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ABSTRACT 
Arguably, the most studied cell types of immune system are T-cells. They are key 

players of adaptive immunity responsible for targeted action against pathogens or 

other danger signals. Due to their central importance, any alteration in the regulation 

of their activity leads often to immunopathology. Thus, the knowledge how to harness 

their bio-destructive effector functions is of critical importance. Up today, there is 

only limited consensus on the nature of molecular mechanisms controlling the 

initiation of T-cell activation. When T-cell receptor (TCR) recognizes its cognate 

antigen presented on antigen presenting cell (APC), the activation signal is 

transmitted through the plasma membrane and subsequent phosphorylation of 

cytoplasmic chains of TCR complex ensues. This is commonly considered as the first 

biochemical sign of T-cell activation, the process called TCR triggering. How the 

activation signal gets into the cell and which molecular mechanisms control TCR 

triggering are two fundamental, yet still unanswered questions. In this study we 

focused mainly on the latter one. Working within this experimental framework, we 

investigated three particular problems. The first one concerns the spatiotemporal 

organization of critical signalling molecules before and after TCR engagement in the 

context of lipid microdomains that, as we posited, act as an important membrane 

organizational principal in the regulation of TCR triggering. We mainly focused on 

Lck kinase which is considered as the main signal-generating element initiating TCR 

signalling. Using a biochemical approach, we determined membrane distribution of 

the active form of Lck (pY394Lck), the key factor in TCR triggering. In this context 

we not only showed that in naïve T-cells a limited pool of pY394Lck almost 

exclusively partition into high molecular weight complexes, but also that after TCR 

engagement, this pool is significantly increased together with its redistribution to lipid 

microdomains. Unfortunately, quantitative discrepancies between these and 

previously reported studies, where pY394Lck levels were found significantly higher 

and invariant after TCR activation, lead to different conclusions about the role and 

steady-state levels of active Lck in T-cells. Because pY394Lck drives TCR triggering, 

the question of the basal level of pY394Lck in naïve T-cell is of central interest. To 

reconcile these results, in the second line of our research, we provided evidence that 

most of these discrepancies stemmed from inconsistencies within technical 

procedures used for sample preparations and that highly saturated levels of pY394Lck 

were results of uncontrollable spontaneous activation of Lck during cell lysis. Lastly, 

we previously demonstrated that activation-induced Lck redistribution within plasma 

membrane was critical for delivery of its function, yet, the mechanism has been 

unknown. Thus, in the third line of research, we identified, for the very first time, the 

transient formation of Lck-RACK1-cytoskeleton complexes able to affect Lck 

redistribution process. The involvement of cytoskeleton in the spatiotemporal 

organization of signalling molecules provides yet another level of complexity in the 

regulation of TCR signalling. Taken together, this study provides strong evidence for 

the contribution of membrane organization to spatiotemporal regulation of Lck 

activity as well as other signalling components involved in the initiation of TCR 

signalling.   
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ABSTRAKT (CZ) 
T-lymfocyty jsou bezpochyby nejvíce studovanými buňkami imunitního systému. 

Jsou klíčovými hráči specifické imunity zodpovědnými za cílenou odpověď proti 

patogenům a jiným signálům nebezpečí. Díky jejich centrálnímu významu vede 

často jakákoliv porucha regulace jejich aktivity k imunopatologiím. Znalost jejich 

bio destruktivní efektorové funkce je tedy velice zásadní. Dodnes panují rozpory, 

jakým molekulárním mechanismem probíhá zahájení T-buněčné aktivace. Po 

rozeznání specifického antigenu prostřednictvím antigen-prezentující buňky a  

T-buněčného receptoru je aktivační signál přenesen přes plasmatickou membránu, 

kde následuje fosforylace cytoplasmatických částí T-receptorového komplexu. 

Tato událost je obecně považována za první biochemický znak aktivace  

T-lymfocytů v procesu zvaném „TCR triggering“. Jak se však aktivační signál 

dostane do buňky a jaké mechanismy regulují samotné zahájení signalizace, jsou 

dvě základní, avšak dosud nezodpovězené, otázky. V této práci jsme se zaměřili 

především na mechanismy regulace T-buněčné aktivace a tři související 

problémy. V prvním jsme se zabývali časoprostorovou organizací důležitých 

signálních molekul před a po aktivaci T-lymfocytů v kontextu tzv. lipidových 

mikrodomén, u kterých předpokládáme, že hrají důležitou úlohu v organizaci 

membrány během jejich aktivace. Zkoumali jsme především kinázu Lck, která je 

považována za hlavní generátor signálu zahajujícího T-buněčnou signalizaci. 

