, CD2-CD48/58 interactions accumulated at 

the center of the interface, surrounded by a ring of LFA-1-ICAM-1.  This 

segregation only happened if the T cells were pre-treated with the phorbol ester 

PMA and ionomycin or if pMHC was also present in the planar bilayers, 

suggesting that large-scale segregation of receptor-ligand interactions occur at 

the T cell-APC interface during antigen recognition.  This hypothesis was shown 

to be correct in two seminal papers describing what would come to be known as 

the immunological synapse (78, 79).   
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B-2. Supramolecular activation clusters 

 Monks et al. examined antigen-specific conjugates formed between a 

cloned T cell line and the CH12 B cell lymphoma line (79).   In this study, stacks 

of images were taken of CD4 T cell-APC conjugates that had been fixed and 

stained after a 30 min incubation, and the cell-cell interfaces in these conjugates 

were reconstructed three-dimensionally.  Staining for the TCR complex, MHC 

class II and PKC−θ showed a central location at the cell-cell interface, and this 

collection of proteins was coined the central supramolecular activation cluster 

(cSMAC).  Surrounding these accumulations of TCR-pMHC and PKC−θ, in a 

region termed the peripheral SMAC (pSMAC), were the adhesion molecule LFA-1 

and the cytoskeletal-linker protein talin.  Also, the Src-kinases Lck and Fyn were 

found to rapidly accumulate in the cSMAC.  Based on these results, it was 

hypothesized that the function of the cSMAC might be to cluster the TCR 

complex and associated signaling molecules, thus potentiating the signal through 

the TCR.  The additional finding that recognition of agonist, but not weak 

agonist/antagonist altered peptide ligands (APLs), resulted in cSMAC and 

pSMAC formation bolstered this hypothesis.  Further work by the Kupfer group 

showed that CD8 T cells form IS that are morphologically very similar to those 

formed by CD4 T cells (80).  

 Grakoui et al. utilized the minimalist supported planar bilayer system 

described above (75) to examine the T cell-APC interface immediately following 

antigen recognition (78).  Fluorescently labeled glycophosphatidylinositol (GPI)-

linked MHC and ICAM-1 were incorporated into liposomes that were then spread 

out on clean glass coverslips in a flow chamber and incubated with peptide 
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overnight.  The GPI-linked proteins are able to diffuse freely in this system, and 

naïve T cells flux calcium, proliferate and produce IL-2 when incubated with 

peptide-loaded bilayers.  Activated T cell blasts were introduced to the system 

and the organization of MHC and ICAM-1 at the T cell-APC interface was 

examined.  The ‘mature’ SMACs that Monks et al. observed, with a ring of LFA-1-

ICAM-1 surrounding TCR-pMHC interactions, could be clearly seen after ten 

minutes in this simplified system.  Importantly, time-lapse microscopy revealed 

that the initial TCR-pMHC interactions occurred in the periphery of the contact 

region and gradually moved to the cSMAC over the next ten minutes.  These 

large-scale rearrangements were dependent on actin polymerization, as 

treatment with cytochalasin D prevented the movement of TCR-pMHC into the 

cSMAC.  Experiments with APLs showed that the formation of a cSMAC and the 

density of TCR-pMHC interactions depend on a strong signal through the TCR.  

Together, Monks et al. and Grakoui et al. convincingly demonstrated that the IS 

is composed of distinct SMACs containing signaling and adhesion molecules, and 

that the formation of the IS is a dynamic process correlated with T cell activation. 

B-3. The actin cytoskeleton at the immunological synapse 

Polarity proteins reorganize during immunological synapse formation 

 The flattening phenotype observed when T cells conjugate with APCs 

necessitates a deformation of the plasma membrane and the underlying cortical 

actin.  The ERM family of proteins that link membrane proteins to the actin 

cytoskeleton are crucial for this process (81).  During the process of IS formation, 

CD43 is relocated from the uropod to the rear of the T cell, where it colocalizes 

with ERM proteins in a structure called the distal pole complex (81-84).  A signal 
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through the TCR results in dephosphorylation of ERM proteins (via the GEF 

VAV1 and the small GTPases Rac1 and Cdc42) (85).  Dephosphorylation of ERM 

proteins causes the dislocation of the cortical actin cytoskeleton from the plasma 

membrane, increasing the deformability of the membrane and enhancing T cell-

APC conjugate formation.  It is thought that the initial dephosphorylation of 

ERM proteins decouples CD43 from the cytoskeleton, and rephosphorylation 

results in the reattachment of ERM proteins to CD43 and the cytoskeleton at the 

distal pole (86). 

 During conjugation with an APC, the PDZ-containing polarity proteins 

Disks large (Dlg) and Scribble are transiently located at the nascent IS, while the 

Crumbs3 and Par3 complexes colocalize with CD3 at the T cell-APC interface at 

later time points after Dlg and Scribble have moved away (47).  T cells lacking 

Scribble fail to recruit the TCR and PKC−θ to the interface, suggesting that 

rearrangement of polarity proteins is required for the transition from migration 

to IS formation.  While at the IS, the Dlg isoform Dlgh1 forms a complex with 

Lck, Zap-70 and Wiskott-Aldrich Syndrome protein (WASp), indicating that 

reorientation of polarity proteins may be linked to initiation of actin 

polymerization at the IS (87).  

Actin polymerization at the immunological synapse 

  As mentioned above, actin polymerization is crucial for IS formation (78).  

The necessity for actin remodeling during IS formation was further demonstrated 

in experiments examining the effects of inhibition of the protein cofilin.  Cofilin 

induces F-actin depolymerization and cleavage, and inhibition resulted in 

impaired T cell-APC conjugation and IS formation (88).  Actin remodeling during 
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the first minutes after antigen recognition, results in an actin rich ring just inside 

the peripheral lamellapodial extensions at the T cell-APC interface (89).  The 

formation of this actin ring is Lat dependent, and WASp and the adaptor protein 

Nck are localized to the ring in a Lat and Slp-76 dependent manner (89, 90).  The 

finding that WASp is located at the site of actin polymerization is significant 

because activated WASp binds and activates the Arp2/3 complex resulting in the 

nucleation of F-actin branches (91, 92).  Activation of WASp requires a 

conformational change induced by the GTPase Cdc42, which allows an 

interaction between WASp and Arp2/3 (93).  Significantly, WASp and Cdc42-

GTP are found at the IS along with the GEF Vav1 (94, 95).  The TCR proximal 

kinase Itk is necessary for recruitment of Vav1 to the IS, resulting in the 

activation of Cdc42 and actin polymerization at the T cell-APC interface (95, 96).  

WASp is recruited to the IS via an interaction with the adaptor protein Nck, 

which in turn interacts with phosphorylated Slp-76.  Vav1 and Cdc42 are also 

recruited to phosphorylated Slp-76, bringing all of the proteins required for actin 

polymerization together in a complex proximal to the TCR (97).  

 WASp deficient T cells have defects in TCR signaling and exhibit reduced 

proliferation and IL-2 production after activation (98).  It has been reported that 

accumulation of F-actin at the IS is impaired in T cells lacking WASp function 

(99).  Also, T cells defective in WASp-interacting protein (WIP), which is known 

to stabilize WASp, have defects in APC conjugation and IS formation (100, 101).  

 WASp was recently shown to play a critical role in maintaining IS 

integrity.  Experiments examining naïve CD4 T cells interacting with supported 

planar bilayers containing pMHC, ICAM-1 and CD80 revealed that naïve cells 
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continuously break IS symmetry, migrate and then reform IS (102).  While PKC−

θ is necessary to break IS symmetry, WASp deficient T cells were unable to 

maintain symmetry and had a predominantly migratory phenotype while forming 

only short-lived IS.  

 Although WASp clearly plays an important role in IS dynamics, other 

experiments have shown that actin and PKC−θ accumulate normally at the T cell-

APC interface in WASp deficient T cells when high concentrations of antigen are 

used, with only a slight defect in talin and PKC−θ accumulation at low antigen 

doses (103).  Given that actin polymerization and IS formation occur in WASp 

deficient T cells, other actin regulatory proteins must necessarily be involved in 

these processes.  Indeed, the Abi/WAVE complex has also been shown to control 

actin polymerization at the IS (104, 105).  The three WAVE isoforms are in the 

WASp family, but unlike WASp they are not activated directly by Rho GTPases.  

Instead, WAVE proteins are stably associated with Abi-1/2 in a protein complex 

including Hem family adaptors and Sra1.  Rac1-GTP binds Sra1, recruiting the 

WAVE complex to the plasma membrane where it interacts with and activates 

Arp2/3 (106).  All of the members of the WAVE complex are present in T cells, 

and multiple WAVE isoforms are recruited to the IS.  Importantly, actin 

polymerization at the IS is significantly impaired when WAVE proteins are 

knocked down, as are proliferation and IL-2 production (104, 105).  Surprisingly, 

talin can be found in a complex with WAVE and Arp2/3 (107).  This arrangement 

most likely functions to enhance the recruitment of integrins to the nascent IS, a 

site of active actin polymerization.  In addition to the WAVE complex, the actin 

regulatory protein HS1 is also recruited to the IS where it promotes actin 
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polymerization via the Arp2/3 complex (108, 109).  HS1 is phosphorylated in an 

Lck and Zap-70 dependent manner, and is recruited to the IS via interactions 

with SH2 domain containing proteins in the TCR signaling complex where it 

stabilizes Vav1 localization, probably in concert with Slp-76 and Itk  (96, 97, 108).        

B-4. TCR proximal signaling at the immunological synapse 

Dynamic localization of CD45 and Lck during immunological synapse 

formation  

 Given that IS formation is a dynamic process involving localization of the 

TCR that occurs simultaneously with signaling cascades initiated at the TCR, 

experiments examining the role of the IS in T cell signaling are of interest.  The 

initial studies of the IS identified the Src-kinases Lck and Fyn as well as the 

serine/threonine kinase PKC−θ as examples of signaling molecules that reside 

within the SMACs at the T cell-APC interface (65, 79).  Further analysis revealed 

that three minutes after conjugation Lck and CD45 were both in the cSMAC while 

talin and molecules containing phosphorylated tyrosine residues (pTyr) resided 

in the pSMAC.  However, by seven minutes post conjugation, CD45 was absent 

from the interface, pTyr and Lck were randomly distributed and phospho-Zap-70 

was localized in the cSMAC (110).  These findings corroborated and extended on 

the earlier finding that CD45 is excluded from the T cell-B cell interface five 

minutes after conjugate formation (111).  However, other experiments have 

shown that small amounts of CD45 remain at the T cell-APC interface at later 

time points where it is hypothesized to play a role in keeping Lck in a state of 

continual activation during IS formation (112).  Significantly, the colocalization of 

CD45 and Lck soon after antigen recognition provides a spatiotemporal 
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explanation for the findings that the phosphatase activity of CD45 is necessary to 

dephosphorylate an inhibitory tyrosine residue in Lck (113-115).   Furthermore, 

the eventual exclusion of most CD45 from the T-cell-APC interface is likely 

necessary to prevent the undesirable dephosphorylation of crucial signaling 

molecules proximal to the TCR (116). 

The Pseudodimer Model: Recruitment of CD4 to the immunological synapse is 

crucial when antigen is limiting   

 The cytoplasmic tail of the CD4 (and CD8) co-receptor associates with Lck, 

implying that CD4 functions by recruiting Src-kinases to the site of antigen 

recognition (117).  Moreover, fluorescence resonance energy transfer (FRET) 

experiments showed that agonist, but not antagonist, peptide ligands induce a 

close association between CD4 and the TCR at the T-cell-APC interface, 

suggesting that the inability to interact closely with CD4 is at least partially 

responsible for the defective TCR-signaling observed for low-affinity, short half-

life TCR-pMHC interactions (118).  Not surprisingly, given its importance in 

signaling, CD4 is critical for IS formation.  CD4 knockout T cells are able to form 

conjugates with peptide-loaded splenocytes, but fail to cluster TCR and PKC−θ at 

the T cell-APC interface (119).  

 In a series of elegant experiments, Mark Davis and colleagues examined 

the activation of T cells with small numbers of agonist pMHC complexes and the 

function of the CD4 co-receptor in this process (120-122).  Using fluorescently 

labeled peptides, Irvine et al. showed that only one pMHC complex was needed to 

cause CD4 T cells to arrest on the surface of an APC and flux calcium.  However, a 

large excess of MHC class II molecules containing endogenous peptides were 
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simultaneously recruited to the T-cell-APC interface, in agreement with 

experiments showing the inclusion of null pMHC complexes, along with agonist 

pMHC, at the IS (120, 123).  Blocking CD4 with antibodies increased to 25 the 

number of pMHC complexes required to initiate a calcium flux (120).  Further, 

Lck is only recruited to the T-cell-APC interface in response to a small number of 

agonist pMHC complexes when CD4 is available (122).  These data led the 

authors to suggest a pseudodimer model wherein a CD4 molecule associated with 

a TCR interacting with its cognate pMHC recruits a nearby MHC molecule 

containing an irrelevant peptide.  The recruited MHC then interacts with a 

second TCR, and this dimerization of TCR-MHC interactions leads to productive 

signaling by CD4-associated Lck.  This model is supported by the fact that when 

CD4 interacts with an MHC class II molecule, it juts out at almost a 90-degree 

angle, making it unlikely that CD4 interacts with both the TCR and MHC in a 

single TCR-MHC complex (124). The pseudodimer model has been confirmed 

with experiments with soluble heterodimers containing linked MHC molecules 

loaded with one agonist and one endogenous peptide.  These heterodimers, but 

not agonist pMHC monomers, stimulate T cells to flux calcium and make IL-2 

(121, 125).  Clustering large numbers of TCRs, in a CD4-dependent manner, at the 

T cell-APC interface even in the presence of very small numbers of agonist pMHC 

complexes is certainly an important consequence of the molecular segregation 

that occurs during synapse formation.  However, experiments from a number of 

laboratories have definitively shown that the large-scale segregation resulting in 

the formation of a cSMAC and a pSMAC is a consequence of, rather than a 

requirement for, signaling through the TCR. 
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TCR signaling precedes the formation of a mature immunological synapse 

