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T cell activation occurs through interaction with an antigen-presenting cell 

(APC). Upon activation, signaling ensues with the coordination of dozens of diverse 

signaling molecules in space and time, a feature of cell signaling we call ‘spatiotemporal 

patterning’. We performed a systems-scale analysis of the spatiotemporal patterning of T 

cell signaling and have found that it is highly diverse. Over 50 signaling sensors were 

imaged in live primary T cells activated with APCs under various physiological 

stimulation conditions, and no two signaling intermediates showed the same dynamic 

localization. The activation environment controlled spatiotemporal features of T cell 

signaling and specific spatiotemporal features correlated with efficient T cell activation.  
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 To identify underlying cell biological mechanisms controlling spatiotemporal 

organization of signaling, we complimented our live cell imaging with microscopy across 

multiple scales and identified a dense transient F-actin network that extends from a 

highly interdigitated T cell:APC interface several micrometers deep into the T cell 

lamellum. Systems-scale imaging revealed a large network of proximal T cell signaling 

intermediates that localized to the lamellal actin network and shared the spatial, temporal, 

and mobility features of F-actin. Interference with lamellal actin dynamics modulated the 

activity of the associated proteins and impaired IL-2 production. These data strongly 

suggest that the transient deep F-actin network by controlling lamellal localization 

modulates the activity of a substantial part of the T cell signal transduction system.  

 As a next step in understanding how spatiotemporal dynamics of signaling 

controls T cell activation, we have developed a quantitative 4D analysis approach for 

signaling networks and coupled it with traditional cell biological techniques to uncover 

higher order mechanisms of the control of actin dynamics by CD28 co-stimulation during 

T cell activation. A group of nine actin regulatory proteins that mediate actin 

polymerization, capping, and severing were assessed and CD28 co-stimulation was 

required for their sustained activity at the T cell:APC interface. WAVE2 and Cofilin were 

especially sensitive to blockade of CD28 signaling. Functional relevance of the loss of 

WAVE2 and Cofilin enrichment was shown by the treatment of T cells with 

constitutively active Rac1 and Cofilin, which bypassed the requirement of co-stimulation 

for normal actin dynamics and AKT activation. This study highlights how a systems 

analysis of actin regulation could identify mechanisms that are inaccessible to more 

traditional single protein/gene approaches. 
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CHAPTER ONE 
 
 

INTRODUCTION 

 
T cell activation and coordinated signaling at the T cell:APC interface 

 

 T cell activation occurs through cellular interaction with an antigen-presenting 

cell (APC). T cells utilize their major antigen receptor, the T cell receptor (TCR), to sense 

often low numbers of major histocompatibility complexes (MHC) loaded with antigenic 

peptides derived from pathogens or altered host proteins (e.g. from cancer cells) on the 

surface of APCs. This initial recognition event along with co-stimulatory receptor 

engagement results in T cell activation [1], which culminates in a variety of T cell 

responses including cytokine production, T cell help for induction of humoral immunity, 

and direct killing of cancer or infected cells [2]. T cells also undergo clonal expansion in 

response to antigen and subsequently differentiate into multiple T cell subsets that 

provide varied functionality for eradication of the host insult [3]. In order for T cells to 

perform such functions, the T cell must first coordinate a large-scale T cell signaling 

network at the cellular junction with the APC for activation [4,5,6,7]. 

 The activating interface between the T cell and APC has been studied for over 

two decades, most rigorously from the T cell perspective. Upon TCR engagement, the T 

cell instantly coordinates a host of signaling molecules in space and time at the interface 

[7]. The first studies revealing higher order organization of molecules at the T cell:APC 

interface were performed by Abraham Kupfer’s group. Critical molecules required for T 

cell activation such as the TCR, protein kinase CΘ (PKCΘ), lymphocyte function-
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associated antigen 1 (LFA1), and talin not only polarize to the interface but also further 

segregate into specific interface regions. The TCR and PKCΘ localize to the interface 

center while LFA1 and talin are in a ring structure around the centrally localized 

molecules. A static en face view of the T cell:APC interface is thus segregated into a 

bulls-eye like structure with the center termed the central supramolecular activation 

cluster (cSMAC) and the surrounding ring the peripheral SMAC (pSMAC) . These 

observations elicited numerous questions that apply both to mechanisms governing T cell 

activation, and more general cell biological questions involving the control of cell 

signaling by a parameter of signal transduction referred to as spatiotemporal organization 

[4]. First, can we provide a comprehensive view of T cell signaling in space and time 

under physiologically relevant conditions? Second, what are the critical mechanisms that 

organize the T cell signaling machinery? Finally, does spatiotemporal organization matter 

and how does it contribute to T cell activation and function? 

 Soon after the seminal findings by the Kupfer group, Dustin and colleagues 

further characterized and provided mechanistic insight into formation of what would 

become known as the immunological synapse (IS) [5]. Unlike the previous work 

performed with T cell:APC conjugates, T cells were stimulated on supported lipid 

bilayers embedded with peptide MHC (pMHC) and intracellular adhesion molecule 1 

(ICAM-1). While the overall structure of the T cell:APC interface was recapitulated by 

bilayer-mediated activation, the kinetics of molecule segregation were significantly 

slowed compared to activation on an APC. Notably, the clustering of MHC at the 

interface center took nearly 5 minutes [5] whereas similar central enrichment is 

essentially instantaneous with primary ex vivo mouse T cells stimulated with antigenic 
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peptide-loaded MHC [7]. Presumably, such discrepancies are due to lack of signal 

integration from co-stimulatory receptors such as cluster of differentiation 28 (CD28), 

which is critical for maintenance of signaling at the T cell:APC interface [8,9,10]. 

Functional importance of the cSMAC was shown as its formation correlated with the T 

cell proliferative response. Subsequent research on the importance of formation of the 

cSMAC has proven controversial as there is evidence that signaling complexes turn over 

rapidly in the region (negative regulation) [11,12,13,14] and there is also evidence that it 

is a region of intense and active signaling (positive regulation) [7,15]. These two 

functions of the cSMAC, signal dampening and amplification, are not mutually exclusive 

and likely occur in parallel. 

 High resolution imaging of the IS with T cells activated on coated antibody 

coverslips or supported lipid bilayers led to the discovery of signaling microclusters 

(MC) composed of the TCR and proximal signaling intermediates such as leukocyte-

specific protein tyrosine kinase (Lck), ζ-associated protein of 70 kDa (ZAP-70), linker of 

activated T cells (LAT), Src-homology 2 (SH2) domain-containing leukocyte protein of 

76 kDa (SLP-76), and growth factor receptor-bound protein 2 (Grb2). Microclusters were 

shown to form in an actin-dependent manner in the IS periphery and then moved via 

centripetal actin retrograde flow to the cSMAC [11,12,13,16]. The requirement of actin 

dynamics for the recruitment and segregation of molecules into large scale patterns of 

accumulation at the T cell:APC interface as well as formation and directed movement of 

microcluster in T cells activated on APC substitutes elicited intensive research on the 

regulation of actin dynamics required for T cell activation. 
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Actin cytoskeleton regulation in T cells  

 

 Actin is a globular ATP binding protein that polymerizes into filamentous actin 

(F-actin). Nucleation of actin filaments is energetically unfavorable; therefore, cells have 

a host of actin regulatory proteins to regulate the formation of F-actin and its turn over. 

Actin filaments have intrinsic polarity where the barbed end (growing end) favors actin 

monomer addition and disassociation rates are slow, and the pointed end favors actin 

monomer release. This disparate behavior at the opposing ends of actin filaments causes 

the characteristic actin tread milling that provides force generation in cells [17]. The ATP 

status of the actin monomers changes along the filament length with ATP-actin at the 

barbed end and ADP-Pi-actin and ADP-actin monomers closer to the pointed end. The 

status of the ATP provides a marker of filament age and regulates turn over [18]. The 

overall regulation of the assembly and turn over of actin filaments as well as entire 

interconnected actin networks allows cells to coordinate a wide variety of cell processes 

such as polarized signaling, vesicle trafficking, and phagocytosis. 

 TCR and co-stimulatory receptors induce rapid polymerization of actin at the T 

cell:APC interface [19,20]. Pharmacological interference and genetic alteration of the 

actin regulatory network has established that actin dynamics are critical for T cell 

activation and function, e.g. in the regulation of cell conjugate formation, receptor 

clustering, lytic granule release, directed cytokine release, and activation of transcription 

factors. T cell actin dynamics are regulated by coordinated nucleation, polymerization, 

stabilization, capping, and severing of actin filaments [19,20]. Currently, the actin 

network at the T cell:APC interface is thought to be largely generated by actin related 
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protein 2/3 (ARP2/3)-dependent branched actin polymerization [20,21]. For branched 

actin nucleation to proceed in T cells, a variety of upstream signaling events must ensue 

generally as a result of TCR and CD28 engagement. The most prominent pathways that 

result in actin regulation involve the activation of the Rho-family guanine nucleotide 

exchange factor (GEF), Vav1 [22], and subsequent activation of the Rho-family GTPases 

ras homolog gene family member 1 (Rac1) and cell division control protein 42 homolog 

(Cdc42) [23]. Rac1 and Cdc42 once in a guanosine triphosphate (GTP) bound active state 

contribute to activation of the nucleation-promoting factors (NPF) WASP-family-

verprolin homologous protein 2 (WAVE2) and Wiskott Aldrich Syndrome protein 

(WASp), respectively [24,25,26]. Activated WAVE2 and WASp then bind ARP2/3 on 

the sides of filamentous actin (F-actin) and facilitate the energetically unfavorable 

nucleation of a new actin filament branch [27]. Once filaments begin to polymerize a host 

of actin regulatory molecules control their maintenance and turn over. Hematopoietic 

lineage cell-specific protein 1 (HS1) contributes to filament stabilization [28], capping 

protein binds to the barbed end of actin filaments preventing further polymerization [29], 

and Cofilin severs actin filaments releasing actin monomers and generating new barbed 

ends for further polymerization and branching by ARP2/3 [30,31]. Actin based motor 

proteins such as Myosins also regulate actin networks by generating contractile forces on 

adjacent actin filaments [32]. Recent studies have also implicated Myosins in 

depolymerization of F-actin and thus turn over of actin networks [33]. Other proteins 

such as the negative regulator of the ARP2/3 complex, Coronin1A, further contribute to 

the maintenance of actin levels at the T cell:APC interface [34,35]. The balance of 

activation of the NPFs, stabilization factors, and severing factors controls the longevity of 
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actin networks as their relative activities can rapidly generate or collapse actin 

meshworks.  

 

The importance of actin regulation for T cell function 

 

 It is clear that nearly all aspects of actin regulation are required for optimal 

signaling at the T cell:APC interface and subsequent T cell activation. The loss or altered 

activity of any one of the components of the actin regulatory machinery described above 

has severe consequences usually for multiple aspects of T cell biology. Vav1 is essential 

for actin dynamics at the T cell:APC interface, T cell activation, cytokine production, and 

polarized cell adhesion [36,37,38,39]. These effects are due to the role of Vav1 in a wide 

range of actin regulatory processes from activation of the Rac1 and Cdc42 to its 

recruitment of HS1 [28] to the T cell:APC interface.   

 WASp deficiency has severe effects on T cell function, which results in a 

primary immune deficiency called Wiskott Aldrich Syndrome (WAS) in humans [40]. 

Early work on the control of actin dynamics in T cells was focused on WASp due to its 

relevance to human disease. Initial studies showed that WASp was required for polarized 

F-actin production, T cell:APC conjugate formation, regulation of TCR internalization, 

and overall T cell activation [24,41,42]. Later work contradicted these initial studies 

providing evidence that T cell:APC conjugate formation occurs without WASp and 

WASp is dispensable for polarized actin dynamics at the T cell:APC interface [43,44]. 

However, importance of WASp for T cell function is not in dispute. It is currently not 

clear whether immunodeficiency caused by mutations in WASp is a result of inability of 
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WASp to regulate actin dynamics or an inability to perform an unrelated function [45]. 

WASp must remain bound to WASp interacting protein (WIP) for maintained stability. 

Many of the WAS causing mutations are in the WASP-homology domain (WH1) domain 

of WASp, which is the domain required for WIP interaction [46,47]. Therefore, altered 

WIP levels or activity may also contribute to the immunodeficiency. In fact, WIP 

deficiency causes a more drastic impairment of actin dynamics in T cells [48]. 