Pomocí biochemických metod jsme studovali distribuci aktivní formy kinázy Lck 

(pY394Lck) v membráně. Nejenže jsme ukázali, že v naivních T-lymfocytech je 

pY394Lck v omezeném množství přítomna téměř výlučně ve vysokomolekulárních 

komplexech, ale také jsme zjistili, že po aktivaci T-lymfocytů dojde ke značnému 

nárůstu množství této aktivované formy Lck a zároveň jejímu přesunu do 

lipidových mikrodomén. Podstatné rozdíly v kvantifikaci pY394Lck v naší a  

v předchozích studiích, které naopak poukazují na velké množství již aktivní Lck 

v nestimulovaných T-buňkách jež se po aktivaci nemění, vedou k odlišným 

závěrům ohledně úlohy pY394Lck. Vzhledem k tomu, že právě pY394Lck iniciuje 

samotné zahájení signalizace, je otázka bazální Lck aktivity velice důležitá. Dále 

jsme se proto zabývali tím, co způsobuje takovéto rozpory. Prokázali jsme, že 

většina těchto nesrovnalostí pramení z nekonsistence postupů při přípravě vzorků 

a vysoká úroveň detekované pY394Lck je tedy důsledek nekontrolované spontánní 

aktivace kinázy Lck během buněčné lýze. Již dříve jsme ukázali, že aktivací  

T-lymfocytů způsobený přesun kinázy Lck v rámci plasmatické membrány je 

důležitý pro její samotnou funkci, avšak mechanismus tohoto procesu není znám. 

V další části našeho výzkumu jsme se proto zaměřili na objasnění tohoto 

redistribuční procesu kinázy Lck a poprvé jsme identifikovali formování 

dočasného Lck-RACK1-cytoskeleton komplexu. Účast cytoskeletu v  organizaci 

signálních molekul v rámci T-buněčné aktivace tak přináší další úroveň 

komplexity regulace T-receptorové signalizace. Závěrem, tato práce přináší řadu 

nových poznatků týkajících se příspěvku membránové organizace 

k časoprostorové regulaci aktivity kinázy Lck, stejně jako k dalším signálním 

komponentám účastnících se zahájení T-buněčné signalizace. 
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INTRODUCTION 
The immune system protects organisms against various pathogens or danger 

signals which they encounter every moment of their life. In vertebrates it could be 

divided into two major arms, the innate and the adaptive. The innate immunity is 

evolutionary older, has limited memory and is usually involved in the first 

immediate reaction to danger. This includes non-specific immune responses like 

the activation of complement cascade, induction of inflammation, production of 

reactive oxygen species or release of various proinflammatory cytokines. The 

adaptive arm of immunity then closely and irreplaceably cooperates with the 

innate arm in a process called antigen-presentation. Some innate immune cells, 

mostly dendritic cells, serve as professional antigen presenting cells (APCs). They 

are able to engulf pathogens, derive short peptides from them and then present 

them as antigens in the context of major-histocompatibility protein complex 

(MHC). MHC-antigen complex could be then recognized by a specific T-cell 

receptor (TCR) protein complex expressed on the surface of T-cells. There are 

distinct subtypes of T-cells. Two major subgroups, helper T-cells and cytotoxic  

T-cells, are characterized by the expression of surface CD4 or CD8 co-receptor, 

respectively. Whereas cytotoxic T-cells mainly act directly on infected cells by 

induction of apoptosis via production and secretion of cytotoxins (e.g. perforins, 

granzymes), the role of helper T-cells is of supportive nature. When activated, 

they provide signal to other immune cells to induce their effector function (for 

example, the activation of B-cells which then commit to produce specific 

antibodies). In conclusion, contact between T-cells and APCs and engagement of 

specific TCR with a cognate antigen are basic prerequisites for T-cell activation. 