 Soon after the discovery of SMACs at the T cell-APC interface, Krummel et 

al. observed that calcium flux was coincident with the formation of small, 

unstable clusters of the CD3 ζ-chain and CD4.  CD3, but not CD4, eventually 

coalesced in a cSMAC, but not until 5-10 minutes after the onset of calcium 

signaling (126).  Much like CD4, Lck is excluded from the TCR-enriched cSMAC 

in mature IS (127).  These data suggested that signaling through the TCR (as 

measured by an increase in intracellular calcium) precedes the formation of a 

cSMAC, and this hypothesis was further supported by data published by Andrey 

Shaw and colleagues (128).  Using naïve T cells and a B cell lymphoma line as 

APCs, Lee et al. showed that a mature IS containing a cSMAC and pSMAC did not 

form until approximately thirty minutes after conjugation, while phospho-Lck 

and phospho-Zap-70 were predominantly found at the periphery of the T cell-

APC interface at much earlier time points (128).  It is important to note that 

although TCR-signaling clearly precedes the formation of a ‘mature’ IS, the two 

processes are not independent of one another.  Signaling through the TCR is 

necessary for stable conjugate formation and, therefore, IS formation, and is also 

required for the maintenance of the synapse.  Experiments where T cell-B cell 

conjugates were treated with blocking antibodies to MHC class II showed that 

within minutes of the abrogation of signaling through the TCR, the large scale 

molecular segregation of LFA-1-ICAM-1 interactions to the pSMAC is no longer 

seen, resulting in a diffuse, random distribution throughout the interface (129). 
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Antigen recognition occurs in TCR microclusters 

 Imaging experiments examining Jurkat cells interacting with anti-TCR 

coated coverslips revealed small, dynamic TCR clusters distributed throughout 

the interface (130).  The appearance of theses clusters coincided with calcium flux 

and the clusters colocalized with ZAP-70, pTyr and the adaptor proteins LAT, 

Grb2, Gads and SLP-76, indicating that they represented small but functional 

platforms for TCR proximal signaling.  Although these studies clearly showed 

that TCR signaling can occur in small microdomains, the use of plate-bound, and 

presumably immobile, antibodies against the TCR complex to induce T cell 

signaling and activation made interpretation difficult.  This obstacle was 

overcome in total internal reflection fluorescence microscopy (TIRFM) 

experiments, performed by Saito and colleagues, with supported planar bilayers 

containing freely mobile pMHC and ICAM-1 (131).  When CD4 T cells transduced 

with green fluorescent protein (GFP)-tagged CD3 ζ-chain were placed on 

bilayers, small microclusters containing 40-150 TCR molecules each were formed 

throughout the T cell-bilayer contact region.  These microclusters began 

appearing 5 sec after the initial contact and simultaneous to calcium flux.  After 

the T cell was completely flattened against the lipid bilayer, the TCR 

microclusters began moving centripetally, eventually coalescing and forming a 

cSMAC after approximately 5 min.  These microclusters were associated with 

pTyr, phospho-ZAP-70 and SLP-76 and excluded the large phosphatase CD45 

(131, 132).  However, experiments with T cells transduced with GFP-tagged ZAP-

70 or SLP-76 showed that although these molecules did move centripetally in 

TCR microclusters, they disassociated from the microclusters prior to entry into 
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the cSMAC.  TCR signaling did not cease after the formation of a cSMAC as newly 

formed TCR microclusters associated with signaling molecules continued to arise 

in the periphery and move centripetally towards the cSMAC after the appearance 

of a mature IS (131).   

 The results described above expanded on the extant hypothesis that the 

majority of TCR signaling happens in the periphery of the T cell-APC contact, by 

showing that TCR signaling occurs in continuously formed, peripherally located 

TCR microclusters (133, 134).  Indeed, after the formation of a cSMAC, 95% of 

the pLck and pZAP-70 in the IS is located in the periphery, associated with new 

TCR microclusters (135).  Experiments with supported planar bilayers layered on 

coverslips fabricated with a 1 µm square grid of 5 nm high, 100 nm wide 

chromium lines further demonstrated the importance of spatial positioning in 

TCR signaling (136).  Due to the barriers, these IS did not have cSMACs, instead 

TCR clusters accumulated in each square of the grid.  TCR clusters that were 

trapped at the periphery contained abundant pTyr, while those in the center of 

the cell did not.  Furthermore, the peripherally trapped TCR clusters had more 

pTyr than peripheral clusters in IS formed on substrates lacking grids, and this 

increase in pTyr was associated with an enhanced calcium flux.  TCR 

microclusters have subsequently been shown to be high avidity structures, given 

that treatment with blocking antibodies to MHC class II prevents the formation 

of new microclusters but does not disrupt existing ones (132).  The formation of 

TCR microclusters does not depend on signal transduction through the TCR, as 

treatment with the Src-kinase inhibitor PP2 does not prevent the formation of 
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microclusters (although microclusters formed under these conditions are 

necessarily devoid of active TCR proximal signaling molecules) (135).     

TCR and LFA-1 microclusters are transiently associated with the actin 

cytoskeleton 

 Treatment with latrunculin A showed that the formation and centripetal 

movement of TCR microclusters is dependent on actin polymerization (132, 135).  

Interestingly, latrunculin A treatment does not destabilize preexisting TCR 

microclusters or the cSMAC, but does destabilize the pSMAC (132, 135).  This 

observation was expanded upon by Vale and colleagues in imaging experiments 

of Jurkat cells interacting with supported planar bilayers (45).  These 

experiments demonstrated that LFA-1 microdomains segregate from TCR 

domains prior to IS formation and move centripetally, but unlike TCR 

microclusters, fail to enter the cSMAC.  This result was explained with the 

observation that LFA-1 microdomains are destabilized by latrunculin B treatment 

and thus cannot enter the cSMAC due to the relative lack of actin polymerization 

at this site.  Although the centripetal movement of TCR and LFA-1 clusters is 

dependent on retrograde flow, fluorescent speckle microscopy of cells transfected 

with actin-GFP showed that actin-GFP speckles move approximately 2-fold faster 

than TCR or LFA-1 clusters, suggesting that the coupling of TCR and LFA-1 

microclusters to actin is transient (45).  This hypothesis was tested by imaging T 

cells interacting with supported planar bilayers that were layered onto coverslips 

fabricated with chromium obstacles (137).  TCR microclusters could not go 

through these barriers but were able to go around them, confirming that the 

linkage between microclusters and actin fibers is transient.  The strong evidence 
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that microclusters are linked to the actin cytoskeleton provide an explanation for 

the earlier observation that the velocity of TCR clusters during IS formation is 

greater than the rate expected for unrestricted diffusion, and cast into serious 

doubt the theory that IS formation is a spontaneous process depending in part on 

the differing lengths of TCR-pMHC and LFA-1-ICAM-1 interactions (138, 139). 

Myosin motors are required for some aspects of immunological synapse 

formation 

 Myosin motor proteins are known to be important for large-scale 

rearrangement of the cortical actin cytoskeleton during antigen recognition (140).  

The role of myosin motors in IS formation is less clear, with one paper showing 

that the reorientation of actin towards the T cell-APC interface and the formation 

of SMACs still occur when the ATPase activity of class II myosin motor proteins is 

blocked with the chemical inhibitor blebbistatin (52).  T cell crawling is 

dependent on the activity of the class II heavy chain myosin MyH9, indicating 

that distinct modes of actin rearrangement occur during locomotion and IS 

assembly.  However, a recent report showed that knocking down MyH9 with 

siRNA or inhibiting its activity with blebbistatin prevented the centripetal 

movement and fusion of TCR microclusters in the cSMAC (141).  The 

accumulation of pZAP-70 and pLAT, calcium flux, cSMAC formation and IS 

stability are defective when class II myosin activity is absent, but T cell-APC 

conjugates still show accumulation of TCR and F-actin at the interface.  Thus, 

actomyosin-dependent centripetal movement of TCR microclusters is critical for 

complete T cell activation even though large accumulations of receptor-ligand 

pairs appear at the T cell-APC interface in the absence of class II myosin activity.  
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B-5. Costimulation at the immunological synapse 

Immunological synapse formation does not require costimulation 

 Although costimulatory signals are critical for complete T cell activation 

and differentiation, their role in the formation of the IS is controversial.  A careful 

examination of the IS formed by CD4 T cells introduced to supported planar 

bilayers containing pMHC and ICAM-1 with or without GPI-linked CD80 

revealed no significant differences in gross morphology (142).  CD28-CD80 

interactions colocalized to the cSMAC with pMHC-TCR, but the structure of the 

IS and the number of pMHC and ICAM-1 molecules accumulated in the cSMAC 

and pSMAC were unchanged relative to IS formed with bilayers lacking CD80.  

Although IS morphology was unchanged, the authors did note that inclusion of 

CD80 in the bilayers increased T cell proliferation and IL-2 secretion, as expected 

(142).  The efficient recruitment of CD28 to the cSMAC of the IS requires the 

phosphorylation of Tyr 188 in its cytoplasmic tail, most likely by Src family 

kinases proximal to the TCR (143).  Interestingly, the phosphorylation of Tyr 188 

is also crucial for the costimulatory function of CD28, as measured by IL-2 

production, suggesting that CD28 might need to localize to the IS to function 

(144).  Time-lapse data of T cells co-transduced with fluorescently tagged CD3 

and CD28 interacting with B cells showed that accumulation of CD3 and CD28 at 

the T cell-APC interface coincides both spatially and temporally.  The absence of 

CD28 renders T cells incapable of maintaining increased calcium levels only 

minutes after antigen recognition, suggesting that CD28 signaling, like signaling 

through the TCR, begins prior to the formation of a mature IS (145).   
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Costimulation may alter the fine structure of immunological synapses 

 The idea that costimulation via CD28 signaling has no effect on IS 

morphology is controversial because experiments examining the IS formed 

between CD4 T cell blasts and CD80+ fibroblasts transfected with pMHC and 

ICAM-1 showed that costimulation blockade with CTLA-4-Ig results in smaller 

and more diffuse accumulations of TCR-pMHC interactions (146).  These data 

agreed with the observation that treatment with blocking antibodies to CD80 and 

CD86 results in a decrease in the number of IS displaying a compact 

accumulation of pMHC in the cSMAC (123).  Also, the sustained accumulation of 

actin at the T cell-APC interface is inhibited by a blockade of costimulation (147).  

Upon TCR activation, the TCR and associated signaling complexes are found in 

detergent-insoluble membrane fractions, termed lipid rafts (148).  Several groups 

have published data showing that the recruitment of lipid rafts enriched with Lck 

and other signaling molecules to the IS depends on signaling through CD28 (149-

153).  However, other experiments have convincingly shown that CD28 is not 

required for the recruitment of lipid rafts (154).  Furthermore, the importance of 

lipid rafts in T cell signaling is highly controversial (155).  Together, these data 

indicate that, while IS formation certainly occurs in the absence of costimulation, 

signaling through CD28 most likely results in differences in the fine structure of 

the mature IS.  

PKC−θ focusing requires costimulation 

 While the function of costimulation in IS formation is somewhat unclear, 

the presence of CD28 in the IS clearly has an effect on the activation and 

localization of signaling molecules downstream of the TCR.  Experiments with an 
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antibody specific for an auto-phosphorylation site on Lck showed that while CD4 

is critical for the initial recruitment and phosphorylation of Lck, the presence of 

CD28 potentiates the auto-phosphorylation of Lck at later time points, most 

likely via an interaction between the SH3 domain of Lck and proline residues in 

the cytoplasmic tail of CD28 (156).  In addition to modulating signaling 

molecules directly proximal to the TCR, CD28 signaling also effects the 

localization of PKC−θ at the IS.  Specifically, T cells lacking CD28 fail to focus 

PKC−θ at the cSMAC (157).  TIRFM studies with supported planar bilayers 

showed that CD28 microclusters initially colocalize with the TCR in the 

periphery, but form a dynamic annular ring surrounding TCR-pMHC interactions 

in the cSMAC (158).  CD28 colocalizes with PKC−θ both in microclusters and in 

the annular ring in mature IS.  Mutating a residue in a YMNM domain in the 

cytoplasmic tail of CD28 known to be critical for the recruitment of PI3K results 

in a loss of PKC−θ focusing at the cSMAC of the IS and deficient NFκB activity 

downstream of PKC−θ (159).  Also, treatment with chemical inhibitors of PI3K 

prevents localization of PKC−θ to the cSMAC (160).  These results suggest that a 

critical function of CD28 in the cSMAC is the recruitment of PI3K, resulting in 

the localized production of PIP3 and the subsequent accumulation of proteins 

containing PH domains (161).  PI3K and its product PIP3 accumulate at the T 

cell-APC interface immediately after antigen recognition (before a detectable 

increase in intracellular calcium) and persist at the IS for hours (162-164).  The 

PH-domain containing protein PDK1 is recruited to the T cell-APC interface soon 

after antigen recognition and has recently been shown to interact with, and 

activate, PKC−θ (165).  PKC−θ itself is recruited to the membrane via an 
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interaction with DAG produced by PLC−γ, and the activation of PLC−γ depends 

on a signal through the TCR (18).  A DAG gradient is set up soon after 

conjugation, with the highest concentration at the center of the T cell-APC 

interface (166).  Thus, the efficient activation of PKC−θ requires the integration of 

signals through the TCR and CD28.  The hypothesis that the IS functions as a 

platform for this signal integration was elegantly tested by stimulating CD4 T 

cells with CD80/86-deficient APCs and then providing the costimulatory signal 

in trans (i.e. with anti-CD28 coated beads or class II-, CD80+ cells) (167).  These 

experiments showed that when costimulation is provided in trans, IL-2 

production is greater than the no-costimulation controls, but the increase in IL-2 

secretion occurs in a PKC-θ-independent manner.  Consistent with these results, 

when costimulation is provided in trans, PKC−θ accumulates at the T cell-APC 

interface but fails to focus to the cSMAC, localization of NFκB to the nucleus is 

defective and IL-2 transcription is not upregulated (167). 

CTLA-4 is rapidly recruited to the immunological synapse  

 Given the importance of CD28 at the IS, the role that its homolog CTLA-4 

plays at the IS is of interest.  Although the bulk of CTLA-4 is located in an 

intracellular compartment within the uropod of migrating T cells, it is recruited 

to the plasma membrane at the T cell-APC interface within three minutes of 

antigen recognition, only slightly slower than CD28 (168).  Interestingly, the 

accumulation of CTLA-4 (in contrast to CD28) at the IS is highly dependent on 

the strength of signal through the TCR, with very little accumulation seen when T 

cells are stimulated with weak agonist peptides.  These results indicate that the 

recruitment of CTLA-4 to the IS in response to strong signals through the TCR 
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might act as a negative feedback mechanism (168).  It is known that CD28 and 

CTLA-4 bind CD80 and CD86 with different affinities.  CTLA-4 has a higher 

affinity for both CD80 and CD86 than CD28, but the preferred binding partner 

for CTLA-4 is CD80, while the preferred binding partner for CD28 is CD86 (169).  