 The WAVE2 complex has recently gained more attention given the finding that 

knockdown of WAVE2 prevents polarized actin dynamics at the T cell:APC interface 

[43]. Thus, WAVE2 is now thought to be the major activator of the ARP2/3 complex in T 

cells rather than WASp. WAVE2 requires multiple signals for its activation including 

acidic phospholipids such as phosphatidylinositol (3,4,5) triphosphate (PIP3), 

phosphorylation, and Rac1 activity [26,49]. Given the requirement for coincident signals 

for WAVE2 activation, its activity at the T cell:APC interface is likely highly regulated. 

Loss of WAVE2 impairs T cell cytokine production, Ca2+ entry via calcium release 

activated channel (CRAC) channels, and inside-out signaling required for integrin 

activation [43,50]. 

 HS1 is a leukocyte-specific homolog of the actin regulatory molecule Cortactin. 

HS1 is recruited to the T cell:APC interface in a phosphorylation-dependent manner and 

has the ability to catalyze ARP2/3-mediated actin polymerization and aid in the 

stabilization of actin filaments [28,51]. At least in T cells, the later function of HS1 seems 

to dominate, as HS1 is not efficient at activating the ARP2/3 complex when compared to 

WASp and WAVE2. HS1 also acts to sustain Vav1 activity at the T cell:APC interface. 

Deficiency in HS1 causes multiple T cell defects including disorganized actin 
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polymerization at the T cell:APC interface, decreased Ca2+ signaling, impaired T cell 

activation, and reduced cytokine secretion [28]. 

 Coronins are actin regulatory proteins that bind F-actin and associate and inhibit 

the ARP2/3 complex [35]. Coronin1A is a member of the Coronin family that is mainly 

expressed in hematopoietic cells and when mutated causes a decrease in peripheral T 

cells via increased apoptosis [52,53]. There has been conflicting evidence on whether 

Coronin1A is required for T cell migration and whether increased apoptosis is due to 

altered T cell signaling rather than increased actin levels [54]. A more recent study on 

mice with a Coronin1A mutation that increases its inhibition of ARP2/3 showed impaired 

T cell migration and egress from the thymus. Coronin1A knockout T cells showed even 

more severely compromised migration [55]. Coronin1A deficiency also increases 

enrichment of the actin regulators at the T cell:APC interface and causes defects in 

extracellular Ca2+ entry and nuclear factor kappa-light-enhancer of activated B cells 

(NFκB) activation [56]. Therefore, enhancing or decreasing Coronin1A activity impairs 

actin-dependent functions in T cells.  

 While regulators of ARP2/3 are important for T cell function, other more general 

regulators of actin are also required. Cofilin binds to actin preferentially at the ageing 

(ADP-Pi or ADP-bound actin monomers) pointed end and severs the filament releasing 

actin monomers. This activity allows for the maintenance of a free pool of G-actin that is 

recharged with ATP and added to growing actin filaments [30]. Cofilin activity can also 

mediate the cessation of F-actin enrichment when cellular processes dependent on actin 

have run their course. Cofilin is important for polarized actin dynamics at the T cell:APC 

interface, T cell proliferation in response to antigen, and cytokine secretion [57,58]. 
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 Capping protein is a heterodimer consisting of an alpha and beta subunit that 

caps the barbed ends of growing actin filaments. While the importance of capping protein 

has been assessed in non-mammalian systems and is important for actin mediates 

processes such as cell migration [29]. In vitro reconstitution of actin polymerization with 

purified actin regulatory molecules revealed capping protein not only binds and prevents 

further polymerization, but also regulates nucleation of branched actin filaments by 

ARP2/3 [59]. While CP is a principle regulator of F-actin network assembly, there are no 

studies that have addressed its importance in T cells. 

 Myosins are actin-based motor proteins that use ATPase activity for directed 

delivery of cellular cargo in cells and in addition apply contractile forces to actin 

networks [32]. More recent studies have even implicated myosins in the 

depolymerization of F-actin. Non-muscle myosin IIA has been studied in T cells and 

there is conflicting evidence for its role in regulation of signaling at the T cell:APC 

interface [33]. An initial study performed in T cell:APC conjugates showed T cell 

migration was defective, but polarization of the TCR, LFA-1, actin, and the microtubule 

organizing center (MTOC) was intact when myosin activity was inhibited [60]. 

Therefore, myosins were thought to have minimal functional importance in the 

spatiotemporal organization of T cell signaling. However, a later study using planar 

bilayers containing α-CD3 and ICAM-1 to activate T cells showed that myosin II was 

required for microcluster movement, sustained Ca2+signaling, and signaling downstream 

of Lck [61]. The drastic signaling differences observed in T cells activated on bilayers 

may be more pronounced due to the lack co-stimulatory receptor engagement that may 

provide compensatory signals that attenuate the effects of loss of myosin activity. The 
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importance of myosin II in the turn over of actin networks at the T cell:APC interface has 

not been assessed. 

 Research on the actin regulatory network in T cells as described above usually 

involves the inhibition of one or two actin network components and determination of the 

effects on T cell conjugate formation, polarized actin dynamics, T cell signaling 

organization and activity, and cytokine production [19,20]. Actin dynamics are not 

mediated through the activity of individual actin regulators but the concerted activity of 

the proteins described above. A major challenge in the field is to provide systems-level 

understanding of actin regulation in live T cells and delineate the contribution of specific 

signaling events such as CD28 signaling to coordinated activity of the entire actin 

regulatory network.  

 

Regulation of signaling at the T cell:APC interface by co-stimulation 

 

 T cells have a range of co-stimulatory receptors that provide either positive or 

negative regulatory signals that control T cell activation. The co-stimulatory receptor 

CD28 has historically been the most heavily studied as CD28 signaling is critical for T 

cell activation (especially for naïve T cells) [62,63]. CD28 binds both B7-1 and B7-2 on 

the APC, which initiates recruitment of molecules such as phosphoinositide 3-kinase 

(PI3K), Grb2, and IL-2 inducible T cell kinase (Itk) to its cytoplasmic tail [64,65]. These 

molecules are in turn activated and stimulate signaling cascades that result in T cell 

survival, proliferation, cytokine production, and regulation of actin dynamics. Because 

the TCR and CD28 activate many of the same pathways, it has been a challenge to 
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determine whether CD28 simply amplifies TCR signaling to reach a threshold for T 

activation or also provides unique signals. Much of the evidence supports the former 

view of CD28 signaling as a quantitative support for TCR signaling [65,66]. The 

importance of CD28 can be demonstrated in a simple scenario where T cell must react to 

a limited number of pMHC complexes and CD28 and its ligands with their higher 

expression provide support for TCR signaling thus bringing the threshold of pMHC 

molecules down for T cell activation [67].  In support of this, we have shown that 

concomitant blockade of CD28 signaling with a 100-fold reduction in antigen dose 

causes the most severe effects to the spatiotemporal organization of signaling at the T 

cell:APC interface. CD28 signaling also promotes actin cytoskeleton dependent 

recruitment of molecules to the T cell:APC interface and sustained actin dynamics for 

maintenance of proximal T cell signaling intermediates [8,9,10].  

 

Conclusions 

 

 A large-scale network of actin regulatory molecules controls T cell actin 

dynamics and the efficiency of T cell activation.  Work in this thesis demonstrates the 

importance of actin in the organization and activation of a large-scale network of 

proximal T cell signaling molecules and the contribution of actin dynamics to the 

architecture of the T cell:APC interface. Furthermore, we provide a quantitative and 

systems-level overview of actin regulation in T cells and assess the contribution of CD28 

co-stimulation to actin dynamics. 
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CHAPTER TWO 
 
 

MATERIALS AND METHODS 

 
 

Antibodies, purified Proteins, and reagents 

  

 Antibodies used for quantitative immunoblotting were rabbit α-β actin (Cell 

Signaling #4967), mouse α-ARP3 Clone FM5338 (Sigma-Aldrich #A5979), chicken α-

Capping Protein α1 (Genway Biotech #15-288-21950F), mouse α-Cofilin (Cell Signaling 

#3312), mouse α-Coronin1A (Santa Cruz Biotechnology #SC-100925), rabbit α-HS1 

(Cell Signaling #4557), rabbit α-WASP (Cell Signaling #4860), rabbit α-WAVE2 

(D2C8) XP (Cell Signaling #3659), and mouse α-GFP living colors JL-8 (Clontech 

#632380). 

 Antibodies used for immunoblots for monitoring proximal T cell receptor 

signaling were rabbit α-LAT pY191 (Cell Signaling #3584), rabbit α-LAT (Cell 

Signaling #9166), rabbit α-PKCθ pT538 (Cell Signaling #9377), rabbit α-PKCθ (Cell 

Signaling #2059), rabbit α-VAV1 pY174 (Sigma-Aldrich #SAB4300117), and mouse α-

SLP76 pY128 (BD Pharmingen #558367). Secondary antibodies for mouse (CS# 7076) 

and rabbit antibodies (CS# 7074) were purchased from Cell Signaling. The α-chicken 

IgY secondary was purchased from Millapore. 

 Antibodies for fixed cell microscopy were Alexa 488 conjugated mouse α-SLP76 

pY128 (BD Pharmingen #558439) and rabbit α-LAT pY191 (Cell Signaling #3584). For 

pY191 LAT stains an Alexa 488 conjugated goat α-rabbit IgG (Invitrogen #A-11008) 
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was used. F-actin was stained with Alexa 633 conjugated Phalloidin (Invitrogen 

#A22284). Cell Trace Violet was used as a whole cell stain for the CH27s (Invitrogen 

#C34557). 

Purified proteins used for quantitative immunoblot standards were β-actin 

(abcam #40624), ARP2/3 protein complex (Cytoskeleton #RP01), Capping Protein α1 

(Genway Biotech #10-288-21950F), Cofilin (Cytoskeleton #CF01-A), and EGFP 

(BioVision #4999-100). 

Antibodies used for blockade of B7-1/2:CD28 co-stimulation were α-mouse 

CD80 Clone 16-10-A1 (BD Pharmingen #553736) and α-CD86 Clone GL1 (BD 

Pharmingen #553689). For IL-2 intracellular stain experiments with actin regulatory 

drugs α-Iek Clone 14-4-4S (BD Pharmingen #558735) and the α-mouse IL-2 PE (BD 

Pharmingen #554428) were used. 

Antibody stimulation of T cells was performed with α-CD3ε Clone 145-2C11 

(BD Pharmingen #553057) and α-CD28 Clone 37.51 (BD Pharmingen 553295). 

 

Mice and cells 

 

T cells extracted from lymph nodes of B10.BR 5C.C7 TCR transgenic mice were 

used for all experiments unless otherwise noted. 5C.C7 mice harbor only CD4+ T cells, 

which express a TCR that recognizes the moth cytochrome c peptide fragment 88-103 

(ANERADLIAYLKQATK) in the context of I-ek [68]. Single cell suspensions were made 

from the lymph nodes of 6-8 week old mice. The cells were adjusted to 4x106 cells/mL 

and MCC peptide was added to 3µM. The cells were then plated at 1mL/well of a 24 well 
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tissue culture plate. The T cells were stimulated for 24 hours in a 37°C humidified tissue 

culture incubator at 6% CO2 and used for retroviral transduction. All animals were 

maintained in the pathogen-free animal care facility at the University of Texas 

Southwestern Medical Center and the care and use of the mice was approved by the 

University of Texas Southwestern Animal Care and Use Committee. 

 The CH27 B cell lymphoma cell line was used in all experiments as antigen 

presenting cells (APC). To load the APCs, the cells were incubated in the presence of 

10µM MCC peptide for at least 4 hours. 

 All cells were maintained in T cell medium composed of RPMI with L-

Glutamine, 10% fetal bovine serum (FBS) (Hyclone), 100 IU/mL penicillin, 100µg/mL 

streptomycin, and 0.5µM β-mercaptoethanol. IL-2 was added to 0.05 U/mL during parts 

of the retroviral transduction procedure described below. 