Molecular mechanisms of T-cell activation have been widely studied for nearly 

three decades, nevertheless the question how precisely is this process regulated 

and what are the very first events accompanying TCR triggering are not fully 

understood. The initiation of T-cell signalling per se is critically dependent on the 

function of the member of Src family tyrosine kinases (SFKs), the Lck kinase. 

This key enzyme sits on the top of the signalling cascade leading to the activation 

of T-cells. The very first detectable biochemical event in this process is the 

phosphorylation of immunoreceptor based activation motifs (ITAMs) within 

cytoplasmic chains of TCR/CD3 complex for which Lck kinase is almost 

exclusively responsible. Although, the regulation of Lck activity has been 

intensively studied and discussed in the past 30 years, there are still many 

unknowns. This also include elementary questions such as how Lck kinase get 

activated and how is this process integrated into TCR triggering event and 

downstream signalling? What is the role of spatial organization and changes in 

distribution of Lck and various signalling molecules in plasma membrane prior to 

and upon TCR triggering? All these and many other questions are still open and 

often debated without clear consensus and resolution.  
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In this study I will give a short overview of current knowledge of molecular 

mechanisms involved in T-cell activation. I especially focused on the role of Lck 

kinase in this process, regulation of its kinase activity and importance of spatial 

segregation of signalling molecules, including Lck, within various plasma 

membrane domains. I strongly believe that experimental data generated during the 

course of this work will have a long lasting contribution to the research focused 

on the initiation of TCR signalling.  
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LITERATURE OVERVIEW 

THE ROAD TO T-CELL ACTIVATION  
 

The process of T-cell activation is very complex whereby T-cells have to receive 

three extracellular signals to become activation competent. 

All begins with T-cell receptor (TCR) priming – specific recognition of antigens 

presented by APCs. Antigens, short peptides with length of 10-20 amino acids are 

derived from endo- (self) or exogenous (non-self) material. They are presented in 

the context of MHC class I or II. 

The first activation signal for T-cells is provided when TCR recognizes its 

cognate antigen presented on MHC. This leads to the initiation of signal 

transduction pathway downstream of TCR. The second signal is delivered by 

interaction of co-stimulatory or co-inhibitory ligands of B7 family members 

expressed on the same APC (e.g. CD80/86,) with their receptors on T-cells  

(e.g. CD28, CTLA-4). When this second signal is lacking, T-cell could not be 

fully activated and become unresponsive, a physiological stage called T-cell 

anergy. However, while the concomitant delivery of the two signals is sufficient 

for the initiation of T-cell activation and clonal expansion, nevertheless a third 

signal which is provided later in the form of various cytokines, is also important 

for T-cell differentiation and effector function (Curtsinger and Mescher, 2010).  

 

FROM CELLS TO MOLECULES – FORMATION OF IMMUNOLOGY 

SYNAPSE 

IMMUNOLOGY SYNAPSE 

From cellular point of view, T-cell activation is initiated by a contact between 

APC and T-cell and subsequent formation of immunological synapse (IS) at their 

interface (Paul and Seder, 1994). With development of new microscopy 

techniques it was shown that this interface is highly dynamic and well-organized 

structure. (Grakoui et al., 1999; Monks et al., 1997). During the formation and 

maturation of IS, various signalling components are spatially segregated into 

distinct clusters or domains within IS which authors called supra molecular 

activation clusters (SMACs) (Monks et al., 1997). They were able to distinguish 

that these clusters form three concentric rings – a central (cSMAC), a peripheral 

(pSMAC) and a distal (dSMAC), containing functionally specific sets of proteins 

(Fig. 1). Because proteins segregation does not occur without agonist recognition 

through TCR/MHC, it was hypothesised that IS serves as a platform for spatial 

control of protein-protein interactions needed for T-cell activation.  
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DYNAMICS OF IS FORMATION 

The use of artificial planar lipid bilayer membrane system allowed scientists to 

follow spatiotemporal distribution of signalling components within IS in real-time 

manner in vitro (Grakoui et al., 1999). Further analysis revealed that formation of 

IS is a very dynamic process and can be dissected into several stages (Friedl et al., 

2005).  

During the first phase TCR specifically recognizes agonist peptide on MHC 

(pMHC), T-cell gets stop signal and ceases its migration (Dustin et al., 1997). 