Using CD80 and CD86 knockouts, Allison and colleagues showed that CD80 and 

CD86 preferentially recruit CTLA-4 and CD28 to the IS respectively (170).  Thus, 

the strength of the TCR signal and the ratio of CD80/CD86 on the APC both 

affect the recruitment of CD28 and CTLA-4 to the IS, and presumably the degree 

of T cell activation. 

B-6. Immunological synapse function 

The cSMAC is the site of TCR downmodulation 

 T cell signaling is critical for IS formation, and signaling continues in the 

periphery of mature IS, with newly formed TCR microclusters continuously 

migrating to the cSMAC.  Given that IS are formed in minutes, while full 

activation of T cells takes considerably longer (129), the IS clearly plays a role in 

T cell signaling and activation.  Consistent with this idea, it has been shown that 

the cSMAC is critical for TCR downmodulation and degradation (171).  Using 

CD4 T cells from CD2AP-deficient mice that are defective in cSMAC formation 

(77) and TCR downmodulation, Shaw and colleagues used in vitro and in silico 

methods to demonstrate that TCR downmodulation at the cSMAC is critical for 

the attenuation of strong signals (171).  In agreement with these results, 

lipobisphosphatidic acid (LBPA), a lipid present at sites where membrane 

proteins are degraded, is found at the cSMAC (132).  Also, recycling endosomes, 

known to be crucial for TCR internalization, can be found at the center of the T 



 31 

cell-APC interface (172, 173).  The idea that the cSMAC is a site for TCR 

downmodulation fits nicely with the observation that weak agonist and 

antagonist APLs fail to induce the formation of a mature IS (78), leading to the 

hypothesis that the cSMAC might act as a negative feedback mechanism to 

control the signaling induced by strong agonists.  This hypothesis was tested in 

experiments with AND TCR transgenic T cells that paradoxically proliferate to a 

greater extent in response to the APL K99A than the agonist MCC peptide.  When 

cSMAC formation was coerced by incubating T cells transduced with NKG2D and 

DAP10 with APCs transduced with Rae-1ε, the enhanced proliferative response to 

K99A was ablated (174).  Recent experiments have shown that the cSMAC can 

also function to enhance signaling in response to weak stimuli.  When IS are 

formed in response to weak agonist peptides or low doses of agonist peptides, the 

signaling molecules phospho-ZAP-70 and PI3K can be found in the cSMAC at 

late (1 hr), but not early (0-20 min), time points (175).   

The immunological synapse plays a role in Th cell differentiation 

 A study examining the IS formed by naïve CD4 T cells showed that the 

IFN−γ receptor (IFNGR) colocalizes with the TCR, and this colocalization is 

inhibited when IS are formed in the presence of IL-4 (176).  There is evidence 

that Th1 differentiation is the default pathway during activation of naïve T cells in 

the absence of polarizing cytokines, and recruitment of the IFNGR and the 

downstream transcription factor STAT1 to the IS allows for differentiation to a 

Th1 phenotype in the absence of IFN−γ (177).   Signaling through the IL4R 

prevents polarization of the IFNGR to the IS by an unknown mechanism, 

preventing Th1 polarization in the presence of IL-4.  The IL4R is only recruited to 
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the IS in T cells that are defective in signaling through the IFNGR (e.g. stat1-/- or 

ifngr1-/-), indicating that Th2 differentiation does not require colocalization of the 

TCR and IL4R under normal circumstances (177). 

The pSMAC is important for CTL-mediated killing     

 Early imaging studies conducted by Kupfer and others noted that in T cell-

APC conjugates, the MTOC and associated Golgi apparatus in the T cell were 

polarized towards the APC or other source of stimulus (60-63, 178).  The obvious 

implication of these observations is that T cells reorient themselves so as to 

secrete cytokines or cytotoxic molecules towards the APC they are interacting 

with.   While the data support a role for the cSMAC in TCR downmodulation, 

there is compelling evidence that the ring of adhesion molecules that make up the 

pSMAC functions as a gasket (179-182).   

 In a seminal paper, Gillian Griffiths’s group showed that CTL interacting 

with target cells polarize lytic granules towards the APC where they accumulate 

in the cSMAC (183).  The lytic granules congregate in a sub-domain of the cSMAC 

distinct from accumulations of Lck.  Electron micrographs showed that the lytic 

granules are released into a cleft formed by an indentation in the target cell 

membrane (183).  Interestingly, portions of the target cell membrane appeared to 

be transferred to the CTL after the cells detached, a phenomenon that has also 

been noted in CD4 T cells interacting with APC (184, 185).  Further experiments 

demonstrated that lytic granules move along microtubules in a minus-end 

direction towards the centrosome, which is in contact with the plasma membrane 

during killing (186).  Loops of microtubules originating from the centrosome and 

ending at the plasma membrane have been observed passing close to the CTL-
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target cell interface (187).  The scaffold protein ADAP is associated with the actin 

cytoskeleton (188), and is thought to link microtubules with cortical actin via an 

association with the minus-end motor protein dynein (189).  Given that 

polarization of the MTOC towards the target cell fails to occur in the absence of 

ADAP, it is possible that association between dynein and the actin cytoskeleton 

functions to pull the MTOC to the T cell-APC interface (189), explaining why 

cytochalasin D inhibits CTL degranulation even though lytic granules travel along 

microtubules (190).  Consistent with this hypothesis, it has recently been shown 

that localization of dynein to the site of antigen recognition precedes recruitment 

of the MTOC (191). 

 The importance of the pSMAC was highlighted in experiments designed to 

examine the role of LFA-1 in CTL-mediated killing (192).  Disruption of the 

pSMAC by treatment with anti-LFA-1 resulted in a reduction in specific lysis but 

not granule release.  CD8+ CTL periodically form LFA-1-ICAM-1 rings, or 

presynapses, on lipid bilayers lacking pMHC (193).  These presynapses might 

enhance the efficiency of CTL by bypassing the time consuming steps involved in 

mature IS formation, allowing the delivery of cytolytic granules as soon as 

antigen recognition occurs.  The pSMAC seems to be generally important in 

killing, as NK cells form ‘lytic’ IS with a similar structure to those formed by CTL, 

albeit with activating receptors and their ligands concentrated in the cSMAC 

instead of TCR-pMHC clusters (194).  

 Although lytic granules are released within the ring of adhesion molecules 

when a pSMAC is present, this observation does not prove that IS formation is 

required for CTL killing.  To the contrary, several published reports bring into 
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question the necessity of a mature IS for killing.  As discussed above, signaling 

through CD28 promotes the focusing of PKC−θ to the cSMAC (157), a phenotype 

that is often considered synonymous with mature IS formation.  However, PKC−θ 

focusing is not a requirement for polarization of lytic granules to the CTL-target 

cell interface, and the presence of CD80 on the target cell increases PKC−θ 

focusing but not specific killing (195).  Also, killing still occurs at low antigen 

concentrations when CD2 and pTyr accumulation aren’t detectable at the 

interface (196).  Live cell imaging experiments have shown that single CTL can 

simultaneously interact with two targets pulsed with 10,000-fold different 

concentrations of peptide.  In these three-cell conjugates, the TCR-CD3 complex 

is polarized towards the cell with the higher antigen concentration, but lytic 

granules are polarized towards both targets, which are both subsequently killed 

(197).  Furthermore, experiments with fluorescently labeled peptides 

demonstrated that only 3 pMHC complexes are needed at the CTL-target cell 

interface to induce killing, but 10 pMHC complexes are required for pSMAC 

formation (198).  

 The nature of the target cells used in the studies described above could 

account for the disparity in results regarding the need for a pSMAC during killing 

by CTL.  Immortalized cell lines (e.g. P815 and JY cells) were used as targets, and 

the fact that these cells are killed only minutes after contact with a CTL 

demonstrates their sensitivity to the contents of lytic granules (197).  The 

formation of a pSMAC, while certainly occurring in some conjugates, might be 

dispensable for the killing of these sensitive targets.  Physiologically relevant 

targets, such as virus-infected fibroblasts, are far less sensitive to CTL-mediated 
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lysis, and the formation of a pSMAC might be crucial for the killing of such 

targets (Ann Hill, personal communication). 

The immunological synapse and the delivery of cytokines 

 Given the importance of the IS in the delivery of cytotoxic molecules to 

target cells, the hypothesis that the IS also functions to direct effector molecules 

such as cytokines towards the APC is appealing.  Janeway first tested this 

hypothesis in experiments where CD4 T cells were spun down on a filter and 

stimulated on either their top or bottom sides with antibodies against the TCR 

(178).  IL-4 tended to be preferentially secreted towards the side of stimulation, 

although cytokine could be found in both the top and bottom halves of the 

chamber regardless of the site of stimulation.  Further experiments by the Kupfer 

group showed that the cytokines IL-2, IL-4 and IFN−γ were polarized towards the 

T cell-APC interface in 1-2 day old conjugates (63, 199).  Although these 

experiments only measured the location of cytokines within the cell (presumably 

in the Golgi apparatus associated with the MTOC), the continued polarization 

within long-term conjugates suggested that cytokines might generally be secreted 

in the direction of the APC.  A recent paper showed that IL-2 and IFN−γ, but not 

TNF and IL-4, were predominantly located at the T cell-APC interface two hours 

after conjugation (200).  Importantly, experiments where CD4 T cells were 

stimulated with glass coverslips coated with pMHC, CD80 and capture antibodies 

to cytokines showed that IFN−γ and IL-10, but not TNF and IL-4 were secreted in 

a focused spot smaller than the average contact area between the cell and 

coverslip (200).  This focused secretion was dependent on microtubules, as 

treatment with nocodazole resulted in a diffuse secretion of IFN−γ.  These 
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experiments demonstrated that both Th1 and Th2 cytokines can be secreted 

synaptically or diffusely and presumably are located in different intracellular 

compartments.  The conflicting results regarding directed IL-4 secretion between 

early experiments using the D10 cell line and later experiments using Th2-

polarized blasts indicate that differences in polarization conditions or activation 

state could affect whether or not a particular cytokine is secreted synaptically 

(178, 200). 

 In addition to secreted cytokines, two members of the TNF superfamily, 

CD40L and Fas ligand (FasL), are recruited to the IS.  FasL is located within 

secretory lysosomes in both CD4+ cells and CD8+ cells, and is polarized to the 

center of the CTL-target cell interface (201).  CD40L is also found in secretory 

lysosomes in CD4 T cells and is rapidly mobilized to the cell surface after 

activation, suggesting that CD40L, like FasL, is delivered synaptically (202).  

Indeed, CD40 is centrally localized at the IS within one minute of antigen 

recognition, and recruitment of CD40 requires both CD40L and LFA-1-ICAM-1 

interactions (203).  Directly staining T cell-B cell conjugates for CD40L 

confirmed that it is centrally located at the interface (204).   

B-7. Immunological synapse diversity 

 Most of the experiments examining IS formation described above used 

either transformed B cells, transfected fibroblasts or supported planar bilayers as 

APCs.  Given the central role played by DCs in T cell activation, studies 

examining the IS formed by T cells and DCs are of crucial importance.  One of the 

first reports describing the T cell-DC IS showed that CD3, talin, CD4 or CD8, 

PKC−θ, pTyr and the MTOC are all polarized towards the cell-cell interface in the 
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absence of cognate antigen (205).  This large-scale rearrangement of cell surface 

proteins was associated with an increase in intracellular calcium.  Surprisingly, IS 

formation was seen at the same frequency when MHC class II deficient DCs were 

used as APC (205).  This result indicates that DCs are an active partner in 

receptor clustering under these conditions, as IS formation in the supported 

planar bilayer system is strictly antigen dependent (78).  Consistent with this 

hypothesis, the DC cytoskeleton is polarized towards the IS, and treatment of DCs 

with cytochalasin D results in decreased T cell-DC conjugate formation and T cell 

proliferation (206).  The crosslinking of MHC class II is required for polarization 

of the DC cytoskeleton towards the IS, suggesting that IS formed in the absence 

of antigen do not depend on the DC cytoskeleton (207). 

 In a careful study of T cell-DC IS, Trautmann and colleagues reported that 

these IS lack clearly defined SMACs (208).  Instead, T cell-DC IS are multifocal, 

with large dynamic TCR clusters spread throughout the interface.  LFA-1, talin 

and PKC−θ also show a multifocal distribution.  These immunofluorescence 

experiments were confirmed by electron microscopy, which revealed multiple 

regions of close apposition between T cell and APC membranes separated by 

clefts (208).  Microvilli on the DC surface may be responsible for these multiple 

contact regions (209).  Further experiments by another group showed that CD28-

CD80 interactions occur in discrete clusters that are separate from pMHC-TCR 

accumulations.  These CD28-CD80 clusters colocalized with PKC−θ, confirming 

the importance of CD28 ligation in the recruitment of PKC−θ to the IS (210).  

Although T cell-DC IS are predominantly multifocal in nature, the activation state 

of DCs plays a role in IS formation, as DCs matured overnight with LPS form IS 
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with clearly defined SMACs at a higher frequency than immature DCs (211).  

Together, these experiments show that the DC is an active participant in IS 

formation, and this participation causes T cell-DC IS to have a multifocal 

phenotype. 

 The T cell differentiation state has also been shown to play a role in IS 

formation and structure.  Experiments examining double positive (DP) 

thymocytes interacting with thymic stromal cells in vitro showed that IS formed 

by these thymocytes failed to cluster CD3 centrally under conditions that 

encourage negative selection (212).  These results were confirmed with 

experiments using supported planar bilayers that showed double negative (DN), 

DP and single positive (SP) thymocytes all form multifocal IS with LFA-1-ICAM-1 

interactions interspersed between clusters of TCR-pMHC (213).  The majority of 

IS formed by naïve CD4 T cells are also multifocal, suggesting that the ability to 

form a mature IS with a cSMAC and pSMAC might be unique to activated T cells 

(214).  Anergic T cells also form non-canonical IS, with decreased levels of Lck 

and CD45 recruited to the T cell-APC interface (215).  Additionally, Th2 cells have 

been reported to have a defect in the accumulation of the TCR and CD4 at the IS 

when compared to Th1 cells (216).  Recently, it has been shown that this defect in 

TCR accumulation at the Th2 IS only occurs when naïve B cells are used as APC 

and is due to the high levels of CTLA-4 on the surface of Th2 cells (217).    