 

Retroviral transduction 

  

 All fluorescently tagged signaling sensors (table 1) were cloned into the pGC-

IRES Moloney murine leukemia virus-derived retroviral vector. Retrovirus was produced 

by the Phoenix helper-free retrovirus producer cell line (Nolan Lab, Stanford U.) plated 

on 60cm Falcon Primaria tissue culture plates. Phoenix cells at near 70% confluency 

were transfected with 10ug of the appropriate plasmid via calcium phosphate transfection 

on day 0. Transfection medium was replaced 12 hours later on day 1 with 3mLs of fresh 

medium containing DMEM high glucose (4.5g/L), 10% FBS, L-Glutamine, 100 IU/mL 

penicillin, 100µg/mL streptomycin, and non-essential amino acids. Phoenix cells were 
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not kept under selection with diphtheria toxin (List Biologics) and Hygromycin B (Fisher 

Scientific) during the procedure. On day 2, T cells were prepared as described above and 

stimulated overnight. On day 3, viral supernatant was removed from each plate of 

transfected Phoenix cells, centrifuged briefly and 2mLs of the supernatant was added to 

4x106 T cells (1 well of T cells on a 24 well plate). To facilitate retroviral transduction, 

the cells were centrifuged at 2500rpm for 2 hours at 32°C in a 24 well tissue culture 

plate. After spinfection, the plates were put back in the 37°C incubator overnight. The 

morning of day 4, the viral supernatant was carefully removed and replaced with T cell 

medium containing IL-2. The T cells were then allowed to grow until day 7. On day 7, 

the T cells were sorted based on their fluorescence intensity (usually GFP). All cells were 

sorted on a Mo Flo high-speed cell sorter (Beckman Coulter). Forward and side scatter 

was used to delineate live cells and single cells were gated on by pulse-width 

characteristics. Fluorescent T cells expressing the fluorescently tagged protein of interest 

1-1.5 logs from the negative population were then sorted and used in all imaging 

experiments.  

 

Antibody stimulation and APC stimulation of T cells 

  

 For experiments to quantify active Cofilin in response to TCR stimulation, T 

cells were incubated at 37°C with 10µg/mL α-CD3ε Clone 145-2C11 (BD Pharmingen 

#553057) and α-CD28 Clone 37.51 (BD Pharmingen 553295) in imaging buffer without 

FBS (PBS, 1mM CaCl2, 0.5mM MgCl2) for the indicated period of time. The cells were 



16 
 

 

then lysed at a final concentration of 1x107cells/mL as described below and assessed by 

Phos-tag SDS-PAGE followed by immunoblotting. 

 For experiments assessing the affect of disruption of the actin cytoskeleton on 

early TCR signaling events, peptide-loaded APCs were used to stimulate the T cells. 

Briefly, 1x106 5C.C7 T cells and equal numbers of peptide loaded CH27s were 

resuspended in imaging buffer containing MCC peptide but no FBS at a concentration of 

1x107cells/mL. Jasplokinolide or Latrunculin A (both from Calbiochem) was added as 

indicated (40nM Jasplokinolide, 10nM Latrunculin A) to both the T cells and APCs and 

the cells were incubated for 10 minutes in a 37°C water bath before mixing. Since the 

drugs were resuspended in DMSO, and T cells are sensitive to relatively low levels of the 

reagent, we kept the amount of DMSO to 0.5% of the imaging medium. 1x106 5C.C7 T 

cells were then mixed 1:1 with the CH27s and centrifuged at 2000rpm for 15 seconds. 

This forces contact between the cells and is considered time 0. Cells were immediately 

placed back into a 37°C waterbath and allowed to incubate for the indicated time points. 

The cells were immediately frozen in liquid N2 and subsequently lysed at a final 

concentration of 1x107cells/mL as described below. 

 

Quantitative immunoblotting, immunoblots, and Phos-tag immunoblots 

 

5C.C7 T cells expressing each of the actin regulatory proteins were sorted and 

lysed under standard conditions. Briefly, precise numbers of T cells were sorted into PBS 

and lysed in 1% Triton X-100 lysis buffer pH 7.6 containing 20 mM Tris-HCl, 150 mM 

NaCl, 2 mM EDTA and supplemented with protease and phosphatase inhibitors (1mM 



17 
 

 

PMSF, 50µM Leupeptin, 1µM Pepstatin A, 10mM NaF, 200µM NaOrthovanadate). For 

quantitative immunoblotting a known number of T cells was loaded onto a 10% SDS-

PAGE gel alongside purified protein standards (see Antibodies, Purified Proteins, and 

Reagents). A standard curve was generated from the densitometry measurements for each 

purified protein standard and the nanogram level of endogenous protein and retrovirally 

expressed GFP-tagged protein was simultaneously calculated per T cell based on the 

standard curve. The nanogram level of protein was converted into an average single T 

cell molar concentration based on the average size of a 5C.C7 T cell (see T cell 

Volumetric Analysis) and the kDa size of the protein. Proteins for which the purified 

protein was not available, the GFP-tagged protein band was used to calculate the 

endogenous level. Based on previous work, we have determined that the average single 

cell molar concentration of GFP-tagged protein in our sort gate (1 to 1.5 logs from the 

negative population) is 2.6µM. Thus, the ratio of the densitometry measurements of the 

endogenous protein band and the retrovirally expressed GFP-tagged protein band was 

used to calculate endogenous levels of the protein. All other immunoblots not requiring 

protein standards were performed according to standard immunoblot procedures. All 

antibodies used for immunoblots are cataloged in the above section. 

 Phos-tag immunoblots used to determine the amount of phosphorylated Cofilin 

(pS3) were performed according to the manufacturer protocol (NARD #AAL-107). 

Briefly, cells were lysed as described above. For all Phos-tag experiments, 10% SDS-

PAGE gels were made with 100µM Phos-tag reagent and 200µM MnCl2. Electrophoresis 

of Phos-tag gels proceeds according to standard procedures. Before transfer to PVDF for 
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immunoblotting, the Phos-tag gel was washed twice in 100mLs of transfer buffer 

containing 1mM EDTA to remove MnCl2 and facilitate efficient protein transfer. 

 

Time-lapsed imaging of T cell:APC interactions 

  

 Time-lapsed fluorescent microscopy was performed with retrovirally transduced 

T cells generated as described above and CH27 APCs loaded with 10µM MCC unless 

otherwise noted. T cells and APCs were imaged in imaging buffer (PBS, 10% FBS, 1mM 

CaCl2, 0.5mM MgCl2) on 384 well glass bottom plates (Matrical MGB101-1-2-HG). All 

imaging of actin regulatory proteins and actin was performed on a Perkin Elmer spinning 

disk confocal systems fitted onto a Zeiss Axiovert 200M microscope body equipped with 

full environmental control, a Hamamatsu C9100-50 EMCCD, and 6 laser lines from 405 

to 647nm.  A Zeiss PlanFluoro 40x oil objective (NA=1.3) was used for all imaging. 

Automated control of the microscope was performed with Volocity software (Perkin 

Elmer). For each time-lapsed imaging experiment, from 3x205 to 6x105 5C.C7 T cells 

were added to the imaging plate followed by addition of peptide loaded CH27s. Once the 

CH27s had settled, cell interactions were imaged for 15 minutes (46 time points spaced 

20 seconds). At each time point, a DIC reference image was collected and a fluorescent 

z-stack consisting of 51 z-planes with a 0.4µm step-size (total z-volume=20µm). Time-

lapsed images were analyzed with Metamorph (Molecular Devices), Image J (NIH, 

http://rsb.info.nih.gov/ij/), and Imaris (Bitplane). 

 For experiments where B7-1/2:CH28 co-stimulation was blocked, peptide loaded 

CH27s were incubated on ice for 30 minutes in the presence of 10µg/mL α-CD80 Clone 
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16-10-A1 and α-CD86 Clone GL1 (BD Pharmingen) antibody before adding APCs to 

imaging plate with the T cells. The antibodies were present in the imaging medium at 

10µg/mL during the entire acquisition period to ensure full blockade. 

 For experiments with Jasplakinolide and Latrunculin A (Calbiochem), T cells 

were incubated for 10 minutes in the imaging well with drug concentrations of 40nM and 

10nM, respectively. After the 10 minute incubation, the CH27s were added to the well 

and imaging was performed as previously described. 

 

Long-term time-lapsed fluorescence microscopy of T cell:APC conjugates 

 

All long-term imaging was performed with the Perkin Elmer spinning disk 

microscope described above. In addition a Pathological Devices LiveCell chamber was 

fitted over the 384 well imaging plate. This chamber kept the imaging plate humidified to 

prevent evaporation, which is a major issue when imaging cells suspended in buffer 

volumes from 50 to 100µl. For further prevention of evaporation, neighboring imaging 

wells were filled with sterile water. Antibiotics were also added to the imaging buffer to 

prevent bacterial growth. Because T cells and APCs clump and obscure analysis of single 

cells during long-term imaging experiments a method to adhere the APCs to the glass 

was developed. First, biotinylated BSA (Pierce Biotech #29130) was diluted to 1mg/mL 

in T50 buffer containing 10mM Tris-HCl pH 8.0 and 50mM NaCl. The T50 buffer 

containing biotinylated BSA was heated to 37°C and added to the imaging well for 5 

minutes. A brief wash with T50 buffer was then performed followed by addition of 50µl 

of 0.2mg/mL neutravidin (Pierce Biotech #31000) to the imaging well for 1 minute at 
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37°C. The imaging well was then washed 1x with T50 buffer and 2x with imaging buffer 

without FBS. Now the glass is prepared to bind any biotinylated antibody of choice. For 

experiments with the CH27 B cell lymphoma line, a α-CD19 antibody (BD Pharmingen 

#553784) was used to adhere the cells. The antibody was diluted in imaging buffer 

containing FBS, antibiotics, and MCC peptide to 10µg/mL and was allowed to bind to 

the prepared glass of the imaging well for 10 minutes at 37°C. After the glass was 

prepared with antibody, the APCs were added to the well and allowed to settle and 

immobilize (~5 minutes). Once the APCs are immobilized, the T cells were added and 

image acquisition proceeds as previously described. Focus drift is a problem for the long-

term imaging experiments but can be monitored and adjusted. 

 

Image analysis 

  

 Analysis of the spatiotemporal organization of signaling sensors at the T 

cell:APC interface during early T cell activation has been previously described in 

detail[7]. Pattern classification criteria are shown in figure 1.  

 For the actin regulatory proteins, an enrichment index was calculated by 

measuring the fluorescence intensity in the area of accumulation (region 1.35x the 

cellular background) at the interface and dividing it by the average intensity of the cell. 

The fold-enrichment value at each time point was then multiplied by the fraction of T 

cells that showed enrichment of the protein at the corresponding time point. An 

enrichment index value was calculated for each time point analyzed from -20 seconds 

before cell conjugate formation to 7 minutes after conjugate formation. 
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To calculate the accumulation index, interface enrichment was calculated by 

measuring the intensity in the area of accumulation and then dividing it by the average 

intensity of the cell. This fold-enrichment value was then multiplied by the fraction of T 

cells that show accumulation at the corresponding time point. Finally, the resulting value 

was multiplied by the accumulation volume to obtain the ‘accumulation index’.  

Accumulation volumes were calculated by first measuring the area of accumulation. Then 

assuming a rough spherical shape for the region of accumulation we calculated the radius 

of the area of accumulation and converted the 2D area measurement into a spherical 

volume. 

Interface length to diameter ratios measured for electron micrographs of T 

cell:APC conjugates were calculated as described in figure 2A. 

The depth to width ratio of F-actin structures in Phalloidin stained T cell:APC 

conjugates imaged by STED was determined by first identifying interface F-actin 

structures 1.35x the cellular background, then measuring their depth perpendicular to the 

interface plane and width parallel to the interface (analysis methodology in fig 2B). The 

average intensity to area ratio was also calculated for each F-actin structure. 

Actin and lamellal localized signaling intermediate depth measurements were 

calculated using the box tool in Image J (NIH). Colocalization analysis for pSLP-76 and 

F-actin was performed with the JACoP plugin [69] for Image J. Briefly, a binary mask 

for each channel was generated by linear thresholding and colocalization was assessed by 

calculation of the Pearson’s correlation coefficient, Mander’s overlap coefficient, and 

colocalization measurements were substantiated by calculation of a Van Steensel’s cross 

correlation function where one channel was shifted in the x-dimension and the change in 
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the PCC was plotted. Sharp drop off of the PCC is observed as one channel is shifted 

providing evidence that colocalization values are valid. Phosphorylated SLP-76 cluster 

depth was assessed by line scans. First, a line was drawn perpendicular to the T cell:APC 

interface plane from the interior of the APC through the phosphorylated SLP-76 cluster. 