This occurs within few seconds after T-cell/APC contact. TCRs are localized at 

periphery whereas adhesion molecules LFA-1 accumulate in the centre of newly 

forming IS, thus providing the physical anchor, stopping migration and helping  

T-cells to scan for other suitable TCR/MHC complex pairs.  

The second phase, characterized as immature IS, is the most important one, 

especially for the initiation of signal transduction. Within few seconds upon TCR 

engagement several signalling pathways are triggered, resulting in the 

phosphorylation events, calcium responses and cytoskeleton reorganisation. 

Molecular details are described below in the chapter “Molecular mechanisms of 

TCR triggering”. Interestingly, this key step in the initiation of signalling was 

detected at the periphery of IS and lasts only for few minutes (Lee et al., 2002). 

Later findings support this conclusion by the observation of small protein islets 

called microclusters which are continuously generated at synapse periphery and 

contain besides TCRs also other signalling components (Yokosuka et al., 2005). 

Due to their highly dynamic nature, it was suggested that these microclusters are 

important for sustaining of TCR signalling and for regulation of co-stimulation 

signals in later stages (Varma et al., 2006; Yokosuka et al., 2008).  

Mature IS with typical bull-eye structure is formed in next few minutes (15-30 

min) when synapse development proceeds to its third stage (Fig. 1), reviewed in 

(Huppa and Davis, 2003). TCR complexes (microclusters) along with  

co-stimulation molecules like CD28 and its downstream target PKC kinase 

moves towards the centre of IS (cSMAC) whereas LFA-1 which provides 

stabilization of IS structure is translocated to the periphery (pSMAC). Molecules 

with large extracellular domains like CD45 and CD44 are excluded to even more 

distal periphery (dSMAC). This third stage is essential for T-cell effector function. 

Nevertheless, this canonical bull-eye mature synapse structure is not the only type 

of IS arrangement and many other forms exist depending on the cell type, 

developmental stage or agonist strength; reviewed and discussed in (Friedl et al., 

2005; Jacobelli et al., 2004; Mitxitorena et al., 2015). 
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The last two stages of IS fate involve termination of signalling processes by 

internalization of TCRs from cSMAC and upregulation of negative regulators like 

CTLA-4 which ultimately leads to T-cell/APC contact resolution and T-cell 

detachment from APC. T-cells motility is then renewed and they begin to 

proliferate. 

 

IN VIVO STUDIES OF IS 

In contrast to in vitro studies where the mature immunological synapse with 

typical SMACs is formed within 30 minutes (Lee et al., 2002), in vivo studies 

showed that T-cell priming and formation of IS takes much longer time – up to 

24-48 hours (Mempel et al., 2004; Miller et al., 2004). Three-phase sequence of 

T-cell activation process through priming by APCs was revealed by an intravital 

two-photon microscopy in in vivo studies conducted in mouse lymph nodes. 

(Henrickson and von Andrian, 2007; Mempel et al., 2004). 

The first phase which lasts for several hours after T-cells homing into lymph 

nodes is characterized by short-lived interactions with APCs (approx. 5-30min). 

During these encounters, T-cells are primed and upregulate early activation 

markers – glycoproteins CD69 and CD44. The second phase lasts for next 16 

hours and during this stage, T-cell motility is slowed down and contact between 

APC and T-cell is stabilized for at least 1 hour. Mature immunological synapse 

with typical contact zone structures (corresponding to SMACs) is formed, all 

activation markers including CD25 are upregulated and T-cells start to produce 

Figure 1: Structure of immunological synapse. During maturation of IS three distinct 

SMACs are formed – distal (dSMAC), periphery (pSMAC) and central (cSMAC). TCR 

microclusters containing Lck, ZAP-70, PKC etc. are generated in dSMAC, and 

migrate to the cSMAC, where they are later internalized. Adhesion ring containing 

LFA-1 provides IS stabilization and is generated in pSMAC, whereas proteins with 

large extracellular domains (CD45, CD43) are excluded to dSMAC. Adopted from 

(Nassef Kadry Naguib Roufaiel et al., 2015) 
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cytokines IL-2 and IFN-. In the third phase, a day after naïve T-cells entry into 

lymph node, T-cells are fully active, dissociate from APCs, start to proliferate and 

migrate outside the lymph node.  

Cytoskeleton also plays an irreplaceable role in the dynamics of IS formation. 