 Given the range of IS structures described above, and working under the 

hypothesis that IS structure is related to effector T cell function, I set out to 

examine the IS formed by in vitro polarized CD4 T cell subsets. 
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Summary 

 The arrangement of molecules at the interface between T cells and APC is 

known as the IS.  I conducted experiments with supported planar bilayers and 

transfected fibroblast APC to examine the IS formed by polarized Th1 and Th2 

cells.  Th1 cells formed classic ‘bullseye’ IS with a ring of adhesion molecules 

surrounding TCR-pMHC interactions at all antigen concentrations tested, while 

Th2 cells formed multifocal IS at high concentrations of antigen.  At low antigen 

concentrations, the majority of Th2 cells formed IS with a compact, central 

accumulation of TCR-pMHC, but ICAM-1 was not excluded from the center of the 

IS.  Additionally, CD45 was excluded from the center of the interface between Th1 

cells and APC, while CD45 was found throughout the Th2-APC interface.  Finally, 

phosphorylated signaling molecules colocalized with TCR-pMHC to a greater 

extent in Th2 IS.  Together, our results indicate that the IS formed by Th1 and 

Th2 cells are distinct in structure, with Th2 cells failing to form bullseye IS.  I 

hypothesize that the differences in IS structure observed for Th1 and Th2 cells 

have important implications in the delivery of effector molecules by these cells.
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Introduction 

 Immunological synapses are stable cell-cell junctions formed between 

APCs and T cells during antigen recognition.  Mature IS are characterized by a 

ring of LFA-1-ICAM-1 interactions, known as the pSMAC, surrounding a cSMAC 

composed of TCR-pMHC clusters (77-79, 218).  Maintenance of radial symmetry 

is important for IS stability (102).  A number of other molecules, including CD28 

and PKC-θ are known to concentrate within the cSMAC (79, 142), while CD45 

(110, 112) and some phosphorylated signaling proteins, including Lck and Zap-70 

(110, 128, 171), reside mainly outside of the cSMAC of the mature IS.   

 The IS has been implicated in a number of functions, yet these have been 

difficult to prove due to the complexity of manipulating this phenomenon 

specifically.  Although IS formation correlates with activation, the cSMAC is not 

required for the initiation of TCR signaling, since signaling is initiated before the 

cSMAC is formed (128).  Experiments with T cells from CD2AP-/- mice, which are 

incapable of forming mature IS, indicated that the function of the cSMAC may be 

to enhance signaling while at the same time promoting TCR downmodulation 

(171).  Additionally, it has been shown that the lipid LBPA, which is known to 

exist at sites where membrane proteins are being sorted for degradation, 

accumulates in the cSMAC (132).  The ability to signal without forming a cSMAC 

is consistent with recent data showing that TCR signaling is initiated in small 

TCR microclusters that form rapidly after contact and sustain signaling through 

continual formation in the periphery of the IS (131, 132, 135).  

 Another possible function of the IS is the delivery of effector function.  IS 

formed by CD8+ T cells have separate domains within the cSMAC containing 
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signaling molecules and lytic granules (183).  These data suggested that the 

peripheral ring of adhesion molecules functions to prevent lytic granules from 

harming bystander cells (192, 219).  However, it has been shown that CD8+ cells 

can kill sensitive targets without forming mature IS (195, 196, 198).  Recently, it 

has been determined that the cytokines IL-2, IFN-γ and IL-10 are directly 

secreted into the IS, whereas chemokines, TNF and IL-4 are directed away from 

the IS (200).  Thus, both Th1 and Th2 cytokines can be released into the IS or 

away from the IS.  

 Upon antigen recognition, CD4+ T cells proliferate and differentiate into 

effector cells.  Depending upon the strength of stimulation and cytokines present 

at the time of stimulation, CD4+ cells can differentiate into either Th1 or Th2 cells 

(30, 220, 221).  Th1 cells secrete IFN-γ and lymphotoxin, which serve to activate 

macrophages and induce inflammation by recruiting other leukocytes.  Th1 cells 

also express FasL and can kill target cells.  Th2 cells secrete IL-4, IL-5 and IL-13 

and promote allergic reactions in epithelial tissues. A recent study has shown that 

Th2 cells, but not Th1 cells, fail to cluster TCR at the cell-cell interface when 

forming conjugates with primary B cells due to increased expression of CTLA-4 

(217).  Although it has been shown that co-clustering of TCR with CD4 and lipid 

rafts is much more common in Th1 than Th2 cells (216), the organization of the 

IS formed by polarized Th1 and Th2 cells has not been thoroughly studied. 

 In this study, we used a supported planar bilayer system, and transfected 

fibroblast APC, to study IS formed by polarized Th1 and Th2 cells.  We report that 

Th1 cells form synapses with a compact accumulation of TCR-pMHC surrounded 

by a ring of adhesion molecules.  Unlike Th1 cells, Th2 cells predominantly form 
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multifocal synapses at high antigen concentrations with multiple small 

accumulations of TCR-pMHC and LFA-1-ICAM-1 interspersed throughout the 

interface.  At low concentrations of antigen, the majority of Th2 cells form IS with 

a central, compact accumulation of TCR-pMHC, but LFA-1-ICAM-1 is not 

excluded to the pSMAC, as in Th1 cells.  We propose that the morphological 

differences in IS between Th1 cells and Th2 cells, specifically the formation of a 

‘gasket’ structure in Th1 cells, correlates with differences in the delivery of 

effector functions by these distinct types of cells. 
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Materials and Methods 

Animals 

 Heterozygous AD10 TCR transgenic mice on a B10.BR background that 

are specific for pigeon cytochrome c 88-104 and reactive against moth 

cytochrome c 88-103 (MCC), were provided by S. Hedrick (University of 

California at San Diego, La Jolla, CA) by way of P. Marrack (National Jewish 

Medical Center, Denver, CO).  Mice were housed in specific-pathogen free 

conditions at Oregon Health & Science University according to institutional 

standards. 

Antibodies 

 The antibodies used for immunofluorescence were as follows: anti-LFA-1 

(I21/7; Southern Biotech), anti-CD45 (30-F11; eBioscience), biotinylated anti-

phosphotyrosine (4G10; Upstate), Texas Red-conjugated goat anti-rat IgG, Cy-5-

conjugated goat anti-rat IgG and streptavidin-conjugated Cy5 (Jackson 

Immunoresearch). 

Antigen Presenting Cells 

 MCC:GFP fibroblasts expressing CD80, ICAM-1, wild type I-Ek α-chain 

and β-chain along with GFP-labeled I-Ek β-chain covalently attached to MCC 

have been described previously (146).   

In vitro T cell polarization 

 Th1 conditions: AD10 splenocytes were used after removal of red blood 

cells by hypotonic lysis.  Splenocytes were cultured in RPMI 1640, supplemented 

as previously described (146), with 2.5 µM moth cytochrome c (MCC) 88-103 
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(KAERADLIAYLKQATK) in the presence of 5 ng/ml IL-12 (Cell Sciences) and 20 

µg/ml anti-IL-4 (11B11).  

 Th2 conditions: After removal of red blood cells by hypotonic lysis, CD3+ 

cells were purified by negative selection with Mouse T Cell Enrichment Columns 

(R&D Systems).  CD3+ cells were incubated at 106/ml with irradiated B10.BR 

splenocytes (5:1) in the presence of 2.5 µM MCC 88-103, 100 ng/ml IL-4 (as a 

transfected plasmacytoma culture supernatant) and 50 µg/ml anti-IFN-γ (XMG 

1.2).  80 U/ml IL-2 was added on day 2 of culture.  After 6-7 days in culture, Th2 

cells were restimulated with irradiated B10.BR splenocytes and peptide.  Th2 

lines were maintained for up to five weeks.  Intracellular cytokine staining of 

acutely activated Th1 and Th2 cells for IFN-γ and IL-4 confirmed polarization.   

Bilayers 

 GPI-anchored forms of Oregon Green 488 labeled I-Ek (200 

molecules/µm2) and Cy5-labeled ICAM-1 (300 molecules/µm2) were 

incorporated into dioleoylphosphatidylcholine bilayers as described (78).  These 

bilayers were supported on a coverslip in a Bioptechs flow cell, and were loaded 

with various concentrations of peptide in a PBS/citrate buffer for 24 hr at 37°C 

(78). 

Live Cell Microscopy 

 107 Th1 or Th2 cells in 1 ml HBS buffer with 1% human serum albumin 

were injected onto bilayers at 37°C.  Imaging was performed with a 40X or 60X 

objective using two Applied Precision DeltaVision systems .  These systems 

included an Applied Precision chassis with a motorized XYZ stage, a Nikon 

TE200 or Olympus IX71 inverted fluorescent microscope, halogen illumination, a 
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CH350L or CoolSnap HQ2 camera and the DeltaVision SoftWorx software 

package.   

Fixed Cell Microscopy 

 2.5 x 104 MCC:GFP APC were seeded onto a LabTek II eight-chambered 

#1.5 (0.17 mm) coverglass in complete DMEM and incubated overnight at 37°C.  

After removal of DMEM, 5 x 105 Th1 or Th2 cells in RPMI 1640 were added per 

chamber.  After a brief centrifugation, the chambers were incubated at 37°C for 

10 or 30 min.  The cells were fixed and stained as previously described (146).  

Conjugates to be imaged were chosen based on the presence of a GFP signal at 

the T cell-APC interface.  Stacks of fluorescent images spaced 0.2 µm apart were 

obtained with a 1.4 NA 60x oil immersion lens on the DeltaVision system and 

deconvolved with an iterative, constrained algorithm.  Deconvolution and 3D 

reconstructions were performed with the Applied Precision SoftWorx software.  

Colocalization studies were conducted with Imaris software from Bitplane. 
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Results 

TCR-pMHC clusters do not coalesce to form a cSMAC in Th2 IS 

Previous studies using the supported planar bilayer system demonstrated 

the early stages of IS formation (78).  Upon antigen recognition, TCR-pMHC 

interactions are initiated in the periphery and immediately start moving towards 

the center of the T-cell-APC interface (78, 131, 132, 135).  After 4-5 minutes, most 

of the TCR-pMHC interactions are centrally located, and this structure with a 

centrally located cluster of TCR-pMHC surrounded by a ring of adhesion 

molecules is stable for at least an hour (78).   

I conducted experiments with supported planar bilayers to observe IS 

formation by Th1 and Th2 cells.  Initially upon antigen recognition, both Th1 and 

Th2 cells spread out and showed broad accumulation of ICAM-1 across the T cell-

bilayer interface (Fig. 2-1).  Small accumulations of TCR-pMHC were randomly 

distributed across the interface very rapidly after the initiation of synapse 

formation.  After 1 minute, both Th1 and Th2 cells showed clusters of TCR-pMHC 

across the interface.  Between 2 and 3 minutes, TCR-pMHC clusters moved to the 

center of synapses formed by Th1 cells (Fig. 2-1 A).  By 5 minutes, most Th1 

synapses had a compact central accumulation of TCR-pMHC surrounded by a 

ring of ICAM-1, and this pattern was stable past 10 min.  TCR-pMHC clusters in 

most Th2 IS did not coalesce into a central accumulation (Fig. 2-1 B).  Unlike Th1 

cells, the IS formed by Th2 cells had multiple distinct clusters of TCR-pMHC that 

were maintained for at least ten minutes.  These data indicate that Th2 cells do 

not form mature IS, with a single, central accumulation of TCR-pMHC 

surrounded by a ring of adhesion molecules. 
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Th2 cells form multifocal IS 

 To confirm that Th2 cells do not form mature IS with a central 

accumulation of TCR-pMHC, I observed Th1 and Th2 synapses that were 20 to 35 

minutes old.  As in Figure 2-1, I allowed Th1 or Th2 cells to settle onto supported 

lipid bilayers loaded with 100 µM MCC, and let the cells interact with the bilayers 

for 20 minutes at 37°C before commencing imaging.  Th1 cells consistently 

formed tight, compact IS with an ICAM-1 ring surrounding a central 
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accumulation of TCR-pMHC (Fig. 2-2 A).  This structure agrees well with IS 

observed in a variety of systems using both CD4+ T cell blasts and CD8+ CTLs 

(78-80).  Only cells with TCR-pMHC accumulations were scored.  The pattern of 

TCR-pMHC was only scored as compact if there was a single cluster of TCR-

pMHC.  Multiple TCR-pMHC accumulations were scored as multifocal even if all 

of the clusters were centrally located.  Although a compact accumulation of TCR-
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pMHC was the dominant phenotype for Th1 IS, a multifocal structure was seen in 

23% of the cells (Table 2-1).  

 

Table 2-1: Quantitation of Th1 and Th2 IS formed on supported planar bilayersa 
 

  Pattern of TCR-pMHC in IS Pattern of ICAM-1 in IS 

Antigen Conc. n % Compact % Multifocal % Ring % Diffuse 
Th1 100 µM 407 77 23 65 35 
 10 µM 284 76 24 52 48 
 1 µM 518 75 25 56 44 
Th2 100 µM 805 31 69 14 86 
 10 µM 483 55 45 21 79 
 1 µM 238 54 46 19 81 
 
aQuantitation of data from Figs. 1 and 2 (100 µM) and Fig. 5 (10 and 1 µM). 

 

Th2 cells formed synapses with the same frequency as Th1 cells, but with a 

markedly different structure.  Instead of containing a single, compact 

accumulation of TCR-pMHC, Th2 IS were distinctly multifocal in nature (Fig. 2-2 

B).  The majority of IS formed by Th2 cells had multiple small accumulations of 

TCR-pMHC, with ICAM-1 interspersed throughout the T-cell-APC interface.  A 

quantitative assessment showed that nearly 70% of the IS formed by Th2 cells 

had a diffuse multifocal distribution of TCR-pMHC (Table 2-1).  The number of 

TCR-pMHC clusters varied from cell to cell with some having as few as 5 and 

others more than 20.  I also examined the distribution of ICAM-1 in Th1 and Th2 

IS.  Two-thirds of the IS formed by Th1 cells have the classic ‘bullseye’ pattern 

with ICAM-1 excluded from the cSMAC, resulting in a ring-like structure.  Th2 

cells, on the other hand, only formed ring structures in 14% of the IS examined 
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(Table 2-1).  The vast majority of Th2 IS had a diffuse distribution of ICAM-1 

throughout the interface with the planar bilayer.  I also imaged Th2 IS over time, 

20 min after introduction to the bilayers, to determine if the location of TCR-

pMHC clusters was dynamic after the initial steps of IS formation.  As shown in 

Figure 2-2 C, the pattern of TCR-pMHC clusters in Th2 IS was stable. 