The APC boundary was defined as the point at which APC fluorescence dropped to half-

maximum along the line. The boundary of the APC was considered 0, and the cluster 

depth was measured at the center of the fluorescence profile of the phosphorylated SLP-

76 cluster. Phosphorylated SLP-76 clusters were evaluated with the Object Counter 3D 

plugin for Image J. Linear thresholding was first performed to delineate objects above the 

calculated cellular background and the plugin identified cluster features such as size and 

intensity in the 3D volume. Interdigitated T cell:APC interfaces were identified by 

assessing the relation of the APC outline delineated (Cell Trace Violet) to pSLP-76 

clusters. If the APC outline extended into the T cell or past interface clusters of pSLP-76 

the interface was considered interdigitated. 

 

T cell volumetric measurements 

  

 T cells were labeled with SNARF-1 (Invitrogen #S22801) as a whole cell stain 

and Hoechst 34580 (Invitrogen #H21486) to delineate the nucleus. T cells were imaged 

with the Perkin Elmer spinning disk confocal described above. Whole T cell volume 

measurements and nuclear volume measurements were calculated by first measuring the 

full-width half maximum of the Gaussian profile from line scans across the center plane 

of each T cell (SNARF, red channel) and nucleus (Hoechst, blue channel). Once the 
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radius of the cell and nucleus was calculated, the upper and lower intensity values were 

set for each channel and object surfaces and volumes were measured for the whole T cell 

and the nucleus in Imaris (Bitplane).  

 

Fluorescence recovery after photobleaching (FRAP) 

 

 For all FRAP experiments, T cells were incubated with peptide loaded CH27s in 

imaging plates as described above. Individual T cell:CH27 conjugates were focused on 

and bleaching was done within the first 2 minutes of cell conjugate formation. A pDVRT 

Deltavision deconvolution microscope equipped with an environmental chamber, a 

Quantitative laser module for FRAP, an Olympus APO 40x oil objective (NA=1.3), and 

Cool Snap HQ2 camera was used. The microscope was controlled with Deltavision 

SoftWoRx software. The 488 laser line and appropriate filter set was used for all FRAP 

experiments given that the proteins imaged were GFP fusions. The bleaching protocol 

was set to acquire 3 prebleach images and then 10x10ms laser pulses (100% power) 

bleached a ~1µm Gaussian spot at the T cell:APC interface to near 50% of the prebleach 

intensity. Cells in which the total fluorescence of the cell was depleted by more than 10% 

were not analyzed. Post bleach images were acquired every 255ms for a total of 30 

seconds to 2 minutes depending on the protein. Analysis of recovery was performed 

manually in Image J by calculating the intensity in the bleach spot before and after 

bleaching. Background subtracted data was normalized to the average intensity of the 3 

prebleached images and was fitted in Prism software with the equation Y(f) = (Ymax-

Ymin)(1-e-kt)+Ymin. Y(t) is the intensity of fluorescence at time t, Ymax and Ymin are the 
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maximum and minimum intensities of fluorescence post-bleaching and k is the rate 

constant of recovery [70]. In all cases, the half-time of recovery was derived from at least 

10 fitted recovery curves together with the s.e.m. 

 

Fixed T cell:APC conjugate preparation and fluorescence imaging 

  

 5C.C7 T cells and CH27s were used for all fixed cell imaging. T cells and 

peptide loaded CH27s were resuspended in imaging buffer without FBS to facilitate 

binding to poly-L-lysine coated coverslips. The CH27s were first added to the coverslip 

as a 50µl drop and allowed to adhere in the 37°C incubator for 5 minutes. T cells were 

then added to the drop. The T cells settle within about 5 minutes and were allowed to 

adhere and interact with APCs for a subsequent 5 or 15 minutes (early and late time 

point, respectively). T cells were then fixed with 4% EM grade paraformaldehyde in PBS 

at 4°C for 20 minutes. All washes were performed with PBS. Permeabilization was 

performed with 0.02% TritonX-100 in PBS. Cells were blocked with 1% BSA in PBS or 

1% goat serum depending on the antibody for 30 minutes at room temperature. For most 

antibody stains, the primary antibody was diluted according to antibody specification 

sheets in 1% BSA PBS and cells were incubated overnight in the presence of antibody at 

4°C.  Secondary anti-mouse and anti rabbit IgG antibodies were conjugated to either 

Alexa-568 or 488 (Invitrogen). See the Antibodies and Purified Proteins section for a list 

of antibodies used in these experiments. After the T cell:APC conjugates were stained, 

the coverslips were mounted on Superfrost Plus microscope slides (VWR) with ProLong 

Antifade (Invitrogen). 
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 For stimulated-emission depletion (STED) microscopy, we sent our stained slides 

to the laboratory of Jordan Orange at the University of Pennsylvania (now moved to 

Baylor College of Medicine). T cells stained with Alexa-488 conjugated Phalloidin or 

other direct Alexa-488 conjugated primary antibodies were imaged with a Leica TCS 

STED CW microscope equipped with a 100x HCX APO objective (NA=1.4) controlled 

with Leica AS AF software. Alexa-488 was excited with a 488nm Argon Laser and 

STED depletion was achieved with a 592nm wave fiber laser. The fluorescence signal 

was detected with Leica HyD detectors [71].  

 A pDV Deltavision deconvolution microscope equipped with a Olympus APO 

40x oil objective (NA=1.3), Cool Snap HQ2 camera, and DAPI/FITC/TRITC/CY5 filter 

sets was used for the 3 color microcopy. The microscope was controlled with Deltavision 

SoftWoRx software. A single DIC reference image and fluorescent z-stacks (0.2µm z-

step) were acquired for each field. All fixed cell fluorescence imaging was analyzed with 

Image J. 

 

Expression and purification of cell permeable tat-tagged proteins 

 

Constitutively active Cofilin (S3A) and constitutively active Rac1 (Q61L) was 

cloned into a ptat-nde vector which provides a N-terminal tat-tag for protein transduction 

and a 6x His tag for purification with Ni-NTA. The proteins were expressed in 

BL21(DE3) E. coli at room temperature overnight after induction of expression with 

1mM Isopropyl-beta-D-thiogalactopyranoside (IPTG). The bacteria were lysed under 

native conditions by sonication in lysis buffer containing 4x PBS, 0.01% IGEPAL, 10% 
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Glycerol, 10mM Imidazole, 1mM MgCl2 (only added for Rho family GTPases), 1% 

Lysoszyme, 0.14% β-mercaptoethanol, and protease inhibitors at pH 7.5. The proteins 

were purified over Ni-NTA resin. After protein binding, the resin was washed twice with 

wash buffer containing 4x PBS, 20mM Imidazole, 1mM MgCl2, and 0.14% β-

mercaptoethanol. The protein was then released from the column with elution buffer 

containing 4x PBS, 250mM Imidazole, 1mM MgCl2, and 0.14% β-mercaptoethanol. 

After elution, the protein was dialyzed into PBS and quantified by SDS-PAGE. 

 For experiments with tat-fusion proteins, T cells were incubated for 30 minutes at 

37°C in the imaging plate prior to addition of peptide loaded CH27s. The image 

acquisition proceeded as described above. 

 

IL-2 intracellular stains 

  

 For IL-2 assays, 1x105 T cells were mixed with peptide loaded CH27s at a ratio 

of 1:1. T cells were stained with Cell Trace Violet (Invitrogen) to distinguish them from 

the CH27s by FACs and to monitor any changes in proliferation. For experiments with 

actin drugs, Jasplokinolide and Latrunculin A, 96 well round bottom plates were used and 

cells were mixed and centrifuged together to force interaction. This lessens the chance 

that the observed changes in IL-2 are due to altered cell motility. We wanted to only 

assay the contribution of actin dynamics to early T cell signaling and effects on 

subsequent IL-2 production. Jasplokinolide and Latrunculin A were added to the culture 

at a concentration of 40nM and 10nM respectively. A time course was also done where 

the medium containing the actin drugs was removed after 1 and 6 hrs and medium 
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containing an antibody to I-ek was added to block further T cell:CH27 interactions. This 

prevents the T cells from recovering from signaling defects caused by drug induced 

changes in actin dynamics by further stimulation by CH27s in drug deplete medium. 

After 24 hours of incubation, the cells were harvested and stained for IL-2 with the 

mouse Intracellular Cytokine Staining kit (BD Pharmingen). Cells were analyzed for IL-2 

production and Cell Trace Violet with a Becton Dickinson LSR II.  
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CHAPTER THREE 
 
 

RESULTS 

 
Spatiotemporal Patterning of T cell Activation is Highly Diverse 

 

A systems-level perspective of the spatiotemporal patterning of T cell signaling 

 

 Over 50 signaling sensors (table 1) ranging from proximal T cell signaling 

intermediates, cytoskeletal regulators, signaling lipids, and transcription factors were 

imaged by live cell time-lapse fluorescent microscopy in ex vivo primed 5C.C7 CD4+ T 

cells activated with CH27 B cell lymphoma APCs pulsed with 10µM MCC peptide (fig. 

3 and 4). Spatiotemporal organization of the signaling sensors was assessed during the 

first 7 minutes of T cell activation according to previously established criteria (fig. 1). 

This time window coincides with the peak of biochemical activity of proximal T cell 

signaling and translocation of transcription factors such as nuclear factor of activated T 

cells (NFAT) and nuclear factor κB (NFκB) into the nucleus [7]. Spatiotemporal 

patterning of T cell signaling was highly diverse as no two molecules showed identical 

dynamic localization, suggesting that interaction probabilities and signaling relations vary 

across time and space thus regulating the efficiency of T cell activation (fig. 3-4).  

 To provide a systems-scale overview of signaling relations at the T cell:APC 

interface, we hierarchically clustered signaling intermediates based on their dynamic 

pattern classification data (fig. 3 and 4). Cluster analysis revealed groups of molecules 

that predominantly localize to the T cell:APC interface center, periphery, lamellum and 
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molecules with little preference for a particular region of the interface (diffuse) (fig. 4). 

The interface center was composed of the TCR and proximal signaling intermediates 

such as ZAP-70, Lck, Itk, PLCγ1, PKCΘ, LAT, and Rac1. Actin and the actin regulators 

such as the ARP2/3 complex, capping protein, Cofilin, Coronin1A, HS1, WASp, and 

WAVE2 were located in the periphery. A novel region of signaling we call the ‘lamellal 

pattern’ (detailed extensively below) consisted of actin regulatory molecules such as 

Myosin IIC and Vav1 and critical T cell signaling adaptors such as SLP-76 that integrate 

signals controlling integrin activation, calcium signaling, cytoskeletal regulation, and 

transcription factor activation (fig. 4). 

 To establish generality of the spatiotemporal control of signaling during T cell 

activation, DO11.10 and OT-II TCR transgenic CD4+ T cells were also imaged and the 

spatiotemporal features were largely conserved [7]. However, formation and maintenance 

of the central cluster varied among the transgenes. DO11.10 and 5C.C7 T cells formed 

the interface center more readily, whereas the OT-II T cells had diminished central 

localization of proximal T cell signaling molecules. The formation of the central region 

correlated with higher phosphorylation levels of critical proximal signaling molecules 

such as PKCΘ, LAT, and PLCγ1 [7]. Thus, specific spatiotemporal features such as the 

central pattern were reliable indicators of T cell signaling amplitude. Given that the 

DO11.10, 5C.C7, and OTII TCRs have similar affinity for their cognate pMHC [72], the 

differences in signal strength may be due to different levels of accessory receptors on the 

APCs. 

 T cell activation environments vary depending on the type of pathogen and local 

tissue in which antigen is detected. Therefore, it is of interest to determine how 
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spatiotemporal patterning and T cell activation changes under different conditions, e.g. 

when CD28 co-stimulation or LFA-1 engagement is blocked or when peptide 

concentration are reduced 100-fold. Blockade of CD28 co-stimulation resulted in more 

transient enrichment of signaling intermediates at the T cell:APC interface. Enrichment 

was reduced significantly for most molecules after 1 to 2 minutes of interaction with the 

APC. Blockade of LFA-1 engagement with ICAM-1 resulted in more complex changes 

with overall reduction in interface enrichment (with the exception of Cdc42) and 

impairment of central localization (with the exception of Rac1). Reduction of antigenic 

peptide levels both impaired rapid segregation of molecules into the distinct central and 

peripheral patterns and enrichment was more transient as molecules were less enriched 

after 2 minutes of interaction with the APC [7]. The specific effects elicited by these 

perturbations yields insight into the control of T cell signaling by important 

environmental cues and makes clear that T cells are exquisitely sensitive to their 

activation environment. These varied and graded activation conditions are likely critical 

regulators of T cell responses in vivo.  