Whereas actin filaments are important in the initial polarization and movement of 

T-cells, microtubules are mainly responsible for cargo delivery to IS, reviewed in 

(Burkhardt et al., 2008; Comrie and Burkhardt, 2016). The actin-rich leading edge 

of T-cells provides the initial contact with target cell. Dynamics shown by high-

resolution live cell imaging revealed that within one minute after T-cell/APC 

contact, actin depletion from the centre of IS was initiated concurrently with its 

polymerization on periphery and reposition of centrosome (MTOC – microtubule-

organizing centre) towards IS. In next 2-5 minutes, MTOC localized beneath IS 

orchestrated the transport of vesicles containing various cytokines or granules to 

the synapse (Ritter et al., 2015). This rapid process is controlled by several sub-

membrane cytoskeletal components which are important in the regulation of 

spatiotemporal organization dynamics of various proteins in IS.  

In conclusion, the kinetics of T-cell priming and formation of immunological 

synapse seem to be different in vivo and in vitro. Nevertheless, the main features 

remain similar. For the activation of T-cells, critically important are the very first 

seconds of T-cell/APC interaction resulting in the initiation of signal transduction 

pathways. Then it depends on the “quality and quantity” of this signal, i.e., if it 

leads to a sustained T-cell/APC contact, T-cell maturation and full activation of its 

effector functions or if it leads to a signal abortion.  

The current knowledge of IS formation is more or less limited to available 

imaging tools and techniques. However, with advanced microscopy we are able to 

better understand a spatiotemporal organization and dynamics of particular 

signalling processes on a single molecule level (Dustin and Depoil, 2011; Rossy 

et al., 2013b). 
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MOLECULAR MECHANISMS OF TCR TRIGGERING 

From molecular point of view, the recognition of pMHC by TCR complex is the 

key event in the activation of T-cell. It was shown that as few as one to ten agonist 

peptides are sufficient to trigger T-cell activation and subsequent IL-2 cytokine 

production (Huang et al., 2013). Moreover, there are many self-peptide loaded 

Figure 2: Molecular mechanisms of TCR triggering. Three signalling modules can be 

distinguish: (a) Lck and Fyn regulation module (left); It contains master regulators of 

Lck kinase – CD45 phosphatase which dephosphorylates its inhibitory pY505 residues 

and Csk kinase which phosphorylates the same residue and thus counteracts the action 

of CD45. (b) Signal triggering module (middle); This module contains TCR/CD3 

complex, which is responsible for transition of activation signal downstream to the 

effectors. ITAM motif in intracellular parts of CD3 molecules are phosphorylated by 

active Lck resulting in recruitment and activation of ZAP-70 kinase which in turn 

phosphorylates adaptor protein LAT. (c) Signal diversification and regulation module 

(right); Phosphorylated LAT serves as and scaffold protein and docking site for several 

other proteins. The signal is then conveyed into several signalling pathways leading to 

cell adhesion (integrin pathway), cytoskeleton rearrangement (NCK/VAV1 pathway) or 

specific gene expression (PLC pathway). Distinct lipid microenvironment (e.g. lipid 

rafts) could also play a specific regulatory role in this process. Figure was adopted from 

Acuto et al., 2008. 
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MHC complexes on the surface of APCs that have to be discriminated from 

foreign-peptides loaded MHCs to avoid T-cell improper response. What does 

cause such a high sensitivity and selectivity? Several models of TCR triggering 

were postulated but still no general agreement was accomplished. What is known 

is that TCR engagement launches a whole range of signalling events within 

seconds (Huse et al., 2007), leading to the activation of various transcription 

programs. Activated signalling molecules initiate a network of signalling cascades 

and pathways which can cross-talk with each other and must be tightly regulated. 

However, for overview purposes of this study, the schematics of this network can 

be simplified. According to Acuto and colleagues, molecular aspects of early  

T-cell signalling can be functionally divided into three TCR signalosome modules 

which are sequentially connected and physically segregated (Acuto et al., 2008): 

Lck and Fyn regulation module, TCR triggering module and Signal diversification 

and regulation module (Fig. 2).  