 To confirm that Th1 and Th2 cells formed distinctly different IS, I 

conducted experiments with viable APC instead of supported planar bilayers.  For 

these experiments I used CD80+ fibroblasts transfected with ICAM-1 and GFp-

tagged pMHC.  These fibroblasts have been shown to form IS with AD10 T cell 

blasts and to induce T cell proliferation, but it should be noted that IS formed 

with these fibroblasts have a patchier distribution of TCR-pMHC and LFA-1-

ICAM-1 than IS formed on the highly simplified planar bilayers (146).  T cell-APC 

conjugates were stained with an antibody to LFA-1.  Some of the IS formed by 

Th1 cells and fibroblast APCs were characterized by a ring of LFA-1 surrounding 

the largest accumulations of TCR-pMHC, as shown in Figure 2-2 D.  On the other 

hand, all of the Th2 cells examined formed multifocal IS with LFA-1 distributed 

homogenously throughout the T cell-APC interface (Fig 2-2 E).   

CD45 is not excluded from the T-cell-APC interface in Th2 cells 

 The large tyrosine phosphatase CD45 is involved in both the positive and 

negative regulation of TCR signaling (116, 222).  The role of CD45 in TCR 

signaling makes its spatial and temporal regulation extremely important.  

Initially upon antigen recognition and TCR clustering, CD45 is located centrally, 

along with TCR-pMHC (110), where it may positively regulate TCR signaling by  
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dephosphorylating the negative regulatory tyrosine phosphorylation sites on the 

C-terminus of Lck (14, 223).  However, by 5 to 7 min CD45 is completely excluded 

from the T-cell-APC interface (110, 111).  Recent experiments with LFA-1 deficient 

T cells have shown that this adhesion molecule is critical for the exclusion of 

CD45 from the cSMAC (224).  Importantly, it has been reported that after 
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stimulation through the TCR, CD45 is located in lipid rafts in Th1 but not Th2 

cells (216).  This led me to conduct experiments to examine the location of CD45 

in IS formed by Th1 and Th2 cells. 

 By ten minutes after conjugation, CD45 was excluded from the central 

region of the interface in the majority of the Th1-APC conjugates examined (Fig. 

2-3 A and C).  With viable fibroblast APC, TCR-pMHC clusters at the interface 

did not completely coalesce into a cSMAC in many of the conjugates.  

Nevertheless, TCR-pMHC clusters rarely overlapped the ring of CD45 at the 

periphery of the Th1-APC interface.  In Th2-APC conjugates, TCR-pMHC clusters 

were diffusely spread throughout the interface.  Strikingly, CD45 was not 

excluded from the interface between Th2 cells and APC (Fig. 2-3 B and C).  

Instead, CD45 was interspersed among TCR-pMHC clusters in the majority of 

conjugates examined.  Although CD45 was not excluded from the central region 

of the interface in Th2 cells, minimal colocalization with TCR-pMHC clusters was 

seen (Fig. 2-3 D).  This is consistent with recent studies that have shown that 

CD45 is excluded from TCR microclusters (132).  

Phosphotyrosine colocalizes with TCR-pMHC clusters to a greater extent in Th2 

IS 

 Recent publications have shown that signaling continued after the 

formation of a mature IS, as measured by the presence of phosphorylated 

proteins, is largely excluded from the cSMAC (110, 128).  Total internal reflection 

fluorescent microscopy of T cells interacting with a supported lipid bilayer 

demonstrated that TCR microclusters in the periphery, but not the center of an 

IS, colocalized with phospho-Lck, phospho-Zap-70 and phospho-Lat (131, 135). 
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 I conducted experiments with MCC:GFP fibroblasts to observe the pattern 

of pTyr staining in mature IS formed by Th1 and Th2 cells.  I chose to look at 30 

min conjugates to assure that the majority of IS I observed were mature.  

Phosphotyrosine and TCR-pMHC generally occupied distinct domains in the IS 

formed by Th1 cells (Fig. 2-4 A).  However, there was significant colocalization at 

the boundary between the domains containing pTyr and TCR-pMHC.  I 

performed a quantitative colocalization analysis to determine the degree of 

overlap between pTyr and TCR-pMHC at the T cell-APC interface.  On average, 

approximately 30% of the TCR-pMHC at the interface was colocalized with TCR-

pMHC in Th1 IS (Fig. 2-4 C).  In Th2 IS, the TCR-pMHC and pTyr domains were 

not as distinct as for Th1 cells  (Fig. 2-4 B).  Colocalization analysis showed that 
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for Th2 cells, a significantly greater percentage of the TCR-pMHC at the interface 

was colocalized with pTyr  (Fig. 2-4 C). 

A greater percentage of Th2 cells form compact IS at low antigen 

concentrations, but ICAM-1 does not form a ring structure 

 T cell blasts from AND TCR-transgenic mice on a B10.BR background, 

which skew towards a Th1 phenotype (225), continue to form mature IS with a 

central accumulation of TCR-pMHC surrounded by a ring of ICAM-1 even when 

the number of available pMHC molecules is reduced several fold (78, 132).  I 

conducted experiments with bilayers loaded with 10- and 100-fold less peptide to 

determine if the IS formed by Th1 and Th2 cells were still morphologically 

distinct when less antigen was available.  These bilayers contained 200 I-Ek 

molecules/µm2 as in the preceding experiments.  Th1 cells continued to form 

compact IS at a similar frequency to experiments with planar bilayers loaded with 

100 µM peptide.  Interestingly, when the bilayers were loaded with 10- or 100-

fold less antigen, a greater percentage of the IS formed by Th2 cells had a 

compact accumulation of TCR-pMHC, although still significantly less than for 

Th1 cells (Figure 2-5 and Table 2-1).  However, unlike Th1 IS, Th2 IS formed on 

bilayers loaded with 10 or 1 µM MCC did not segregate ICAM-1 into a pSMAC.  

Instead, ICAM-1 was distributed diffusely across the IS in approximately 80% of 

the IS examined regardless of the antigen concentration (Figure 2-5 and Table 2-

1). 
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Discussion  

 In this report, I have shown that polarized Th1 and Th2 cells form 

morphologically distinct IS.  Th1 cells form IS with a compact central cluster of 

TCR-pMHC surrounded by a ring of adhesion molecules, that closely resemble 

the IS described in the literature for T cell blasts.  This resemblance is not 

surprising, considering that most of the published experiments designed to study 

IS formation used T cell blasts from B6 or B10 mice.  Blasts from these mice tend 

to skew towards an IFN-γ secreting Th1 phenotype (225).  Th1 IS structure was 

not markedly different, even when planar bilayers were loaded with 100-fold less 

peptide antigen.  In contrast, I found that at high antigen concentrations, Th2 

cells formed multifocal IS, characterized by multiple TCR-pMHC accumulations.  

When the amount of antigen used to load I-Ek in the bilayers was reduced by 10 

to 100-fold, slightly more than half of Th2 cells formed compact IS.  However, 

even when Th2 cells formed compact IS, ICAM-1 did not form a ring.  This 

apparent co-localization of TCR-pMHC and LFA-1-ICAM-1 interactions in Th2 

cells forming compact IS may reflect the close packing of many submicron TCR 

and LFA-1 microclusters in this region - a continuation of the multifocal 

paradigm to a shorter length scale.  Further study will be needed to determine if 

this change in organization alters some of the proposed functions of the cSMAC, 

such as signal termination.  Inactivation of signaling in the cSMAC may allow Th1 

cells to maintain relatively constant signaling intensity over a wide range of 

antigen densities.  Perhaps the biology of Th2 cells requires that signal strength is 

more proportional to antigen density and this might be achieved by delaying or 

eliminating functional cSMAC formation. 
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 Multifocal IS have been described in several reports.  Immunofluorescence 

and transmission electron microscopy were used to show that IS formed between 

naive T cells and DCs are multifocal (208).  IS with a multifocal structure were 

also seen in conjugates between naïve CD4+ T cells and APC in the absence of 

CD80 (214).  Finally, DP thymocytes have been shown to form multifocal IS, with 

pTyr stably associated with TCR-pMHC foci (213).  IS formed by these immature 

thymocytes are remarkably similar in structure to the multifocal IS formed by 

Th2 cells at high antigen doses.  Strikingly, pTyr continues to be associated with 

TCR-pMHC clusters for at least 30 min in both double positive thymocytes and 

Th2 cells.  Hence, it is possible that continuous tyrosine kinase signaling at the 

site of TCR-pMHC accumulation is a general property of multifocal synapses.  

Th2 cells are thought to make lengthy contacts with B cells during the delivery of 

T cell help (63, 226), and continuous signaling at the IS may be important for this 

function. 

 It is known that the phosphorylation of signaling proteins, including Zap-

70, is less complete in Th2 compared to Th1 cells upon activation through the 

TCR (227, 228).  A recent report has shown that Th2 cells have twofold less 

surface CD4 than Th1 cell (229), and I have confirmed this result with polarized 

AD10 cells (data not shown).  When CD4 levels of Th2 cells were elevated via 

retroviral transduction, stimulated Th2 cells had increased levels of ζ-chain and 

Zap-70 phosphorylation, comparable to Th1 cells (229).  Additionally, CD4 is 

excluded from lipid rafts in Th2-APC conjugates (216), and CD4 is necessary for 

T cells to arrest and form mature IS (78, 119).  Therefore, the inability of Th2 cells 

to form mature IS when there are large quantities of pMHC available, as 
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demonstrated in this report, could be due to the lower levels of CD4 compared to 

Th1 cells. 

 Th1 cells form mature IS with a ‘bullseye’ structure and have cytotoxic 

functions.  Th2 cells are generally incapable of killing (230-232), and I have 

shown that a significant percentage of the IS formed by Th2 cells are multifocal, 

especially at high concentrations of antigen.  Importantly, even at much lower 

antigen concentrations, where the majority of IS displayed compact 

accumulations of TCR-pMHC, Th2 cells failed to form IS with ring-like 

distribution of ICAM-1.  It has been hypothesized that the delivery of cytotoxic 

effector molecules inside the ring of adhesion molecules in IS formed between 

CTL and target cells could prevent damage to bystander cells (43, 182, 233).  In 

this model, the ring structure formed by LFA-1-ICAM-1 interactions acts as a 

‘gasket’.  This gasket may not be a crucial component of the IS formed by naïve 

CD4+ T cells, Th2 cells and thymocytes, as these cell types do not have cytotoxic 

function.  Th1 cells contain a pool of preformed CD40L that is rapidly mobilized 

to the cell surface upon stimulation (202), and it is possible that the LFA-1-

ICAM-1 gasket could serve to direct secretion of molecules involved in T cell help 

directly towards the source of antigen, thereby preventing activation of bystander 

cells.  Further experimentation will be required to determine if the primary 

function of the bullseye-like IS formed by Th1 cells is to facilitate the delivery of 

cytotoxic agents and/or molecules involved in T cell help to APCs. 
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Summary 

 T regulatory cells are capable of modulating the surface phenotype of DCs 

and altering naïve CD4-DC interactions.  In this chapter, I show that iTregs 

decrease surface expression of the costimulatory molecule CD80 on DCs.  

Induced Tregs form stable conjugates with DCs before, but not after, alteration of 

the DC surface phenotype.  Decreases in CD80 are important because I also show 

that this costimulatory molecule plays a crucial role in determining the 

phenotype of the IS formed between iTregs and DC.  Using supported planar 

bilayer technology, I show that in the absence of costimulation, iTregs maintain a 

highly polarized and motile phenotype after recognizing antigen.  These motile 

cells are characterized by distinct accumulations of ICAM-1 in the lamella and 

TCR-pMHC in the uropod, a description that is consistent with a motile 

immunological synapse or ‘kinapse’.  However, in the presence of high 

concentrations of CD80, iTreg form stationary, mature IS at the same frequency 

as Th1 cells.  Intriguingly, iTregs fail to form stable IS in the presence of 5 or 10 

fold lower levels of CD80.  Together, these results indicate that iTregs are tuned 

to form mature IS only in the presence of high levels of costimulation.  I speculate 

that the transition from kinapse to synapse may be crucial for downmodulation of 

costimulatory molecules on the surface of DCs.
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Introduction 

 CD4+ Tregs are critical for controlling immune responses and promoting 

tolerance to autoantigens and commensal gut microflora  (37, 234).  Tregs were 

first identified as a subset of anergic CD4+CD25+ cells critical for maintaining 

tolerance to self and preventing autoimmunity (235, 236).  Subsequent work 

revealed that Tregs express the transcription factor FoxP3, which is necessary for 

their development and function (237-239).  FoxP3 is a master transcription 

factor that controls the expression or repression of hundreds of genes, including 

many that are crucial for Treg function such as Ctla4 and Cd25 (37, 240, 241).  

Thymocytes with a somewhat higher degree of self-reactivity than conventional 

CD4 T cells are selected and mature into Foxp3+ T cells in the thymus before they 

leave for the periphery, where they account for approximately 10% of CD4 T cells 

(242, 243). 

 In addition to thymus derived or nTregs, FoxP3+ Tregs can be induced 

from peripheral CD4 T cells both in vitro and in vivo (35).  Differentiation of 

naïve CD4 T cells into iTregs requires the presence of TGF-β and IL-2, and 

retinoic acid enhances iTreg generation (244-248).  Two recent reports have 

shown that DCs in both the lamina propria of the small intestine and the 

mesenteric lymph nodes efficiently convert naïve CD4 T cells to iTregs in vivo 

(249, 250).  Conversion depends on TGF-β and retinoic acid, confirming the in 

vitro results.  Naïve B cells are also adept at converting CD4 T cells to iTregs in 

the presence of polarizing cytokines (246, 251).  Induced Tregs are thought to 

play a crucial role in promoting tolerance to foreign antigens, especially antigens 

derived from the gut microflora (234, 252).  Significantly, oral tolerance can be 
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achieved in the absence of nTregs via induction of Tregs in a TGF-β dependent 

manner (253).    

 Tregs use a variety of processes to suppress immune reactions both in 

vitro and in vivo (252, 254).  Early experiments demonstrated that ex vivo 

derived CD4+CD25+ Tregs suppress T cell proliferation in a contact dependent, 

cytokine independent manner in vitro (36).  Tregs must be stimulated through 

the TCR to mediate suppression, but once activated they can suppress T cells of 

different specificities (255).  This suppressive effect has been hypothesized to 

involve multiple mechanisms, including presentation of membrane bound TGF-β 

and delivery of cAMP to target cells via gap junctions (256, 257).  However, in 

vivo experiments have suggested that IL-10 produced by Tregs is critical for 

control and prevention of inflammatory bowel disease and allergic inflammation 

(258, 259).  TGF-β and IL-35 produced by Tregs have also been implicated in 

suppression in vivo (260, 261)  

 Tregs are also capable of controlling T cell activation by modulating DCs.  

Tregs express high levels of CTLA-4, and interactions between CTLA-4 and 

CD80/86 molecules on DCs upregulate expression of indoleamine 2,3-

dioxygenase (IDO) by DCs (262).  IDO catabolizes tryptophan, resulting in 

localized tryptophan deficiency and the production of pro-apoptotic catabolites.  