 Overall, these data provide both a global view of signaling relations in time and 

space under physiological activation conditions in live primary T cells and establish 

spatiotemporal patterning of signaling as a critical regulator of the efficiency of T cell 

activation. 
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A Deep and Transient Actin Network Controls T cell Activation 

 

Signal transduction in the T cell lamellum 

 

To gain insight into the cellular structures underlying the complex T cell signal 

transduction system, T cell signaling was imaged at the systems scale. In vitro primed 

primary 5C.C7 TCR transgenic CD4+ T cells were retrovirally transduced to express 

fluorescently tagged signaling sensors (>50 signaling sensors). Time-lapsed fluorescence 

microscopy was performed with sensor expressing T cells activated by CH27 B cell 

lymphoma APCs pulsed with 10µM MCC antigenic peptide. 3D accumulation patterns at 

the T cell:APC interface were determined as previously established [7]. This analysis 

revealed a novel region of signaling, characterized by transient sensor accumulation 

originating across the entire T cell:APC interface and extending several micrometers into 

the T cell, henceforth referred to as the ‘lamellal pattern’ (fig. 5-6). Molecules with 

dominant lamellal accumulation are involved in actin regulation and proximal T cell 

signaling, including the Rho family guanine nucleotide exchange factor (GEF) Vav1, the 

adaptor SH2 domain containing leukocyte phosphoprotein of 76 kDA (SLP-76), the 

regulators of integrin activation adhesion and degranulation promoting factor (ADAP) 

and Src-kinase associated phosphoprotein of 55 kDA (SKAP55), the actin-based 

molecular motor Myosin 1C, the T cell thymic positive selection regulator Themis, the 

phosphatases Chronophin and Src homology domain-containing phosphatase-1 (SHP1), 

the PIP2 sensor PLCδPH, and the transcription factor nuclear factor κB (NFκB) (fig. 5-6). 

The lamellal pattern was a conserved feature of early T cell signal transduction as in an 
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investigation of a subset of signaling intermediates in DO11.10 T cell:A20 B cell 

lymphoma cell conjugates similar lamellal patterning occurred (data no shown).  Often 

other patterns occur in parallel, supporting a connective role for the lamellal pattern. For 

example, Vav1 also localized to the periphery of the T cell:APC interface, with 27±6% of 

T cells showing peripheral and 39±5% showing lamellal Vav1 at 1 minute after tight cell 

conjugate formation (fig. 6C and F). SLP-76 first accumulated at the center (34±6% at 0 

minutes) and transitioned rapidly to the lamellum (60±7% of T cells showing lamellal 

SLP-76 by 1 minute). The transience of the lamellal pattern was a defining feature. For 

example, 60±7% of T cells displayed lamellal accumulation of SLP-76 at 1 minute, but 

by 3 minutes the percentage was reduced to 32±6%  (p=0.007) (fig. 6A and D). 

Interestingly, these dynamics of the lamellal pattern match that of much of the 

biochemically detectable signaling activity in T cell:APC conjugates. The transient co-

recruitment of actin regulators, proximal signaling intermediates, lipids, and transcription 

factors into a wide lamellum suggests that this pattern may constitute a micrometer scale 

actin-dependent signaling structure. 

 

F-actin and lamellal signaling intermediates share deep lamellal localization 

 

While accumulation of F-actin at the periphery of the T cell:APC interface is 

established[19], we determined whether F-actin also localizes throughout the lamellum. 

Using stimulated emission depletion (STED) microscopy, 5C.C7 T cell conjugates with 

antigen pulsed (10µM MCC) CH27 APCs were fixed and stained with phalloidin at an 

early (1-2 minutes) and late (>5 minutes) time point. (fig. 7A). The deep F-actin network 
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was also observed in live 5C.C7 T cells expressing the F-actin sensor, F-tractin-GFP (fig. 

7B-C). In the first 2 minutes of T cell activation, the periphery and center of the T 

cell:APC interface displayed deep F-actin with the phalloidin fluorescent intensity at 

57±2%/40±3% (periphery/center) above cellular background at 1µm and 19±1%/11±1%  

at 2µm away from the interface (fig. 7D). By the late time point, peripheral and central F-

actin was moderately reduced in depth consistent with the diminished occurrence of the 

lamellal pattern (fig. 7D). To corroborate the actin depth in live cells, we measured the 

depth of actin after 1 minute of activation by both GFP-actin and F-tractin. Both showed 

a deep actin network that covers the entire interface (fig 7D). Importantly, the 

localization of SLP-76, Vav1, and PLCδPH coincided with the actin network in depth 

and dynamics (fig. 7E). To corroborate our live cell sensor data, we imaged fixed cells 

stained for phosphorylated SLP-76 Y128 (pSLP-76) (fig. 8) and for comparison a 

centrally localized molecule, phosphorylated linker of activated T cells Y121 (pLAT) 

(fig. 9) by STED and deconvolution microscopy. Distributions of pSLP-76 and pLAT in 

fixed cells were comparable to localization of the SLP-76-GFP and LAT-GFP live cell 

sensors. Interestingly, however, fixed T cells showed distinct pSLP-76 clusters located 

both APC proximal and deep into the lamellum, as discussed below (fig. 10A and B).  

 To corroborate the association of pSLP-76 with lamellal F-actin at the single cell 

level, fixed 5C.C7 T cell:CH27 conjugates were stained for pSLP-76 and phalloidin. 

pSLP-76 clusters colocalized with F-actin (average Pearson’s correlation 

coefficient=0.6±0.1). 34±2% of pSLP-76 was imbedded in F-actin. Additionally, pSLP-

76 localized along the perimeter of F-actin structures (fig. 10B, top panel). pSLP-76 

cluster and F-actin depth correlated strongly (Pearson’s correlation coefficient=0.73, 
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p=0.002) (fig 10C-E). These single cell data confirm matched localization of lamellal F-

actin with an active proximal signaling intermediate, pSLP-76. To determine whether 

defined molecular interactions also contribute to lamellal localization of signaling 

intermediates, we imaged a SKAP55 plextrin homology domain mutant, a Themis proline 

rich region mutant, and a CD2-associated protein (CD2AP) coil-coil domain mutant, a 

protein with substantial but not exclusive lamellal patterning. Although, the molecular 

features of these interactions differed, interface recruitment was consistently diminished 

(data not shown). The spatiotemporal co-enrichment of a large-scale network of critical 

signaling intermediates and actin in the lamellal pattern with added support by defined 

molecular interactions substantiates the view of the lamellal pattern as an actin-based 

active signaling structure.  

 

Lamellal localized signaling intermediates and actin diffuse at similar rates  

 

 Tight association of lamellal localized signaling intermediates with F-actin 

should constrain their diffusion. Fluorescence recovery after photobleaching (FRAP) 

experiments with Themis-GFP or PLCδPH-GFP expressing 5C.C7 T cells activated with 

peptide-loaded CH27s showed that diffusion of lamellal localized signaling intermediates 

was comparable to actin. The average half-times of recovery ranged from 1.3±0.2s for 

PLCδPH to 2.1±0.3s for actin (p>0.05) (fig. 11). GFP recovered more rapidly 

(t1/2=0.32±0.04, p<0.0001), suggesting that diffusion in the lamellum is not simply 

constrained by the geometry of the spreading T cell (fig. 11C-D). Addressing a different 

localization for comparison, signaling intermediates that accumulate at the center of the T 
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cell:APC interface (PKCΘ, LAT, and activated Rac1) showed substantially less recovery 

(30±2% to 44±1%) than lamellal proteins (63±2% to 76±2%) (fig. 11C-D). The 

comparable rate of diffusion of actin and lamellal signaling intermediates supports the 

view of the lamellum as an actin-based signaling structure. 

 

Diminished interface actin recruitment prevents lamellal localization 

  

 To causally link actin dynamics to lamellal localization, low dose 40nM 

Jasplakinolide [73] was utilized to disrupt early actin polymerization while retaining the 

ability of the T cells to conjugate to APCs. While actin spatiotemporal patterning 

remained similar to control conditions, interface actin amounts were effectively reduced 

in T cells with JASP treatment at time 0 (accumulation. index decreased from 16.7±0.8 to 

10.3±0.7, p=0.002) and actin enrichment reached negligible levels by 3 minutes (fig. 

12A-C). Reduced actin levels diminished lamellal localization of SLP-76 from 60±7% to 

18±5% at 1 minute (p<0.0001). Overall recruitment of SLP-76 to the interface was more 

transient (fig 12D-E). Fixed cell deconvolution microscopy (fig. 13A) revealed a 40% 

reduction (p=0.02) in pSLP-76 intensity at the T cell:APC interface (fig. 13B). Also, the 

percentage of pSLP-76 clusters localized deep into the lamellum was reduced from 

38±4% to 7±2% (p<0.0001) with a decrease in depth range from 0.65-3.0µm to 0.5-

1.4µm (fig. 13C-D). Interestingly, positive correlation and colocalization between 

residual pSLP-76 cluster and F-actin depth (Pearson’s correlation coefficient=0.83, 

p=0.0001) were retained with the disruption of actin dynamics (fig. 13E and 14A-C). The 
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concomitant loss of SLP-76/pSLP-76 and actin depth suggests that actin controls lamellal 

SLP-76 localization at the T cell:APC interface. 

 Low dose JASP treatment also diminished lamellal localization of PLCδPH at the 

1 minute time point from 38±5% to 13±5% (p=0.006), corroborating the SLP-76 data 

(fig. 15A and C). Surprisingly, JASP enhanced the lamellal localization of Vav1 from 

39±6% to 70±6% (p=0.0005) but at the expense of peripheral Vav1 recruitment (reduced 

from 27±6% to 8±4%, p=0.02) (fig. 15B-D). The peripheral to lamellal shift in Vav1 

patterning shows that the effect of F-actin loss on the spatiotemporal organization of 

signaling intermediates that are distributed across two F-actin-based patterns is more 

complex. For comparison, we further determined if altered lamellal actin dynamics 

affected spatiotemporal control of molecules with prominent central accumulation. 

Central accumulation of LAT and PKCΘ during the peak of lamellal patterning was at 

best moderately impaired, suggesting that actin selectively controls the lamellal signaling 

network during initial T cell:APC contact. However, sustained central localization was 

significantly reduced as discussed below (fig. 16). 

 

Diminished interface actin impairs proximal signaling and cytokine production 

 

To establish whether altered lamellal localization of signaling intermediates 

affected their activation, we assessed their phosphorylation biochemically in T cell:APC 

conjugates. pSLP-76 levels were reduced 35±2% after 1 minute (p<0.05) and 34±9% 

after 2 minutes (p<0.005) with JASP treatment (fig. 17A). These results match the 40% 

reduction in pSLP-76 intensity at the interface observed by microscopy (fig. 13B). 
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Consistent with enhanced lamellal recruitment, Vav1 showed a 30±4% increase in 

phosphorylation after 2 minutes of T cell activation with JASP (fig. 17B). Also, 

consistent with intact early central localization, LAT and PKCΘ phosphorylation was 

maintained (fig 17C-D). Taken together, these data establish that the F-actin network 

underlying the wide transient T cell lamellum facilitates activation of the lamellal 

signaling intermediates. In contrast to JASP treatment, more potent disruption of actin 

dynamics with 10nM Latrunculin A (LatA) reduced the activation of all proximal TCR 

signaling intermediates tested (Fig. 18). 