 

LCK AND FYN REGULATION MODULE 

Lck and Fyn are protein tyrosine kinases belonging to a conserved Src kinase 

family (SFK) that provide the crucial enzymatic activity required for early stages 

of TCR triggering. Deletion or loss of their function leads to defects in 

thymocytes development during CD4-CD8- stage (Molina et al., 1992; van Oers et 

al., 1996). Thus the timing of their activation and delivery of function must be 

tightly controlled.  

Structure, function and mechanisms of activation as well as molecules regulating 

their activity will be discussed on a prototypical member of SFK family, Lck 

kinase. This lymphocyte-specific non-receptor kinase is around 56 kDa protein 

with a structure highly conserved among other SFK members (Boggon and Eck, 

2004; Ventimiglia and Alonso, 2013). We can distinguish six structural parts: an 

N-terminal end, an unique, SH3, SH2 and kinase domains and a regulatory  

C-terminal tail (Fig. 3). 
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N-terminal end is important for the localization of Lck to an inner leaflet of 

plasma membrane through palmitoylation (Cys3 and 5) and myristoylation 

(Gly2). This double acylation provides a docking signal to specific membrane 

structures called lipid microdomains. The unique domain is the least homologous 

segment within SFK family. In case of Lck, there are cysteines at position 20 and 

23 which facilitate non-covalent binding of Lck to its co-receptor CD4 or CD8 

through the coordination of  zinc atom (Huse et al., 1998). Src homology 3 (SH3) 

and SH2 domains mediate the binding to other proteins via proline-rich sequences 

or phosphotyrosine motifs, respectively. They are also involved in intramolecular 

interactions, where they participate in regulation of kinase catalytic activity. SH2 

domain is connected by a short amino acid linker region to the kinase domain. The 

kinase domain of Lck is highly conserved among other protein kinases with 

typical smaller N-terminal and bigger C-terminal lobes, ATP binding site in 

between them, catalytic loop, and phosphotransfer motif around lysine 273 

(K273). Essential importance for regulation of Lck activity has the activation loop 

in kinase domain with “activatory” tyrosine 394 residue (Y394) and “inhibitory” 

tyrosine 505 residue (Y505) within kinase C-terminal tail segment. The 

phosphorylation and dephosphorylation of these tyrosine residues influence the 

conformation of Lck kinase and its catalytic activity (Hermiston et al., 2002)  

(Fig. 4).  

 

Figure 3: Structure of Lck kinase.  Lck kinase consists of N-terminal end with amino 

acid responsible for membrane targeting through myristoylation (G2) and 

palmitoylation (C3 and C5), an unique domain with cysteins contributing to 

CD4/CD8 binding, SH3, SH2 domains connected by a linker to the kinase domain 

and a C-terminal tail. Positive (Y394, green) and negative (Y505, red) regulatory 

tyrosines are depicted. 
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Recently, relative levels of enzymatic activity of phosphorylated Lck, measured in 

membrane reconstitution system under conditions mimicking T-cell activation, 

revealed ten-fold difference between closed/inactive and opened/fully active Lck 

(Hui and Vale, 2014). Moreover, enzymatic activity of primed, but non-

phosphorylated Lck is considerably decreased after phosphorylation of inhibitory 

Y505 residue (5-fold), but increased only mildly after trans-autophosphorylation 

of activatory Y394 (2-fold). This suggests that phosphorylation of Y394 has a 

protective role against kinase inactivation via phosphorylation of Y505 rather than 

being important for increasing Lck activity per se (Hui and Vale, 2014). To fully 

interpret these findings in the context of TCR triggering, we have to fully 

understand the complexity of mechanisms regulating Lck activation. 

Figure 4: Regulation of Lck activity. Lck activity is regulated by phosphorylation 

and dephosphorylation events. In inactive state, Lck is phosphorylated by Csk kinase 

at C-terminal regulatory tyrosine (Y505) which binds intramolecularly into the 

pocket of SH2 domain resulting in “closed” inactive Lck conformation with 

inaccessible substrate binding site. The linker region between SH2 and kinase 

domains further stabilizes this structure via binding to SH3 domain. On contrary, 

dephoshorylation of pY505 residue by CD45 phosphatase releases Lck into “open” 

primed conformation. The full (optimal) Lck activity is achieved by trans-

autophosphorylation of Y394 residue, resulting in reposition of activation loop within 

the catalytic domain and enhancing Lck phosphotransferase activity. CD45 along 

with PTPN22 and SHP-2 phosphatase can also act as negative regulators by 

dephophorylating the activatory tyrosine 394. Double phosphorylated form of Lck 

(DPho Active) where both regulatory tyrosines are concurrently phosphorylated 

retaining Lck enzymatic activity was also detected.  
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The main actors controlling phosphorylation status of these critical tyrosines are 