Through these mechanisms, IDO production by DCs discourages robust T cell 

proliferation. 

 Several reports have also shown that nTregs can modulate expression of 

CD80 and CD86 on DCs (38, 263-266).  Downmodulation of CD80/86 on DCs 

requires expression of CTLA-4 by nTregs, and occurs in an antigen and LFA-1-
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ICAM-1 dependent manner (265, 266).  This effect was seen even when nTregs 

and DCs were cocultured in the presence of LPS, IFN-γ and other potent 

maturing stimuli, indicating that CTLA-4-mediated regulation of DCs by nTregs 

is a powerful mechanism for preventing DC maturation (266).  In vivo imaging 

experiments have demonstrated that in the presence of antigen, nTregs prevent 

sustained naïve T cell-DC interactions (267, 268).  Although Tregs were not 

observed directly interacting with naïve T cells, the mechanism responsible for 

suppression of naïve T cell-DC contacts was not established in these experiments 

(268).  In experiments with DO11.10 TCR transgenic nTregs and naïve CD4 T 

cells cocultured with peptide-pulsed splenic DCs, Tregs were highly motile, 

swarmed around antigen loaded DCs and out-competed the naïve cells for space 

around the DCs (266).  This swarming phenotype, possibly in conjunction with 

CTLA-4 mediated downmodulation of CD80/86, could explain the in vivo 

imaging results described above.  Treg-DC IS have been described in one report 

examining the effect of homotypic Neuropilin-1 (Nrp-1) interactions on the length 

of Treg-DC interactions (269).  This report indicated that although enhanced 

expression of Nrp-1 by nTregs increased the length of interactions with immature 

DCs compared to naïve T cells, the IS formed between nTregs and DCs was 

unaffected by Nrp-1 and were grossly similar to the IS formed by CD4 Th cells.  

 Given the importance of Tregs in modulating the surface phenotype of DCs 

and the lack of studies focusing on IS formed by Tregs, the factors governing 

Treg-DC interactions are of interest.  In this chapter, the hypothesis that 

costimulatory molecules on the APC surface are responsible for determining Treg 

IS structure was tested.  Given that Tregs are capable of downmodulating 
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CD80/86 molecules on the surface of DCs, I examined the role that CD80 plays 

in Treg-DC IS formation.  I show here that in vitro generated iTregs, like nTregs, 

are capable of downmodulating CD80 on the surface of DCs, and that alteration 

of the DC surface phenotype affects subsequent iTreg-DC interactions.  Using 

supported planar bilayers as artificial APCs, I show that iTregs are highly motile 

when they recognize antigen in the absence of costimulation.  However, the 

presence of high, but not low, levels of CD80 is sufficient to induce the formation 

of classical, mature IS by iTregs.  Differences in calcium flux upon antigen 

recognition in the presence or absence of CD80 could provide a mechanism for 

the enhanced IS formation seen in the presence of costimulation.    
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Materials and Methods 

Animals 

 Heterozygous AD10 TCR transgenic mice on a B10.BR background, 

specific for pigeon cytochrome c 88-104 and reactive against moth cytochrome c 

88-103 (MCC) (270), were provided by S. Hedrick (University of California at San 

Diego) by way of P. Marrack (National Jewish Medical Center).  Mice were 

housed in specific-pathogen free conditions at Oregon Health & Science 

University according to institutional standards. 

Antibodies 

 The antibodies used for FACS experiments were as follows: anti-CD4 

Alexa Fluor 488 (GK1.5; eBioscience), anti-CD4 PerCP (RM4-5; BioLegend), 

anti-CD152 PE (UC10-4B9; BioLegend), anti-FoxP3 Alexa Fluor 647 (150D; 

BioLegend), anti-CD11c (HL3; Bioscience) and anti-CD80 FITC (16-10A1; BD 

Bioscience). 

Dendritic cell culture 

 Bone marrow derived dendritic cells (BMDCs) were cultured as described 

(271).  The femora and tibiae of B10.BR mice were harvested, cleaned and 

sterilized in 70% ethanol.  The ends of the bones were cut and the marrow was 

flushed out with PBS loaded in a syringe.  Cells were cultured in 100 mm 

bacteriological Petri dishes at 4 x 105/mL in 10 mL complete RPMI 1640 media 

supplemented with GM-CSF supernatant (final conc.: 20 ng/mL).  On day 3, 10 

mL of media supplemented with 20 ng/mL GM-CSF was added to the plates.  On 

days 6 and 8, half of the supernatant was collected from the plates and spun 

down.  The cell pellet was resuspended in 10 mL of media with 20 ng/mL GM-
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CSF and added back to the original plates.  On day 9, immature DCs were 

removed from the plates by gentle scraping, washed, resuspended in fresh media 

with 20 ng/mL GM-CSF and 1 µg/mL LPS and plated in LabTek II eight-well 

chambers (#1.5) (Nunc) or 6 well plates. 

In vitro T cell polarization 

 Th1 conditions: AD10 splenocytes were used after removal of red blood 

cells by hypotonic lysis.  Splenocytes were cultured at 107 cells/well in 6 well 

plates in 2 mL complete RPMI 1640, supplemented as previously described (146).  

Cultures contained 2.5 µM moth cytochrome c (MCC) 88-103 

(KAERADLIAYLKQATK) and 5 ng/ml rmIL-12 (PeproTech).  Cells were used on 

day 4. 

 Induced Treg conditions: CD4+ cells and B cells were purified from AD10 

and B10.BR spleen cell suspensions respectively using EasySep immunomagnetic 

negative selection (STEMCELL technologies).  5 x 106 B cells and 2.5 x 106 CD4+ 

cells were cultured in 1 mL complete RPMI 1640 media in 6 well plates with 2.5 

µm MCC peptide, 20 ng/mL TGF-β, 100 U/mL IL-2 and 10 nM all trans retinoic 

acid.  On days 2 and 3, 1 mL of media supplemented with 100 U/mL IL-2 was 

added to the cultures.  To confirm that T cells were polarized to an iTreg 

phenotype, cells were fixed, permeabilized and stained for CD4, CTLA-4 and 

FoxP3.  Fixation and permeabilization reagents were from BioLegend.  Cells were 

used on day 4.  

CD80 downmodulation assay 

 1.6 x 105 day 9 BMDCs were seeded onto 12 well plates and treated LPS as 

described above.  One day later, 8 x 105 or 8 x 104 day 4 iTregs were added per 
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well in the presence or absence of 2.5 µm MCC.  As a control, iTregs were not 

added to some wells.  24 hrs later, the cells were harvested and stained for 30 

min on ice for CD4, CD11c and CD80.  All antibodies were used at 1:200.  EDTA 

(1 mM) was included in the FACS buffer to discourage continued interactions.  

Samples were collected on a BD FACSCalibur with CellQuest software and 

analyzed with FlowJo (Tree Star, Inc.)  

Imaging iTreg-DC interactions 

 3 x 104 day 9 BMDCs were seeded onto coverslips in 8 well chambers and 

treated with LPS as described above.  One day later, 1.5 x 105 CFSE-loaded, day 4 

iTregs were added to the wells.  For CFSE loading, cells were incubated in 0.1% 

BSA in PBS with 5 µM CFSE for 10 min at 37º Celsius, and then washed in 

complete RPMI 1640.  Imaging commenced as soon as iTregs were added to the 

wells.  DIC and fluorescent images were obtained every minute for 2 hrs with a 

20x objective.  For some experiments, 1.5 x 105 unlabeled iTregs were added to 

the wells containing LPS matured BMDCs.  24 hrs later 1.5 x 105 fresh CFSE 

labeled iTregs were added per well.  After the addition of labeled cells, imaging 

experiments lasting two hours were conducted.  For some experiments, 10 µg/mL 

anti-CD80 (1G10; BD Bioscience) and anti-CD86  (GL1; BD Bioscience) were 

added to the wells 10 min before addition of iTregs.  Cells were scored as motile if 

they adopted a polarized phenotype and moved more than one cell diameter over 

the course of the experiment.  In some cases, the DCs became highly motile 

during the course of the experiment.  In this situation, the conjugate was only 

scored if the T cell was clearly interacting with the same spot on the DC during 

the entire experiment.  Imaging was performed with an Applied Precision 
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DeltaVision system.  This system included an Applied Precision chassis with a 

motorized XYZ stage, Weatherstation environmental chamber, Olympus IX71 

inverted fluorescent microscope, Xenon lamp and CoolSnap HQ2 camera.  The 

DeltaVision SoftWorx software package was used for image acquisition. 

Supported planar bilayer experiments 

 GPI-linked forms of Oregon Green 488 labeled I-Ek (200 molecules/µm2) 

and Cy5-labeled ICAM-1 (300 molecules/µm2) were incorporated into 

dioleoylphosphatidylcholine bilayers exactly as described (78).  For some 

experiments, GPI-linked CD80 was incorporated into bilayers at 20, 40 or 200 

µm2.  These bilayers were supported on a coverslip in a Bioptechs flow cell, and 

were loaded with 100 µm MCC or Hb peptide (GKKVITAFNEGLK) in a 

PBS/citrate buffer (pH 4.5) for 24 hr at 37°C (78).  107 iTreg or Th1 cells in 1 ml 

HBS buffer with 1% human serum albumin were injected onto bilayers at 37°C.  

Images were acquired every minute for 1 hour using a 60x objective.  Imaris 6.3 

(Bitplane) was used to track cells interacting with the bilayer.  To ensure that only 

cells productively interacting with the bilayer were analyzed, Cy5 fluorescence 

(ICAM-1 accumulation) was tracked automatically with the Spots tool in Surpass 

mode.  In situations where the ICAM-1 signal was ambiguous, DIC images were 

examined to determine if the cell was flattened against the bilayer.  DIC images 

were used to track cells interacting with bilayers loaded with irrelevant peptide, 

as there was only sparse ICAM-1 accumulation under these conditions. 

Scoring T cell-bilayer interactions 

 Cells were scored as non-motile if they moved one cell diameter or less 

during the entire imaging session.  Cells were considered to have reformed an IS 
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if they stopped forward progress, lost their uropod and ICAM-1 arc and remained 

non-motile for at least 10 min.  Cells were considered to have broken symmetry if 

they were non-motile for 10 min or more before gaining motility and moving 

more than one cell diameter.  The vast majority of cells were symmetrical when 

first contacting the bilayer, but this state was transient (much less than 10 min) 

and cells that subsequently became motile were not considered to have broken 

symmetry.  Cells were scored as having a uropod anchor if the uropod of a motile 

cell was attached to the same place for at least 10 min, causing the cell to pivot.  

Imaging calcium flux 

 Induced Tregs were loaded with the calcium indicator Fluo-4 (1 µm) for 30 

min at room temperature in complete RPMI 1640, washed and introduced to 

supported planar bilayers containing I-Ek and ICAM-1, with or without 200 

molecules/µm2 GPI-CD80, and loaded with 100 µM MCC as above.  DIC and 

fluorescent images were obtained every 2 sec for 10 min.  Fluorescent intensity at 

each time point was measured using Imaris from Bitplane.  Cells were only 

included in the analysis if they flattened against the bilayer. 

   



 71 

Results 

Induced Tregs downmodulate CD80 on the surface of BMDCs 

 Natural Tregs have been shown to downmodulate costimulatory molecules 

on the surface of DCs in an antigen specific manner (265, 266).  To extend these 

findings to iTregs, I generated Tregs in vitro using a protocol established by 

Noelle and colleagues (246).  Naïve AD10 CD4+ splenocytes were cultured with 

naïve B cells in the presence of peptide antigen (MCC), TGF-β, IL-2 and all trans 

retinoic acid.  Cells analyzed for CTLA-4 and FoxP3 at day 4 showed almost 

complete polarization to a Treg phenotype (Fig. 3-1 A).  All of the experiments 

described in this chapter used these day 4 in vitro generated iTregs. 

 Bone marrow derived dendritic cells were cultured as described (271), 

transferred to 6 well plates and matured with LPS.  Twenty-four hours later, day 

4 iTregs were added to the mature BMDCs with or without peptide.  As shown in 

Fig. 3-1 B, after a 24 hr co-culture with iTregs at a 5:1 iTreg:DC ratio, CD80 levels 

on BMDCs were reduced approximately 10 fold.  This reduction was not seen 

when the cells were cocultured together without peptide, showing that this effect 

is antigen specific, even when using activated iTregs.  Interestingly, when the 

number of iTregs in the co-cultures was reduced 10 fold, there was a bimodal 

distribution of CD80 expression on BMDCs, indicating that each Treg may 

downmodulate CD80 on one DC, implying that the iTreg-DC interactions are 

stable.  If the conjugates formed in the co-cultures were unstable, it would be 

expected that each DC would receive roughly the same amount of contact time 

with iTregs, even if DCs outnumbered iTregs.   
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Modulation of DCs by iTregs results in decreased stability of iTreg:DC 

conjugates  

 Sakaguchi recently showed that nTregs swarm around peptide loaded 

splenic DCs, and hypothesized that this highly motile behavior could prevent 

naïve T cells from interacting with DCs (266).  Additionally, nTregs have been 

observed swarming around DCs in an antigen-specific manner in lymph nodes 

(268).  However, neither of these studies reported whether Treg-DC interactions 

changed over time.  This question is of interest given the ability of Tregs to alter 

the surface phenotype of DCs. 
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Table 3-1: Classification of iTreg-BMDC contactsa 

Time n Non-Motile (%) Motile (%) Contact time less 
than 30 min (%) 

0 43 84b,c 16 9 

24 hr 77 43b 57 16 

0 
(anti-CD80/86) 

97 47c 53 N.D.d 

aQuantitation of data shown in Figure 3-2. 
bP<0.0001, Fisher’s exact test. 
cP<0.0001, Fisher’s exact test. 
dN.D.=not determined 
 
  

 I conducted imaging experiments to examine the initial interactions 

between iTregs and mature BMDCS, as well as interactions 1 day later, when 

costimulatory molecules on the DCs are downmodulated.  The number of 

DCs/mm2 was the same as for the CD80 downmodulation assay shown in Figure 

3-1 B, and the ratio of iTregs:DCs was 5:1.  As shown in Figure 3-2 A and 

quantified in Table 3-1, the initial interactions between mature BMDCs and day 4 

iTregs were quite stable.  Over 80% of cells did not move more than one cell 

diameter over the course of the experiment.  Consistent with these results, less 

than 10% of cells had short contact times, defined as less than 30 min (Table 3-1).  