We next determined whether functional outcomes of T cell signaling such as IL-2 

production were affected by JASP. To focus on earlier T cell signaling, we treated T 

cell:APC cultures for 1 or 6 hours with JASP, removed the drug and prevented further T 

cell stimulation with a MHC blocking antibody and assayed IL-2 after 24 hours. JASP 

treatment during the 1 hour stimulation resulted in a 20±6% reduction (p=0.02) in IL-2 

positive T cells (fig. 19). T cells stimulated 6 hours in the presence of JASP recovered 

production of IL-2, supporting a more important role for actin-dependent signaling in 

early T cell activation (fig. 19). LatA consistently reduced IL-2 production irrespective of 

T cell stimulation time (at 6hr, p=0.0002) in agreement with overall signaling defects 

observed biochemically (fig. 19). 
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The T cell:APC interface has an actin-dependent undulating and interdigitated  

architecture that reaches deep into the T cell lamellum 

  

 To determine cell biological structures that may support the formation of the 

lamellel pattern, we visualized APC outlines at the T cell:APC interface by 

deconvolution microscopy and membrane topology with electron microscopy. The 

interfaces were characterized by undulating and interdigitated membrane topology 

especially less than 2 minutes after cell conjugate formation (fig. 20A and 21A). 5C.C7 T 

cell:CH27 APC conjugates stained with a whole cell APC stain to delineate the APC 

outline revealed that 76±7% of T cells had interdigitated T cell:APC interfaces compared 

to 50±8% when conjugates were treated with JASP (p=0.03), supporting a role for actin 

in formation of the undulating interface architecture (fig. 20). Electron microscopy 

reinforced the existence of an undulating interface (fig. 21A). The T cell interface length 

was 2.1±0.2 fold longer than the interface diameter at the early (<2min.) time point and 

only 1.5±0.1 fold longer at late (>2min.) time point (p<0.05) (fig. 21D). Thus, the flatting 

of the interface and reduced interdigitation coincides with loss of the lamellal pattern and 

the peak of actin dynamics (fig. 21B). Treatment of cell conjugates with JASP reduced 

the interface length to diameter ratio at early time points to 1.5±0.2 (p<0.05) similar to 

the late time point ratio under control conditions (p>0.05) (fig. 21C-D). Thus, actin 

dynamics were required for formation of a highly interdigitated early T cell:APC 

interface. Relating the undulating membrane topology to F-actin distributions, fixed 

5C.C7:CH27 conjugates stained with phalloidin and imaged by STED microscopy 

revealed F-actin structures that were aligned with T cell protrusions perpendicular to the 
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interface plane, as opposed to a more diffuse network at late time points (fig 22A-B). The 

depth to width ratio of resolved (135% of cell background) F-actin structures at the early 

time points was 2.6±0.3 compared to 0.7±0.1 at the late (p<0.0001) (fig. 22C). Early F-

actin structures were also discreet and of limited size in contrast to more diffuse F-actin 

structures at late time points. The intensity to area ratio of the F-actin structures was 

7.5±0.8 at the early time point as opposed to 1.2±0.1 at late time points (p<0.0001) (fig. 

22D). The force vector of actin polymerization is thus likely oriented perpendicular to the 

interface during early T cell activation and applied to relatively small areas of plasma 

membrane. This should contribute to an undulating and highly interdigitated T cell:APC 

interface by generating localized membrane projections that deform both the T cell and 

APC membrane. These data also establish that the depth of lamellal signaling does not 

have to be driven by events micrometers away from ligand engaged receptors at the 

plasma membrane but could be supported by plasma membrane folding deep into actin-

dependent T cell invaginations, which is consistent with the lamellal accumulation of 

lipid sensors such as the PIP2 sensor PLCδPH-GFP. 
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Systems-scale Integration of T cell Receptor and Co-stimulatory Signals Regulate 

Actin Dynamics Required for T cell Activation 

 

Systems-scale assessment of actin regulation at the T cell:APC interface reveals the 

requirement of CD28 co-stimulation for sustained actin regulation 

 

 T cell actin dynamics are regulated through engagement of multiple receptors 

during early T cell activation including the co-stimulatory receptor CD28 [10]. Bone fide 

upstream initiators of actin regulation such as Vav1, Grb2, and Itk have been implicated 

in CD28 signaling [64], but it is unclear how CD28 contributes to polarized actin 

dynamics at the T cell:APC interface and subsequent T cell activation. A large-scale 

network of actin regulatory molecules are involved in F-actin nucleation, capping, and 

severing. To provide a quantitative and systems-level perspective of actin regulation in T 

cells, we have monitored the spatiotemporal dynamics of a group principle actin 

regulators that include NPFs, WASp and WAVE2, the branched actin nucleator ARP2/3, 

the F-actin stabilization factor HS1, the actin filament capping protein, the negative 

regulator of the ARP2/3 complex Coronin1A, the actin motor protein and destabilization 

factor Myosin II, and the F-actin severing protein Cofilin in primary T cells (fig. 23). 

These molecules together are able to recapitulate actin polymerization in vitro and 

disruption of any one of them impaired multiple aspects of T cell biology [19,74].  

 We used live cell fluorescence spinning-disk confocal microscopy to monitor the 

spatiotemporal patterning of the actin regulatory network in primary ex vivo primed 

5C.C7 CD4+ TCR transgenic T cells activated with CH27 B cell lymphoma APCs pulsed 
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with 10µM MCC peptide. To isolate the contribution of CD28 co-stimulation to early T 

cell actin regulation, CD28 signaling was blocked with antibodies directed towards its 

cognate ligands, B7-1 and B7-2, on the APC (B7 blockade condition). The 

spatiotemporal organization of actin itself remained intact when CD28 signaling was 

blocked (fig. 24A-B). The characteristic peripheral ring of accumulation was maintained 

as 50.0±5.6% T cells that received full stimulation showed peripheral accumulation of 

actin at time 0 compared to 53.7±4.8% for the B7 blockade condition (p>0.05). Overall T 

cell:APC interface accumulation of actin was also retained with B7 blockade as the 

percentage was equivalent to full stimulation at all time points (p>0.05) (fig. 24A-B). 

Despite intact spatiotemporal organization of actin, the amounts of actin at the T 

cell:APC interface as measured by the ‘accumulation index’ were reduced without CD28 

co-stimulation at time 0 from 16.7±1.7 to 10.5±0.9 (p=0.003) and the reduction was 

maintained at 1 minute (12.9±1.3 to 6.0±0.6, p<0.0001) (fig. 24C). This time period 

encompasses the peak of polarized actin polymerization. Thus, CD28 co-stimulation is 

required for initial and sustained actin enrichment at the T cell:APC interface.  

 The enrichment of the actin regulatory network at the T cell:APC interface 

coincided with actin polymerization and their spatiotemporal patterning was similar to 

actin with the exception of the active Myosin II sensor, Myosin II regulatory light chain 

(MRLC) (fig. 25-33). The actin regulators showed dominant peripheral and diffuse 

spatiotemporal organization at the interface. For example, ARP2/3 was localized to the 

periphery of 60.4±4.6% of T cells at time 0 and retained peripheral patterning during the 

first minutes of T cell activation. Diffuse and lamellal patterning occurred in parallel to 

peripheral patterning for ARP2/3 and the other actin regulatory proteins (fig. 25A). Actin 
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and the actin regulators showed sustained enrichment at the interface as between 90% 

and 100% of T cells maintained interface enrichment of the molecules during the first 

minute of activation and after 7 minutes between 50% and 90% of T cells showed 

enrichment depending on the protein (with the exception MRLC) (fig. 25-33).  

 While changes in spatiotemporal organization of the actin regulators occurred 

when CD28 co-stimulation was blocked, the most striking effect of co-stimulation 

blockade was the overall transience in the accumulation of the molecules at the T 

cell:APC interface compared to full stimulation (fig. 25-33). For example, WAVE2 and 

Cofilin were the most drastically affected. Cofilin retained accumulation at time 0, 

however, peripheral enrichment was diminished from 57.4±4.0% to 24.4±4.0% 

(p<0.0001) (fig. 27). For WAVE2, even ‘any interface accumulation’ was diminished as 

of time 0 from 100% to 66.7±5.8% (p<0.0001) (fig. 27). By 2 minutes after cell 

conjugate formation nearly 100% of T cells retained accumulation of Cofilin and 

WAVE2 under control conditions, however, without co-stimulation only 44.0±5.0% and 

10.3±4.0% showed interface enrichment, respectively (p<0.0001 for both) (fig. 27 and 

32). The other actin regulators also showed transient recruited to the interface without co-

stimulation (fig. 25-33). Thus, CD28 signaling in part acted to maintain the activity of the 

actin regulatory network at the T cell:APC interface. 

 Interestingly, MRLC responded differently to co-stimulation blockade. While its 

recruitment was more transient as observed for the other actin regulators, it was more 

rapidly recruited to the T cell:APC interface when co-stimulation was blocked (fig. 30). 

The peak of MRLC recruitment (~83% of T cells with accumulation for both full 

stimulus and B7 blockade) was at 1 minute 40 seconds after cell conjugate formation and 
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at 40 seconds without co-stimulation (fig. 30). The more rapid recruitment of MRLC to 

the T cell:APC interface resulted in more transient accumulation as by 3 minutes 

62.0±7.5% of T cells under full stimulus conditions showed MRLC accumulation 

compared to 29.0±8.2% without co-stimulation (p<0.0001) (fig.30). Myosin II can 

mediate F-actin depolymerization [33] thus more rapid recruitment to the interface upon 

blockade of CD28 signaling may contribute the diminished actin levels.  

 Biochemical reactions involved in cellular signal transduction are concentration-

dependent, thus the levels of enrichment of the actin regulatory network components in 

addition to their spatiotemporal organization are critical parameters controlling actin 

dynamics. Therefore, we measured the enrichment of the molecules at the T cell:APC 

interface in regions of accumulation compared to the average intensity of the molecule in 

the entire cell. We then further scaled the resultant fold-enrichment by multiplying it by 

the fraction of T cells with accumulation at the corresponding time point (enrichment 

index). Enrichment levels of the actin regulatory network were significantly affected by 

loss of CD28 signaling (fig. 33). As with the spatiotemporal patterning data, Cofilin and 

WAVE2 were the most drastically affected. The enrichment index for Cofilin at time 0 

was reduced from 1.93±0.05 to 1.80±0.04 (p=0.04) and by 1 minute from 1.87±0.05 to 

1.19±0.03 (p<0.0001) without CD28 signaling (fig. 33C). WAVE2 enrichment was even 

more reduced with a reduction from 3.20±0.13 to 1.87±0.11 (p<0.0001) at time 0 and 

2.72±0.16 to 0.71±0.03 (p<0.0001) at 1 minute (fig. 33H). All other actin regulators with 

the exception of ARP2/3 also showed diminished enrichment at the 1 minute time point 

(p<0.05 for all) (fig. 33). ARP2/3 surprisingly showed increased enrichment without 

CD28 signaling. The enrichment index for ARP2/3 increased at time 0 from 1.92±0.02 to 
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3.02±0.09 (p<0.0001) and remained higher at 1 minute (1.96±0.03 vs. 2.77±0.08 

p<0.0001) (fig. 33B). It is possible that ARP2/3 localization was retained, but it was not 

effectively activated by NPFs. 

 These data reveal a requirement for CD28 co-stimulaton for retention of a large 

scale network of actin regulatory proteins at the T cell:APC interface and also identify the 

cytoskeletal regulators, WAVE2 and Cofilin, as highly dependent on CD28 co-

stimulation. Furthermore, the enrichment levels of the different molecule differ greatly 

without CD28 signaling leading to altered stoichiometries of the actin regulatory network 

at the T cell:APC interface, which likely further contributes to the observed reduction in 

actin dynamics. 

  

CD28 sustains recruitment and activation of regulators of the WAVE2 complex  

 

 WAVE2 is required for polarized actin polymerization at the T cell:APC 

interface [43] and here we have shown that co-stimulation is necessary for the support of 

initial and sustained recruitment of WAVE2 to the T cell:APC interface (fig. 32-33). 

Therefore, a major role of CD28 signaling may be to maintain WAVE2-mediated actin 

dynamics required for T cell signaling and activation. Given the drastic reduction in 

WAVE2 recruitment to the T cell:APC interface in the absence of CD28 signaling, we 

determined the effects of loss of co-stimulation on upstream regulators of WAVE2. 