C-terminal Src kinase (Csk) and CD45 or, to lesser extent, SHP-2 and PTPN22 

phosphatases. Csk is the only known kinase responsible for the phosphorylation of 

Y505 residue and plays a negative regulatory role in Lck activation. The 

dephosphorylation of pY505, and thus opening of Lck, in T-cells is driven by 

CD45 phosphatase, which thus counteracts Csk action and having a positive 

regulatory role in Lck regulation. Nevertheless, it was reported that CD45 can also 

exhibit a negative regulatory function. Since Y394 residue is phosphorylated by 

trans-autophosphorylation, the mechanism of its dephosphorylation is less clear. It 

was shown that increasing amounts of CD45 in T-cells results in decreasing of 

pY394 as well as pY505 levels (Zikherman et al., 2010), suggesting a possible 

negative regulatory feedback which restricts the extent of Lck activation. In 

addition, one recent study showed that rates of pY394 and pY505 

dephosphorylation by CD45 are similar, strengthening its dual role in Lck 

regulation (Hui and Vale, 2014). The absence of either Csk or CD45 greatly 

impact T-cell activation. Thymocytes from Csk-deficient mice as well as a 

specific inhibition of Csk leads to increased Lck activity and spontaneous T-cell 

signalling without TCR engagement (Schmedt et al., 1998; Tan et al., 2014). 

Similarly, in CD45-deficient T-cells the initiation of TCR signalling was blocked 

and CD45-deficient thymocytes failed to develop (McNeill et al., 2007; 

Zikherman et al., 2010).  

Besides CD45, there is also PTPN22 phosphatase, a member of PEST family, 

which plays a negative role in TCR signalling and T-cell activation by 

dephosphorylating pY394 residue in Lck and other related substrates (Cloutier 

and Veillette, 1999; Hasegawa et al., 2004).  

It is obvious that the equilibrium between Csk and CD45 enzymatic activities is 

crucial for T-cell function and must be tightly regulated. Their abundance and 

distribution within a plasma membrane is critical for determination of threshold 

for activation and inactivation of Lck and other SFKs. 

CD45 phosphatase is a very abundant transmembrane protein in T-cells and its 

localization into distinct plasma membrane structures varies during T-cell 

activation. Several models describing details of these processes will be discussed 

later in the chapter “Models of TCR triggering”. Opposite to CD45, Csk is 

cytosolic protein and in order to deliver its function it has to be actively recruited 

to the plasma membrane – into the vicinity of its substrate, the Lck kinase. 

Members of transmembrane adaptor proteins family (TRAPs) are responsible for 

Csk docking. This mostly concerns the phosphoprotein associated with 

glycosphingolipid-enriched microdomains, PAG (Brdicka et al., 2000; Kawabuchi 

et al., 2000). This adaptor retains a palmitoyl anchor which targets PAG into the 

same specific membrane compartments as Lck. The association of PAG and Csk 

is then regulated by phosphorylation of tyrosine residue in PAG by Fyn kinase 

resulting in its binding to Csk via SH2 domain (Filby et al., 2007). 
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Dephosphorylation of this tyrosine upon T-cell activation then causes the release 

and dislocation of Csk away from Lck, leading to increase of Lck activity. This 

was confirmed in in vitro studies where acute inhibition or dislocation of Csk 

away from membrane resulted in enhanced T-cell activation and CD3 

phosphorylation (Hui and Vale, 2014; Schoenborn et al., 2011). Nevertheless, 

PAG deletion in mice does not have any significant effect on T-cell activation as 

one would expect, suggesting existence of compensatory mechanisms. Besides 

PAG, there were recently described other Csk-interacting TRAPs – DOK1/2, 

LIME or LAT (Brdickova et al., 2003; Schoenborn et al., 2011) which could 

substitute for PAG action. 

Fyn is another important kinase in T-cell signalling belonging to SFK family. 