One day later, the iTreg-DC conjugates were no longer stable.  Instead the iTregs 

had a polarized shape and actively crawled around DCs.  To determine if the 

change in iTreg behavior after 24 hrs was due to changes in the DCs or the iTregs, 

fresh CFSE labeled iTregs were added to the co-cultures prior to imaging.  Figure 

3-2 B shows that both labeled and unlabeled iTregs were in the swarms 

surrounding DCs.  At this time point, some of the DCs were detached from the 

coverslip while others remained attached.  I quantified the interactions between 
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labeled iTregs and attached DCs.  Compared to the initial iTreg-DC interactions, 

interactions involving DCs that had been incubated with iTregs for 24 hrs were  
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much less stable.  An example of one such interaction is shown in Figure 3-2 C.  

At 24 hrs, approximately 60% of the freshly added iTregs were motile, although 

the number of short-lived conjugates was not significantly different than at T=0 

(Table 3-1).  This increase in motility was due to decreased costimulatory 

molecules, as roughly half of the iTregs examined were motile at T=0 when the 

DCs were preincubated with antibodies to CD80 and CD86.  The motility 

observed at the 24 hr time point is generally consistent with previously reported 

results for nTregs interacting with immature BMDCs (266).  However, the 

fraction of motile nTregs was not reported by Onishi et al., making a direct 

comparison difficult.  The results reported here support the hypothesis that 

interactions between iTregs and DCs are altered by iTreg-mediated 

downmodulation of costimulatory molecules on the surface of DCs.  

iTregs form kinapses on supported planar bilayers 

 To more closely examine the interaction between iTregs and APCs, I 

introduced iTregs onto supported planar bilayers containing GPI-linked, 

fluorescently labeled MHC class II (I-Ek) and ICAM-1 and loaded with MCC 

peptide.  Under these conditions, iTregs failed to form mature IS with a clearly 

defined cSMAC and pSMAC.  Instead, the vast majority of iTregs were motile 

(Table 3-2).  These motile iTregs had a very polarized phenotype with well-

defined lamellapodia and uropods.  An arc of ICAM-1 defined the lamella and 

pMHC-TCR interactions accumulated in the uropod (Fig. 3-3 A and Table 3-3).  

This description is consistent with the definition of an ‘immunological kinapse’ 

recently proposed by Dustin (44).  However, the accumulations of pMHC-TCR 

interactions in the uropod have not, to my knowledge, been previously described.  
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Retrograde actin flow initiated in the lamellapodium is known to transport TCR 

clusters centripetally to the cSMAC (45), and it is likely that TCR microclusters 

initiated at the leading edge of these iTreg kinapses are transported via actin flow  

 

Table 3-2: Classification of T cell-supported planar bilayer contactsa,b 

  Motile 

Cell Type CD80 
(molec./mm2) 

Non-Motile 
(%) 

Continuous 
(%) 

Reform or Break 
(%) 

iTreg None 6c 84d 10e 

iTreg 20 2 82 16 

iTreg 40 6 87 7 

iTreg 200 20c 50d 30e 

Th1 None 25 48 27 

aData from at least two experiments with a total of n=73-129 for each condition. 
bRepresentative examples of motile cells are shown in Figures 3-3 and 3-4. 
cP=0.0013, Fisher’s exact test. 
dP<0.0001, Fisher’s exact test. 
eP<0.0001, Fisher’s exact test. 
 
 

to the uropod where they become detectable.  When iTregs were injected onto 

bilayers loaded with an irrelevant peptide antigen, they flattened against the 

substrate, adopted a polarized phenotype and migrated rapidly.  Unlike the 

kinapses formed when iTregs interacted with bilayers loaded with MCC, non-

cognate iTreg-bilayer interactions were characterized by only occasional and 

diffuse accumulations of ICAM-1 and no pMHC-TCR interactions (Figure 3-3 B).  

Timelapse images of iTregs interacting with bilayers loaded with MCC were  
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Table 3-3: Classification of kinapsesa,b 

Cell Type CD80 
(molec./mm2) 

Uropod + 
ICAM-1 Arc 

(%) 

Uropod 
Anchor 

(%) 

iTreg None 78c 6e,f 

iTreg 20 88 12 

iTreg 40 74 19e 

iTreg 200 60c,d 29f,g 

Th1 None 27d 4g 

aData from at least two experiments with n=73-129 for each condition. 

bRepresentative examples of these phenotypes are shown in Figures  
3-3 and 3-4. 
cP=0.0043, Fisher’s exact test. 
dP<0.0001, Fisher’s exact test. 
eP=0.012, Fisher’s exact test. 
fP<0.0001, Fisher’s exact test. 
gP<0.0001, Fisher’s exact test. 
 

acquired to define the initial steps in kinapse formation.  The iTregs were 

symmetrical when first contacting the bilayer, but lost symmetry immediately 

(Fig. 3-3 C).  In the example shown, MHC accumulated within a partial ICAM-1 

ring within 2 min of the initial contact.  However, an ICAM-1 arc was formed, and 

centrally located accumulations of MHC were relocated to the nascent uropod 

within 5 min.  Between 5 and 10 min, the uropod became more clearly defined 

and the cell began migrating. 

 Although 84% of iTregs were motile over the entire length of the 

experiment, 6% of the cells were non motile for the whole experiment (Table 3-

2).  An additional 10% of the cells either formed stable, symmetrical IS and then 
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broke symmetry or transitioned from a kinapse to a symmetrical IS (Table 3-2).  

Figure 3-4 A shows an example of an iTreg transitioning from a kinapse to a 

stable IS.  Occasionally, a motile kinapse would become anchored to the substrate 

by its uropod.  When this occurred, the cell maintained a polarized phenotype but 

pivoted around the site of uropod attachment.  This phenotype was observed in 

6% of the motile iTregs (Table 3-3).  Figure 3-4 B shows a cell that is anchored in 

this manner for over 30 min. 
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CD80 changes the balance between kinapses and stable synapses for iTregs  

 Induced Treg-DC interactions become less stable on the same time frame 

that iTregs downmodulate costimulatory molecules on the surface of DCs. 

 

Therefore, I examined interactions between iTregs and bilayers containing 

increasing levels of CD80.  As a control, iTregs were observed interacting with 

bilayers lacking antigen.  Figure 3-5 shows tracks tracing the path of iTregs on 

bilayers loaded with irrelevant peptide antigen.  Under these conditions, the 

iTregs were highly motile and accumulated very little ICAM-1 (see also Fig. 3-3 

B).  When iTregs were injected onto bilayers loaded with MCC, they maintained a 

high degree of motility and only rarely formed stable IS, as discussed above.  

However, iTregs displaced 3-fold less distance per unit time and their tracks were 

significantly less straight on bilayers loaded with their cognate antigen (Fig. 3-6 A 

and Fig. 3-7 A and B).  Next, iTregs were introduced to bilayers containing 20, 40 
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or 200 molecules/µm2 CD80.  Induced Tregs placed on bilayers containing the 

two low concentrations of CD80 behaved similarly to iTregs interacting with 

bilayers containing no CD80 (Fig. 3-6 B and C).  Induced Tregs formed similar 
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numbers of non-motile IS and regained or lost symmetry at a similar frequency at 

0, 20 and 40 molecules/µm2 CD80 (Table 3-2).  However, more cells became 

anchored by the uropod at 40 molecules/µm2 (Table 3-3). 

  Strikingly, a much greater percentage of iTregs interacting with bilayers 

containing 200 molecules/µm2 CD80 were non-motile for the entire length of an 

hour-long experiment.  In fact, 50% of the cells were non-motile for at least part 

of the experiment, compared to approximately 15% at the lower concentrations of 

CD80 (Table 3-2).  The kinapses formed on bilayers with high levels of CD80 

were also significantly different.  A lower percentage of cells adopted a highly  
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polarized phenotype with a clearly discernible uropod and ICAM-1 arc.  Also, a 

much higher percentage (approximately 30%) of the cells were anchored to the 

substrate by their uropod (Table 3-3).  These uropod anchors are reminiscent of 

structures formed by T cells when the myosin light chain kinase ROCK is 

inhibited (51).  ROCK is required for detachment of the uropod during migration, 

while another light chain kinase, MLCK is required for detachment of the leading 

edge.  The increased number of cells attached by their uropods in the presence of 

high levels of CD80 indicates that the cycling between MLCK and ROCK 

activation required for effective migration breaks down under these conditions 

(51). 

 Measurements of the tracks made by iTregs on bilayers with high levels of 

CD80 revealed that the paths taken by cells under this condition were 

significantly less straight than at low concentrations of CD80.  Induced Tregs 

only displaced one-third as much distance per minute at the higher CD80 levels 

(Fig. 3-7 C and D).  This result is most likely the result of a combination of 

reduced straightness and reduced speed. 

 Most of the studies of IS structure published over the past decade have 

examined IS formed by T cell blasts.  These T cell blasts have generally been 

generated in vitro from splenocytes harvested from TCR Tg mice on a B6 or B10 

background, and blasting cells from these mice tend to differentiate towards an 

IFN-γ secreting, Th1 phenotype (225).  The IS formed by these cells have been 

thoroughly described on the planar bilayer system (43).  Therefore, I decided to 

examine the synapses and kinapses formed by Th1 cells on supported planar 
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bilayers.  As shown in Figure 3-8, Th1 cells formed a similar distribution of 

synapses and kinapses in the absence of CD80 as iTregs did in the presence of 

high levels of CD80.  Th1 cells had a similar displacement/duration but traveled 

significantly straighter than iTregs on bilayers with high CD80 (Fig. 3-7 C and D), 

indicating that Th1 cells migrated at a lower speed than iTregs under these 

conditions.  Although Th1 cells formed a similar number of completely non-

motile IS and reformed or broke symmetry as often as iTregs did in the presence 

of high levels of CD80 (Table 3-2), the kinapses formed by Th1 cells were less 

polarized, and very few of these cells became anchored to the substrate by their 

uropods (Table 3-3).  The lack of uropod anchors could explain the relative 

straightness of the Th1 tracks.      

 

CD80 alters the calcium flux of iTregs 

 A sustained calcium flux is associated with the ‘stop signal’ given to 

migrating T cells upon antigen recognition, resulting in stable T-cell-APC 

conjugates and IS formation (75, 272).  Furthermore, costimulation is necessary 
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for sustained calcium flux when TCR signals are suboptimal (145).  Induced Tregs 

clearly were not receiving a stop signal in the absence of high levels of CD80, so I 

decided to measure the calcium flux in iTregs interacting with bilayers with or 

without CD80.  For these experiments, the cells were loaded with the calcium 

indicator Fluo-4 and injected onto bilayers containing 0 or 200 molecules/µm2 

CD80.  As  
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shown in Figure 3-9 A, calcium flux preceded complete flattening of the cell 

against the bilayer and lamellapodium formation.  Although the peak calcium 

flux appeared to be higher on average without CD80 and calcium levels at later 

time points appeared to be higher with CD80, these differences did not rise to the 

level of statistical significance (Fig. 3-9 B).  This was due to high cell to cell 

variability, most likely caused by inconsistent loading of the cells with Fluo-4.  To 

control for this variable, I calculated the ratio between the fluorescence at 200 

sec after the peak (during the plateau phase) and the peak fluorescence.  As 

shown in Figure 3-9 C, this ratio was significantly higher in the presence of 

CD80, demonstrating that intracellular calcium increases are more sustained 

when iTregs interact with bilayers containing high levels of CD80.  The ratio of 

fluorescence at 100 sec post peak: peak fluorescence was also significantly higher 

with CD80 (P=0.0013; two tailed Student’s t test).  These data indicate that 

iTregs may be tuned to flux calcium at the sustained levels necessary to deliver a 

stop signal only when high levels of costimulation are available.   
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Discussion 

   In this chapter, I showed that iTregs, like nTregs, are capable of 

downmodulating costimulatory molecules in an antigen-specific fashion.  After a 

24 hr incubation there was a roughly 10-fold reduction in surface CD80 on LPS-

matured BMDC.  Over the same time scale, iTregs altered the nature of their 

interactions with DCs.  When iTregs were initially introduced to mature DCs, 

they formed extremely stable conjugates, with most iTregs failing to move more 

than one cell diameter over the entire length of the imaging experiment.  After a 

24 hr incubation, newly added iTregs formed less stable conjugates, characterized 

by the T cells crawling along the surface of DCs.  This phenotype is consistent 

with the dynamic kinapses described for low avidity interactions between naïve T 

cells and DC in vivo (40).  Taken together with the results from the bilayer 

experiments, the simplest explanation for the change in behavior at 24 hrs is that 

the motility of iTregs, or lack thereof, is governed by the levels of costimulatory 

molecules on the surface of the DCs.  This interpretation is supported by the 

experiments examining the effects of blocking antibodies to CD80 and CD86.  

These results suggest a model, described in Figure 3-10, wherein iTreg-DC 

interactions are modulated by the relative levels of costimulatory receptors on the 

surface of APCs.  In the absence of antigen recognition, iTregs rapidly migrate 

over the surface of the APC, scanning for their cognate antigen.  Upon antigen 

recognition, iTregs form either relatively slow moving kinapses or non-motile IS 

depending on the levels of costimulatory molecules.  In the presence of high 

levels of CD80/86, symmetrical IS are favored, and this structure may allow the 

Treg to exert its regulatory function on the DC, including downregulation of 
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CD80 and CD86.  After CD80/86 levels are reduced, kinapse formation is 

favored and the iTreg starts migrating.  By alternating between kinapses and 

synapses, iTregs could contact and modulate CD80/86 levels on multiple DCs. 

 

 

 



 89 

 When I conducted experiments adding blocking antibodies for CD80 and 

CD86 to the DCs before the addition of iTregs, only half of the cells displayed a 

motile phenotype.  This result was in stark contrast to the planar bilayer 

experiments where the cells were almost uniformly motile in the absence of 

CD80.  Given the complexity of T-DC interactions, it is likely that other molecules 

on the of DCs also modulate interactions with iTregs, resulting in a close balance 

between synapse and kinapse formation when CD80 and CD86 are blocked.  For 

example, the CD28 family costimulatory molecule ICOS is expressed on nTregs 

and iTregs, and shares an ability to modulate the PI3K pathway with CD28 and 

CTLA-4 (161, 273).  It is possible that iTregs downmodulate ICOS ligand (a B-7 

family member) or other molecules on the surface of DCs via a similar 

mechanism to CTLA-4 mediated downmodulation of CD80 and CD86.  However, 

only 57% of newly introduced iTregs were motile on DCs that had interacted with 

iTregs for 24 hrs, leaving open the possibility that this close balance between 

synapse and kinapse formation is the default state for iTreg-DC interactions.  

Further experiments examining iTreg-DC interactions at later time points would 

be useful in determining if continued modulation of the DC surface phenotype 

results in a greater percentage of iTregs forming kinapses. 