Specifically, we assessed the spatiotemporal patterning of the critical Rho family GEF, 

Vav1, which among other functions activates the small GTPase required for WAVE2 

activation, Rac1. Both Vav1 and Rac1 showed altered spatiotemporal organization and 
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impaired recruitment to the T cell:APC interface without CD28 signaling (fig. 34-35). At 

time 0, an equivalent percentage of T cells enriched Vav1 at the T cell:APC interface 

(83.3±3.3% versus 78.4±5.8% without co-stimulation, p>0.05). However, sustained 

recruitment of Vav1 was co-stimulation dependent as 83.7±3.9% of fully stimulated T 

cells showed accumulation while only 47.9±7.2% accumulated Vav1 without CD28 

signaling at 1 minute (p<0.0001). Co-stimulation mostly affected lamellal localization of 

Vav1, as there was a reduction in the percentage of T cells with lamellal patterning from 

39.3±5.1% to 16.7±5.4% at 1 minute (p=0.01). Loss of co-stimulation not only impaired 

the spatiotemporal organization of Vav1, but also enrichment levels at the T cell:APC 

interface. The enrichment index for Vav1 as of time 0 (2.75±0.10 to 2.12±0.08, 

p<0.0001), and at 1 minute the reduction was maintained (2.03±0.05 vs. 1.24±0.12, 

p<0.0001) (fig. 36B). Therefore, Vav1 localization and likely activity was diminished at 

the T cell:APC interface upon co-stimulation blockade 

 The active Rac1 sensor showed similar defects in sustained enrichment at the T 

cell:APC interface without CD28 signaling (fig. 35). Initial recruitment was intact as 

46.8±6.3% and 38.3±7.1% of T cells showed accumulation at time 0 under control and 

B7 blockade conditions, respectively (p>0.05). By 1 minute there was a severe defect in 

active Rac1 enrichment. 75.9±5.6% of fully stimulated T cells enriched the active Rac1 

sensor but only 39.1±7.2% showed accumulation without co-stimulation. Sustained 

central accumulation was particularly impaired as the percentage of T cells with centrally 

localized active Rac1 was reduced from 41.4±6.5% to 19.6±15.9% without CD28 

signaling (p=0.03) (fig. 35). The enrichment index for the active Rac1 sensor was also 

reduced without co-stimulation from 0.92±0.05 to 0.67±0.02 at time 0 (p<0.0001) and 
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1.52±0.09 to 0.75±0.03 at 1 minute (p<0.0001) (fig. 36C). Thus, Vav1 and Rac1 activity 

was impaired at the T cell:APC interface and likely contributed to loss of WAVE2 

localization and decreased actin enrichment at the T cell:APC interface. These data also 

suggest that TCR signaling alone may support a substantial part of the initial activity of 

the actin regulatory network as enrichment was retained at the 0 time point, but co-

stimulation is required for maintained signaling as enrichment was severely impaired by 

1 minute.  

 

System-scale assessment reveals a loss in coordinated spatiotemporal regulation of the 

actin regulatory network  

 

 To gain insight into the control of spatiotemporal patterning of the actin 

regulatory network and upstream regulatory molecules by CD28 signaling at the system-

systems-scale, we hierarchically clustered the molecules based on their dynamic 

patterning data (fig. 22-32, 34-35) under control and co-stimulation blockade conditions 

(fig. 37). The actin regulators showed highly coordinated spatiotemporal dynamics under 

full stimulus conditions (fig. 37). However, without CD28 signaling the overall network 

of actin regulators showed less coordinated spatiotemporal dynamics revealed by the loss 

of the tightly correlated cluster of the principle actin regulators WAVE2, HS1, Cofilin, 

Coronin1A, ARP2/3, CPα1, and WASp. WAVE2 is completely absent from the actin 

regulatory network cluster without CD28 signaling (fig. 37). Myosin II (MRLC) showed 

the opposite change as blockade of CD28 signaling resulted in higher correlation with the 

actin regulatory network cluster (fig. 37). This further supports the notion that CD28 may 
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in part act to constrain Myosin II activity at the T cell:APC interface during initial T cell 

activation. Rac1 and PKCθ (centrally localized molecules) are less correlated with each 

other, likely due to a reduction in their sustained central localization (fig. 37). These data 

suggest that co-stimulation both controls the sustained recruitment and peripheral 

organization of the actin regulatory machinery and also contributes to the maintained 

central localization of signaling intermediates. Therefore, CD28 signaling controls the 

initial actin burst and sustained actin regulator dynamics required for the organization and 

maintenance of polarization of the T cell signaling system. 

 

Constitutively active Rac1 and Cofilin restore actin enrichment at the T cell:APC inteface 

and AKT activation despite inhibition of CD28 co-stimulation 

 

 The most severe effect of loss of CD28 signaling on the actin regulatory network 

was reduced recruitment of WAVE2 and Cofilin to the T cell:APC interface. Therefore, 

we attempted to restore WAVE2 and Cofilin activity under co-stimulation blockade 

conditions by treating T cells with cell permeable tat-tagged constitutively active Rac1 

Q61L (Rac1CA) and Cofilin S3A (CofilinCA) before performing live cell imaging 

experiments. 5C.C7 T cells expressing actin-GFP were treated with 1µM Rac1CA and 

0.25µM CofilinCA and activated by antigen pulsed CH27s under co-stimulation blockade 

conditions. The enrichment index for actin was restored in T cells pretreated with the 

proteins at all time points except for at 7 minutes (Full Stimulus vs. Reconstitution 

p>0.05) (fig. 38A). WAVE2 was also imaged under the same conditions to assess 

whether sustained recruitment of WAVE2 was also restored. WAVE2 enrichment 
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showed complete restoration during the first two minutes of T cell activation (Full 

Stimulus vs Reconstitution p>0.05). Later time points were also restored but the 

enrichment index was slightly higher with Rac1CA and CofilinCA treatment (fig. 38B). 

 One of the hallmark signaling events downstream of CD28 is the 

phosphorylation of AKT, which controls T cell survival and proliferation [64]. Therefore, 

we determined whether reconstitution of actin with Rac1CA and CofilinCA not only 

restored actin dynamics but also AKT activity. 5C.C7 T cells treated with Rac1CA and 

CofilinCA were activated with CH27s under co-stimulation blockade conditions and 

restoration of AKT phosphorylation was assessed by immunoblot. Blockade of CD28 

signaling caused a 27% reduction in phosphorylation of AKT T468 (pAKT) after 30 

minutes of stimulation (p=0.007). Full stimulus levels of pAKT were restored when T 

cells were treated with Rac1CA and CofilinCA (fig. 39). Therefore, reconstitution Cofilin 

and WAVE2 activity under co-stimulation blockade conditions not only restored actin 

dynamics, but also restored critical proximal signaling steps required for T cell activation. 

However, IL-2 production was not restored by reconstitution of actin dynamics (fig. 40). 
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Quantification of the spatiotemporal organization of the actin regulatory machinery in 

live T cells  

  

 Cellular signaling requires coordinated regulation of large-scale networks of 

signaling intermediates in complex 3-dimensional cellular geometries [75]. To further 

quantify and assess the regulation of cellular signaling by spatiotemporal patterning, we 

have developed approaches to measure parameters required for 4D modeling of signaling 

systems in live cells. These parameters included: 1) the average T cell volume, 2) molar 

concentrations of component molecules, 3) diffusion characteristics of the molecules, and 

4) time resolved whole T cell maps of local molar concentrations of fluorescently labeled 

signaling intermediate sensors (fig. 41). These parameters along with previously 

determined biochemical characteristics of the actin regulatory proteins can be utilized to 

build 4D models of cellular signaling systems. Here we have determined the parameters 

for the principle group of actin regulatory molecules described above to gain further 

insight into regulation of the actin network during early T cell activation and the 

contribution of CD28 signaling to the regulation of actin (fig. 23). While the more 

traditional cell biological experiments described in previous sections yielded critical 

insight into the systems-level control of actin dynamics by co-stimulation, they did not 

provide comprehensive mechanistic insight into how the group of actin regulators 

coordinate the generation and turn over of F-actin at the T cell:APC interface or how the 

global changes in actin regulation caused by loss of CD28 signaling led to diminished 

actin dynamics. These complex questions are best addressed by mathematical models, 

which can handle such multi-factorial systems in space and time. 
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Concentrations of the actin regulatory network in primary T cells 

 

 To assess molar concentration of the actin regulatory network in live primary T 

cells, we first made volumetric measurements of ex vivo primed 5C.C7 T cells. Live T 

cells were first labeled with SNARF-1 as a whole cell stain and Hoechst to delineate the 

nucleus. The live T cells were then imaged by confocal microscopy and volumetric 

measurements were made of the whole T cell and nucleus. The average T cell volume 

was 394.3±9.3 µm3 and the nucleus volume was 264.3±6.1 µm3. Thus, the cytoplasm 

volume was 130.1±5.6 µm3 or 32.4±1.3% of the T cell volume (fig. 42). Molar 

concentrations of the actin regulatory network were determined by quantitative 

immunoblots and cell-to-cell variability in expression was assessed by flow cytometry. 

Representative quantitative immunoblots are shown in figure 43. The average mass (ng 

amount) of each molecule per individual T cell was calculated and converted to an 

average molar concentration based on the volume measurements of an average T cell. 

The actin regulators with the exception of Cofilin were predominantly localized in the 

cytoplasm. Therefore, calculated molar concentrations for Cofilin were based on the 

whole T cell volume while all others were based on the cytoplasmic volume. Cell-to-cell 

variability of expression was shown to inversely correlate with the expression level of the 

protein [76,77]. Therefore, we assessed the cell-to-cell variability in expression of a high 

(Coronin1A), middle (Cofilin), and low (WAVE2) expressed actin regulator by flow 

cytometry. The variability in expression of the actin regulators was log-normally 

distributed and did not significantly differ for the three proteins (CV=0.33±0.04-

0.44±0.01) (fig. 44A-F). The 5th to 95th percentile range of single cell molar 
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concentrations was determined based on the average molar concentration determined by 

quantitative immunoblotting and the corresponding log-normal distribution (fig. 44G). 

The average concentration of the actin regulators ranged from 4.2µM for Cofilin to 

88.3µM for Coronin1A and by far the most highly expressed protein was actin itself with 

an average concentration of 293.5µM (fig. 45). Given that our experiments were done by 

retroviral transduction, overexpression levels were carefully assessed. Other than CPα1, 

the mean overexpression level of the actin regulators fell within the endogenous range of 

expression. For CPα1 the overexpression mean was 2-fold higher than the endogenous 

mean (fig. 45). However, CPα1-expressing T cells showed no impairment in T cell:APC 

conjugate formation or interface spreading, which are sensitive parameters that help 

determine whether there is overexpression-mediated perturbation of T cell signaling.  

 Our data and others have shown that the cell-to-cell variability in protein 

expression is log-normally distributed [76,78], however, the size of cells at the high end 

of expression was not assessed. This was a critical question as if the high expressing cells 

were simply larger cells, the molar concentration range would vary less than the 

distribution would suggest. To obtain a rough estimate of cell size, forward scatter 

characteristics were measured for the low, middle, and high WAVE2, Cofilin, and 

Coronin1A-expressing T cells. For all three actin regulators the expression level roughly 

scaled with cell size (fig. 46). Therefore, the actual single cell molar concentration range 

was narrower than the log-normal distribution suggested.  
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Actin regulation at the T cell:APC interface is highly dynamic 

 

 Biochemical reactions in live cells are not only dependent on concentration, but 

also depend on the diffusion of molecules within the cellular space. To determine the 

diffusion characteristics of the actin regulatory network, we performed FRAP in 5C.C7 T 

cells during the first minutes of activation with antigen-pulsed CH27s. The half-times of 

recovery for the actin regulatory molecules and actin were rapid, ranging from 0.8±0.2s 

for Cofilin to 2.8±0.4s for ARP2/3 and showed on average 70% recovery over a 

timescale of 10s (fig. 47A-B). Furthermore, the actin regulators showed from 1.7 to 3.6-

fold slower diffusion in regions of accumulation at the T cell:APC interface compared to 

other areas of the T cell where the molecules were not enriched (with the exception of 

Cofilin) (fig. 47C). Centrally localized molecules such as LAT, PKCθ, and Rac1, had 

longer half times of recovery ranging from 3.6±0.6s for PKCΘ to 10.0±1.7s for LAT and 

on average only 30% recovery over a timescale of 20 to 40s (fig. 47A-B). These data 

showed that actin regulation was highly dynamic whereas centrally localized signaling 

complexes were more stable and may be highly cross-linked. Thus, the continual 

recruitment of the more dynamic actin regulatory machinery to the T cell:APC interface 

is likely necessary to support the longer lived signaling complexes involved in proximal 

T cell signal transduction. 
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High-throughput assessment of dynamic local concentrations of fluorescently labeled 

molecules in live T cells 

 

 To quantitatively define the spatiotemporal distribution T cell signaling 

intermediates for 4D modeling of signaling systems, we have developed software in 

collaboration with Dr. Robert Murphy’s group at Carnegie Mellon University that allows 

for high-throughput assessment of dynamic local molar concentrations in live T cells (see 

fig. 48 details). The software has recently been optimized and is currently being used to 

build whole T cell time-resolved maps of the local molar concentration of the actin 

regulatory network under full stimulus and co-stimulation blockade conditions. These 

data combined with the above set of parameters will be used to build a 4D model of actin 

regulation at the T cell:APC interface and provide more comprehensive insight into the 

control of actin by CD28 signaling. 
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CHAPTER FOUR 
 
 

DISCUSSION 

 
Spatiotemporal Patterning of T cell Activation is Highly Diverse 

 

 Spatiotemporal patterning of the T cell signaling was assessed at the systems-

scale and the principle finding was that it was highly diverse. Over 50 signaling sensors 

were imaged in live primary T cells activated with APCs under a variety of stimulation 

conditions and no two signaling intermediates showed the same dynamic localization. 

Given the changing diversity in dynamic local enrichment of molecules under varying T 

cell activation conditions, interaction probabilities of these molecules will vary across 

time and space. Thus, spatiotemporal patterning of T cell signaling is a critical 

determinant of T cell signaling and activation. In support of this, we further showed that 

specific spatiotemporal features of T cell signaling were correlated with the strength of T 

cell signaling and activation [7].  

Up until this study, molecules involved in signaling at the T cell:APC interface 

have been largely studied via a traditional single gene/protein approach in which 

contribution of individual molecules were determined by genetic manipulation or various 

inhibition approaches [79]. These studies often provide detailed mechanistic insight, but 

do not allow for a global view of changes in the signaling system. As cellular signaling is 

dependent on dozens of interconnected multifunctional molecules, cell biologists must 

begin to address systems in live cells to better understand input-output relations that 

result from experimental perturbation or disease [80].  
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A Deep and Transient Actin Network Controls T cell Activation 

 

Here we describe a hitherto unappreciated structure supporting early T cell 

signaling, a large transient lamellum with a F-actin network extending from an 

interdigitated T cell:APC interface several micrometers deep into the T cell. A large 

group of signaling intermediates shares the spatial, temporal, and mobility features of the 

F-actin network and require both actin and defined molecular interactions for lamellal 

localization and their activity. These data strongly suggest that the transient F-actin 

network by controlling lamellal localization modulates the activity of a substantial part of 

the T cell signal transduction system. 

Another region rich in proximal signaling with overlapping but distinct 

composition is the interface center, enriched with molecules such as the TCR, 

lymphocyte specific protein kinase (Lck), LAT, active Rac1, and PKCΘ [4,5,7]. 

Molecule behavior in the lamellum is distinct from that of the center. Lamellal 

accumulation is transient on the scale of 1 to 3 minutes and enriched molecules are 

mobile, suggesting small signaling assemblies. In contrast, central accumulation is 

sustained over minutes if not more and enriched molecules are close to immobile, 

suggesting a highly cross-linked micrometer scale protein assembly [81]. As T cells must 

detect low doses of antigen [82,83,84] with only modest distinction from self [85,86], 

stable central signaling as suggested by effective central PKCΘ accumulation even at 

limiting peptide concentrations [7], may provide a robust hub for signal propagation 

ensuring sensitivity. We speculate that the lamellum with smaller more dynamic 

complexes may be better suited to discriminate accidental or short-term receptor 
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triggering from strong sequential engagement over minutes, a time period several fold 

longer than that of the engagement of individual receptors [87,88,89], thus supporting 

specificity. In this scenario, actin dynamics elicited by the TCR and co-stimulatory 

receptors may be critical for ligand discrimination by providing positive feedback 

through structural support of proximal signaling complexes [10,90]. This is consistent 

with a prominent role of co-stimulation in autoimmune disease [64,91]. A structure 

allowing for rapid ligand strength discrimination may also be critical for T cells to 

respond flexibly in environments with APCs harboring peptides at varying doses in vitro 

and in vivo [92,93]. 

The size range of lamellal signaling assemblies is difficult to precisely resolve. 

Fixed cell staining for active pSLP-76 revealed distinct punctate structures implicating 

larger clusters while in live cell imaging, total SLP-76 was distributed evenly across the 

lamellum, implicating smaller ones. The absence of clusters in the live cell imaging is not 

due to inadequate resolution as we have observed punctate structures for other signaling 

intermediates such as active Arf6 and various TCR mutants [94,95]. Potentially 

contributing to the differences between the live and fixed cell data, fixation and detergent 

extraction required for fixed cells stains may extract smaller clusters leaving only larger 

ones [96]. It is thus plausible that the lamellal region consists of smaller signaling clusters 

of a range of sizes. Precedence for the importance of cellular control of signal complex 

size is evident in bacterial chemotaxis where receptor clustering across a defined size 

range provides both ligand sensitivity and a dynamic range spanning six orders of 

magnitude [97]. 
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Here we show that the T cell:APC interface is an undulating and interdigitated 

cellular junction most prominent during the first minutes of T cell conjugate formation. 

This complex interface architecture occurs at a critical time in T cell activation, as it is 

coincident with the peak of proximal signaling and translocation of nuclear factor of 

activated T cells (NFAT) and NFκB into the nucleus [7]. Such membrane topology is 

likely to have substantial consequences for the organization and function of the T cell 

signaling system. The approximate six-fold increase in contact area resulting from the 

undulations should enhance signal initiation. Theoretical and experimental evidence in 

neurons suggest that the dramatically increased membrane surface to cytoplasm volume 

ratio in T cell invaginations could alter signal progression [98,99]. In addition, a deep 

lamellal actin network may transmit cell surface signals via mechanotransduction along 

rigid actin filament assemblies to distant cellular compartments such as the nucleus at 

millisecond timescales [100]. The deep T cell plasma membrane undulations are also 

highly deformed membrane structures that could affect molecular interactions at the 

membrane as Bin/Amphiphysin/Rvs (BAR) proteins maintain curved membrane 

structures and provide a link to various actin regulators that are critical for T cell 

activation [101]. Moreover, the early T cell lamellum likely constrains actin-mediated 

transport. Retrograde actin flow during initial T cell activation is likely directed towards 

the base of T cell invaginations without much centripetal actin flow and invaginations 

may obstruct F-actin assemblies and cortical receptor movement towards the interface 

center. In fact, the central localization of molecules during initial cell conjugate formation 

was seemingly actin independent as SLP-76, LAT, and PKCΘ all were enriched at the 

center when actin was perturbed by JASP. Only at later time points when the interface 
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becomes more planar and F-actin is less discreet does signaling intermediate 

accumulation at the interface centre become actin dependent. 

The complexity of the interdigitated T cell:APC interface formed at the peak of T 

cell signaling in the first minutes of activation is likely to shape T cell activation. As such 

membrane architecture cannot be recapitulated by planar APC substitutes, actin dynamics 

and the regulation of the spatiotemporal organization of signaling with their 

consequences for T cell function should differ: e.g. centripetal actin flow, a hallmark of 

the spatiotemporal control of T cell signaling on bilayers [16], is likely restricted during 

early T cell activation on APCs. Therefore, it is unclear whether the actin-dependent 

microclusters observed on planar surfaces directly correspond to the clusters found here. 

Nevertheless, at later time points the T cell:APC interface more resembles a planar 

surface and biochemical principles of the T cell activation are likely to apply equally to 

activation on APCs and substitutes thereof. 

 

Systems-scale Integration of T cell Receptor and Co-stimulatory Signals Regulate 

Actin Dynamics Required for T cell Activation 

 

 Here we provided a systems-scale quantitative overview of actin regulation at the 

T cell:APC interface and assessed the contribution of CD28 signaling to actin regulation. 

Blockade of CD28 resulted in modest changes to the spatiotemporal organization of 

actin, however, the level of actin enrichment was substantially decreased. Therefore, 

CD28 amplified and sustained actin polymerization important for regulation and 

maintenance of signaling at the T cell:APC interface.  
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 CD28 signaling was important for sustained recruitment of the actin regulatory 

machinery to the T cell:APC interface with WAVE2 and Cofllin the most sensitive to co-

stimulation loss. WAVE2 relies on multiple signals for activation including acidic 

phospholipids such as PIP3, phosphorylation, and activated Rac1 [26,49]. CD28 signaling 

regulates PIP3 levels through activation of PI3K, and Rac1 activity by stimulation of 

Vav1 [64]. However, CD28 dependent WAVE2 phosphorylation at important activation 

sites (e.g. Y150) has not been determined. Therefore, the loss of co-stimulation affects at 

least two of the signals important for WAVE2 activation, Rac1 activity and PIP3 

availability. In support of a defect signaling required for WAVE2 activation, we observed 

both reduced Vav1 and active Rac1 at the T cell:APC interface with blockade of CD28 

ligation. 

 WAVE2 is indispensible for actin polymerization at the T cell:APC interface and 

calcium release activated channel (CRAC) mediated Ca2+ uptake into T cells [43]. In 

addition, reduction of Ca2+ entry through CRAC channels was observed when CD28:B7-1 

ligation was blocked [102]. In light of these findings, loss of WAVE2 initial and 

sustained recruitment to the T cell:APC interface without CD28 signaling may contribute 

to loss of Ca2+ entry. WAVE2 may elicit actin dynamics important for the control of 

stromal interaction molecule (STIM) interaction with CRAC channels at the plasma 

membrane or regulation Ca2+ flux through the channels  [103]. 

 Cofilin is negatively regulated by phosphorylation at serine 3 and interaction 

with PIP2 [30]. CD28 and other T cell accessory receptor (e.g. CD2, CD4, CD8) ligation 

activate phosphatases such as protein phosphatase 1 and protein phosphatase 2a that 

dephosphorylate and activate Cofilin [104,105]. Furthermore, CD28 along with the TCR 
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activates PLC γ1, which results in rapid turn over of PIP2 [1]. Therefore, loss of Cofilin 

activity upon blockade of CD28 signaling may be primarily caused by concomitant loss 

of phosphatase activity and reduced PIP2 hydrolysis.  

 Coupled changes in WAVE2 and Cofilin activity has the potential to drastically 

decrease actin dynamics at the T cell:APC interface. Net production of F-actin depends 

heavily on balanced activity of NPFs such as WAVE2 and WASp and severing activity 

by molecules such as Cofilin. Imbalance in activity of WAVE2 and Cofilin thus has the 

ability to either rapidly promote or collapse actin networks. Loss of WAVE2 activity at 

the interface may reduce polymerization due to loss of ARP2/3 activation and Cofilin 

may quickly sever filaments. In the absence of sustained recruitment of NPFs as is the 

case for co-stimulation blockade conditions; Cofilin enrichment may be lost due to a 

reduction in F-actin substrate for severing. 

 Reconstitution of WAVE2 recruitment and Cofilin activity by treatment of T 

cells with Rac1CA and CofilinCA bypassed the requirement of CD28 signaling for 

normal actin enrichment and co-stimulation dependent AKT activation. While initial 

steps in T cell activation were restored, IL-2 production was not. This may be due to the 

inability of Rac1CA and CofilinCA to fully restore Grb2, PI3K, Itk, and PKCΘ signaling, 

which culminates in the regulation of NFAT and NFκB dependent IL-2 production. IL-2 

production is also dependent on stabilization of the IL-2 mRNA through CD28 ligation 

[106] mediated Grb2 binding and JNK activation [64]. Our reconstitution does not 

conceivably restore such signaling events. T cell survival through AKT activation may be 

restored but cytokine production may remain at lower levels.  
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 Given the paucity of quantitative time-resolved spatial data for signaling systems 

acquired from live cell imaging experiments [107], we have measured parameters 

necessary for 4D modeling of the actin regulatory system in live cells under full stimulus 

and co-stimulation blockade conditions. The entire actin regulatory network changed in 

response to loss of CD28 signaling as local concentrations at the T cell:APC interface 

differed and relative levels of proteins were altered. Mathematical modeling is best able 

to evaluate such complex changes in network relations. Thus, we have defined the 

parameters necessary for building time-resolved spatial models of actin regulation. These 

parameters are often lacking from both cell biological and biochemical studies preventing 

meaningful model construction. In cases where measurements are lacking, parameters 

must be estimated from knowledge of unrelated proteins or experimental systems (e.g. 

unrelated cell types) that may not provide realistic parameters for models. While we have 

measured most of the parameters necessary for 4D modeling, building reliable algorithms 

for automated T cell segmentation has proven difficult mostly due to unavoidable 

constraints of florescence microscopy. When using an overexpression system for imaging 

of fluorescently labeled signaling sensors, the level of expression must be kept to a 

minimum. Minimal overexpression is optimal as it reduces perturbation of the 

endogenous signaling systems, however, this results in cells that are close to fluorescent 

background levels. Unsupervised and robust segmentation of cells barely above 

background fluorescence levels across a range of intensities has proved difficult. 

Furthermore, molecules are not evenly distributed throughout the T cell resulting in local 

minima that make cell edge detection a difficult task. These issues must be largely 

resolved to build refined maps of local concentration of molecules in tens of thousands of 
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T cells. The latest iteration of the software has recently been optimized in the Murphy lab 

and our entire dataset will be analyzed to build whole T cell time-resolved maps of the 

distribution of each actin regulator under full stimulus and co-stimulation blockade 

conditions. 
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