 In an attempt to determine which receptor for CD80 was responsible for 

providing the stop signal for iTregs, I conducted experiments where I coated 

iTregs with anti-CD28 or CTLA-4 and then added an anti-isotype crosslinking 

antibody before introducing the cells to planar bilayers that lacked CD80.  Cells 

that had these receptors crosslinked still almost exclusively formed kinapses.  

Given this result, it is likely that CD28 or CTLA-4 ligation at the IS is required.  
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This is consistent with experiments showing that IS formation, and downstream 

signals, are altered when costimulation is provided in trans (via beads coated 

with anti-CD28) (167).  Further experiments using blocking Fab antibodies to 

CD28 and CTLA-4 will be needed to determine which of these receptors is 

required for delivery of a stop signal in the presence of high levels of CD80.   

 Experiments from the Rudd laboratory have shown that ligation of CTLA-

4 actually increases motility of T cells (274, 275).  Therefore, it is likely that CD28 

is necessary for the stop signal.  If this is indeed the case, it suggests a model 

where high levels of CD80/86 are needed to deliver a stop signal via CD28 

because CTLA-4 has a much higher affinity for CD80 and CD86 (169).  At low 

levels of CD80/86, CTLA-4 out-competes CD28.  When CD80/86 levels are high, 

CD28 signaling occurs and mature IS formation is favored, and CD80/86 are 

downmodulated in a CTLA-4-dependent manner.  When CD80/86 levels are 

reduced below a certain threshold, CD28 is no longer able to compete with CTLA-

4 for its ligands, dampening the stop signal and resulting in a transition from a 

mature IS to a kinapse. 

 Mice deficient for the actin regulatory protein WASp develop chronic 

colitis, and Tregs from these mice are poor suppressors both in vitro and in vivo 

(276-278).  Also, it has recently been shown that T cells require WASp to 

maintain IS symmetry (102).  Although defective migration to lymphoid tissue 

likely plays a role in the phenotype described for WASp deficient Tregs, it is 

tempting to speculate that defective IS formation could also play a role.  Tregs 

incapable of IS formation would also be deficient in CD80/86 downmodulation if 

the model proposed in Figure 3-10 is correct.  Thus, constant surveillance and 
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modulation of DCs (via IS dependent downmodulation of costimulatory 

molecules) may be required to prevent autoimmune disease.  Consistent with this 

idea, Tang et al. have demonstrated that nTregs from BDC2.5 TCR Tg mice 

(which have TCRs specific for an antigen associated with pancreatic β-cells) are 

motile in the pancreatic LN when transferred into NOD mice.  However, when 

the same nTregs were transferred into NOD.CD28-/- mice that lack Tregs, they 

were non-motile (268).  Given the results presented here, it is likely that the DCs 

in the Treg-deficient animals had relatively high levels of CD80/86 compared to 

animals containing endogenous Tregs, thereby altering the behavior of the 

transferred Tregs.  Higher levels of costimulatory molecules on DCs in the 

pancreatic LN of these already diabetes-prone animals could partially explain 

why NOD mice lacking Tregs develop diabetes more quickly than wt mice (279). 
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Summary of findings 

 The basic finding of this thesis is that CD4 T cell subsets form a diverse 

array of IS structures.  Th1 cells form IS with clearly defined SMACs over a range 

of antigen concentrations.  These structures were identical to the classical IS 

described by Kupfer (79) and Dustin (78).  Th2 cells, on the other hand, form 

multifocal IS without segregation of adhesion molecules to the pSMAC.  

Differences in the distribution of signaling molecules are also noted for Th1 and 

Th2 IS.  I hypothesize that IS structure is related to the delivery of effector 

functions, with the secretion of inflammatory and cytotoxic molecules requiring 

formation of a pSMAC that acts as a gasket. 

 Induced Tregs predominantly form kinapses when low levels of 

costimulatory molecules are available.  However, in the presence of APCs 

displaying high levels of CD80, iTregs transition to stable IS, and then start 

moving again; this transition to a motile phenotype occurs in the same time 

frame as CD80 downmodulation by iTregs.  These findings suggest a model 

wherein iTregs constantly survey DCs for antigen, but are tuned to only form 

stable IS when costimulation is in abundance.  I hypothesize that formation of a 

mature IS may be required for CTLA-4-mediated downmodulation of 

costimulatory molecules.    

Multifocal immunological synapses 

 The results presented in Chapter 2 show that Th2 cells form 

predominantly multifocal IS with both fibroblast APC and supported planar 

bilayers containing pMHC and ICAM-1.  These results are somewhat at odds with 

reports from the Bottomly laboratory on IS formation in Th2 cells (216, 217).  
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Those reports showed that Th2 cells, generated in vitro from TCR Tg mice on a 

B10.BR background, failed to cluster TCR at the T cell-APC interface when 

resting splenic B cells were used as APC, but were able to cluster TCR when DCs 

or LPS activated B cells were used.  These results were explained with the 

observation that Th2 cells express high levels of CTLA-4 (217).  The higher levels 

of costimulatory molecules on activated B cells and DCs were hypothesized to be 

necessary to overcome inhibition by CTLA-4, allowing clustering of the TCR.  The 

experiments with CD80+ CD86- fibroblasts shown in Chapter 2 argue against this 

theory.  CTLA-4 has a much higher affinity for CD80 than CD28 (CD28 and 

CTLA-4 compete for CD86 on a more equal footing).  Therefore, Th2 cells should 

not be expected to cluster TCR at the interface of conjugates with these 

fibroblasts due to the CTLA-4-favoring environment.  However, TCR was 

clustered at IS formed with these fibroblasts, suggesting that CTLA-4 does not 

inhibit IS formation in Th2 cells.  An explanation for this apparent contradiction 

could be that multifocal IS lacking a strong centralized accumulation of TCR-

pMHC interactions were scored as lacking TCR clustering in the above-

mentioned studies.  Thus, a lack of centralized clustering of TCR-pMHC may be a 

general feature of Th2 IS.   

 An exception to this generality might be situations where very little 

antigen is available.  I found that when planar bilayers were loaded with low 

concentrations of peptide antigen, significantly fewer Th2 IS had a distinctly 

multifocal phenotype.  One interpretation for this finding is that the number of 

foci is directly related to the amount of antigen.  If this is the case, one would 

predict that monofocal IS would be formed below a certain antigen 
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concentration.  Indeed, the large IS with 10 or more large foci spread throughout 

the interface, as seen in Figure 2-2, were never seen at low concentrations of 

antigen.  Significantly, Th2 cells failed to form IS with clearly defined pSMACs 

and cSMACs at all antigen concentrations.  This result indicates that the forces 

responsible for segregating LFA-1-ICAM-1 interactions at the T cell-APC interface 

are altered in Th2 IS.  Clusters of LFA-1-ICAM-1 move centripetally in an actin 

dependent manner (45), and it is thought that the border between the pSMAC 

and the cSMAC is really a transition from a relatively actin-rich zone to an actin-

poor zone in the center of the contact (280).  My results show that LFA-1-ICAM-1 

interactions occur throughout the interface.  This observation suggests that the 

center of the Th2-APC interface is richer in filamentous actin than the Th1-APC 

interface.  Further experimentation will be required to test this hypothesis.   

 Are multifocal IS formed by a unique process?  Kupfer described a 

complex series of events during IS formation, with phosphorylated signaling 

molecules and CD45 moving in and out of the nascent cSMAC (110).  More 

recently, it has been demonstrated that TCR microclusters form in the periphery 

and move towards the center of the interface where they form the cSMAC (131).  

However, TCR microclusters are also known to coalesce before reaching the 

center of the interface (132).  Thus the TCR-pMHC foci seen in multifocal IS 

could be formed by microcluster coalescence just as the cSMAC of mature IS are.  

Cytoskeletal differences (such as the lack of an F-actin gradient as described 

above) might prevent the eventual deposition of these foci at the center of the 

interface.  In turn these cytoskeletal differences could be explained by differences 

in TCR proximal signaling, as discussed in Chapter 2.  TIRFM imaging of Th2 
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cells forming IS with supported planar bilayers could be used to test the 

hypothesis that the foci in multifocal IS are formed from coalescing 

microclusters. 

Are bullseye IS the exception rather than the rule for CD4 cells? 

  In addition to Th2 cells, multifocal IS are formed by DP and CD4 SP 

thymocytes and naïve CD4 T cells (212-214).  Multifocal IS have also been 

described for T-DC interactions (208).  Significantly, multifocal IS have been 

observed in conjugates between T cell blasts and DCs, indicating that T cells 

capable of forming bullseye IS on supported planar bilayers or with B cells do 

form multifocal IS in some situations (210). 

 T cells also form kinapses following antigen recognition in many 

circumstances.  In vivo imaging experiments have shown that CD4 T cell priming 

by DCs in lymph nodes is characterized by stages of varying T cell motility (39, 

42, 281).  Upon antigen recognition and before beginning to proliferate, CD4 T 

cells form short interactions followed by a stage of relatively stable T-DC contacts 

and finally motile, swarming interactions.  The T cells retain a degree of motility 

throughout this entire process.  A recent report made progress in explaining 

these results by showing that CD4 T cells alternate between motile and non-

motile phases (with a periodicity of approximately 30 min) when undergoing 

activation (102).  The results presented in Chapter 3 show that iTregs form 

kinapses unless costimulatory requirements are met.  These observations are 

consistent with in vitro and in vivo results showing that nTregs are highly motile 

when interacting with dendritic cells (266, 268).  Furthermore, I show in Chapter 

3 that Th1 cells transition between stable IS and kinapses when interacting with 
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supported planar bilayers containing pMHC and ICAM-1 (Fig. 3-7).  To my 

knowledge, this is the first report of activated Th cells forming kinapses.  As 

shown in Chapter 2, the stable IS formed by Th1 cells tend to have well defined 

SMACs.  Additional experiments are needed to determine if CD80 encourages 

increased formation of stable IS by activated Th cells. 

 The structure of the mature IS was determined using CD4+ cells, and most 

studies examining the structure and function of the IS continue to use activated 

CD4 T cells in fixed conjugates with B cells.  I posit that the particular cells and 

systems used in these studies, while providing key insights into the formation and 

structure of the mature IS, have overstated its prevalence.  Instead, the studies 

described in the preceding paragraphs combined with the data presented in this 

thesis suggest that the mature IS is a specialized structure.  There is solid 

evidence indicating that T cell selection in the thymus and activation of naïve 

CD4 T cells by DCs both occur without the formation of mature IS.  It has also 

been shown that mature IS with a clearly defined cSMAC are not formed during 

activation of naïve CD8 T cells (282).  Thus, mature IS formation does not appear 

to be necessary for the initiation of an immune response. 

 What types of cells do reliably form mature IS?  The literature points to 

both CD8+ CTL and NK cells predominantly forming mature IS (180, 194).  I 

show here that a large majority of Th1 cells interacting with either supported 

planar bilayers or fibroblast APC form IS with clearly defined SMACs.  

Additionally, one report has showed that Tregs form bullseye IS (269), in 

agreement with data shown here in Chapter 3.  Therefore, a disparate, but select 

group of effector cells form mature IS.   



 98 

What is the function of the mature IS? 

 There is convincing data showing that the cSMAC is the site of TCR 

downmodulation (132, 171).  Although the presence of LBPA at the cSMAC 

indicates that TCR internalization occurs at this location, it does not prove the 

necessity of the cSMAC for these processes.  Additionally, it has been proposed 

that the cSMAC allows for similar responses to a range of antigen densities by 

balancing TCR signaling and degradation (175).  Although I suggest in Chapter 2 

that the absence of a cSMAC in Th2 IS could allow Th2 cells to make responses in 

proportion to antigen density, the large accumulations of TCR-pMHC that make 

up the foci in multifocal IS could also serve the functions described above.  If TCR 

microclusters coalesce to form the foci in multifocal IS, which then serve as sites 

of TCR downmodulation, the collection of foci could be considered functionally 

equivalent to a cSMAC.  

 The idea that one of the functions of the mature IS is directed secretion of 

effector molecules towards target cells is well established (181).  All of the cells 

listed above that predominantly form mature IS, including Th1 cells and Tregs (in 

the presence of high CD80/86) contain granzymes and are capable of killing 

target cells (29, 283-285).  A recent paper showed that preventing pSMAC 

formation by anti-LFA-1 treatment results in a significant reduction in maximal 

specific lysis by CD4+ and CD8+ CTL (233).  The pSMACs formed by CD4+ CTL 

are less stable than for CD8+ CTL, and CD4+ CTL are less efficient killers (233).  

When mature IS formation was enhanced in CD4+ CTL via treatment with a 

PKC-θ inhibitor, they became more efficient killers (233).  Thus pSMAC 

formation is critical for efficient killing of target cells.  In these circumstances, the 
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pSMAC may act as a gasket, with adhesion molecules attached to the T cell 

cytoskeleton forming a seal between the two cells (43). 

 In addition to delivery of cytolytic granules, I propose that the pSMAC is 

also crucial for the targeted delivery of other effector molecules, including FasL, 

CD40L and CTLA-4.  FasL is stored intracellularly in secretory lysosomes in CD4 

and CD8 T cells and is delivered to the cell surface in response to a signal through 

the TCR (201).  Preformed CD40L has recently been shown to reside in a similar 

compartment and is rapidly mobilized to the cell surface upon antigen 

recognition (202).  CTLA-4 is also located in an intracellular compartment and is 

polarized towards the APC during IS formation (168).  Targeted delivery of these 

molecules to cells displaying antigen may be of critical importance for preventing 

bystander death and activation.  Indiscriminate killing with granzymes and 

perforin or FasL could result in excess tissue damage, while CD40L-mediated 

activation of B cells or DCs in an antigen non-specific manner could result in 

autoimmunity.  Targeted delivery of CTLA-4 towards DCs by Tregs might be 

important for preventing downmodulation of costimulatory molecules on 

bystander cells presenting foreign antigen during an immune response.  The 

formation of mature IS by Tregs in the face of high CD80/86 levels may be 

important for this function.   

 Further experiments are needed to visualize the delivery of effector 

molecules towards APCs, and to measure the role of mature IS formation in the 

avoidance of bystander effects.  Experiments utilizing CD4 T cells transduced 

with CTLA-4, FasL and CD40L-GFP fusion proteins will be useful for 

determining whether intracellular stores of these proteins are secreted through 
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the pSMAC after IS formation.  TCR transgenic CD4 T cells deficient for WASp or 

PKC-θ, which are defective for immunological synapse and kinapse formation 

respectively, could be utilized to examine the importance of the formation of a 

symmetrical IS in the delivery of effector functions without bystander effects.  
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