Originally it was thought that there is a redundancy between Lck and Fyn in  

T-cells, nevertheless it was later shown that their roles are distinct and more 

specific (Filipp and Julius, 2004). Fyn is not a tissue specific kinase as Lck and is 

expressed in many different cell types. It has been demonstrated that activation of 

Fyn and Lck in proximal T-cell signalling is sequential, and it is temporarily and 

spatially uncoupled – Lck first then Fyn (Filipp et al., 2003). Moreover, besides 

above mentioned involvement in regulation of Csk kinase, Fyn was also 

implicated in the regulation of integrins and cytoskeleton network (Griffiths and 

Penninger, 2002). Distinct sets of interaction partners of both Lck and Fyn were 

identified supporting their essential and independent role in T-cell signalling 

network (Palacios and Weiss, 2004). 

 

TCR TRIGGERING MODULE 

The key event in the initiation of T-cell activation is the engagement of TCR/CD3 

complex by a cognate antigen. This complex is responsible for transmission of 

signal to downstream effectors (Fig. 2, middle part). It is composed of TCR and 

TCR chains (or TCR and TCR chains on specific T-cell population which are 

not part of this study) together with CD3 and CD3heterodimers and 

CD3homodimer. Specificity of antigen recognition is given by TCR and TCR 

chains which form heterodimer and contain a combination of variable regions 

positioned by a process of somatic V(D)J rearrangement during thymocytes 

development. There are ten immunoreceptor tyrosine-based activation motifs 

(ITAMs) in cytosolic parts of CD3s which together with ZAP-70 protein tyrosine 

kinase form the core of TCR triggering module. ITAMs could be phosphorylated 

and detection of this phosphorylation is considered as the very first biochemical 

event of proximal T-cell activation. Besides ITAMs and ZAP-70, other auxiliary 

molecules are taking part in early TCR signalling. Specifically, CD8 and CD4  

co-receptors which can bind via their extracellular domains to MHCI and MHCII, 

respectively, and consequently juxtaposed intracellularly associated Lck to the 

vicinity of ITAMs. Close proximity of Lck and ITAMs results in the 
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phosphorylation of the latter and trigger the signalling pathways which can initiate 

the activation of T-cell.  

Phosphorylated ITAMs serve as docking sites for SH2 domains of ZAP-70 kinase. 

CD3 – associated ZAP-70 is then phosphorylated by Lck and is further activated. 

All these events occur within a few seconds and are crucial for development of 

downstream responses. It is of note that this is very simplified “text-book” view 

on the initiation of the proximal TCR signalling. More detail account how Lck is 

activated, and an assessment of several proposed models will be discussed later in 

the chapter “Models of TCR triggering”.  

 

SIGNAL DIVERSIFICATION AND REGULATION MODULE 

The signal emerging from TCR/pMHC recognition is transduced via TCR/CD3 

complex resulting in the recruitment and activation of ZAP-70. The main 

downstream target of activated ZAP-70 is the Linker for activation of T-cells 

(LAT). Activated ZAP-70 phosphorylates LAT at several intracellularly 

positioned tyrosine residues and thus forming a signalling hub for branching and 

diversification of TCR transduction pathway. LAT is a scaffold transmembrane 

protein anchored to membrane microdomains via palmitoylation. When 

phosphorylated, it recruits various molecules including PLC, Grb2, PI3K or 

GADS. PLC pathway cleaves membrane PIP2 into IP3 and DAG, second 

messengers, playing a role in calcium release and activation of NFAT and NFB 

transcription factors. Together with AP-1 transcription factor, activated by  

Grb2-Ras/Raf-Erk pathway regulates the proliferation of T-cells through IL-2 

gene expression. Additional branch stemming from LAT signalling leads through 

adaptor protein GADS to another scaffold protein SLP-76 which links signalling 

elements responsible for actin rearrangement or integrin inside-out responses. 

Recruitment of PI3K kinase to LAT also activates Akt signalling pathway 

important for upregulation of survival anti-apoptotic factors. Taken together, TCR 

triggering generates signals that activate an array of pathway leading to 

comprehensive and robust changes in gene expression, proliferation and 

differentiation of T-cells. 

 

NEGATIVE AND POSITIVE REGULATORS 

TCR signalling in all its phases employs its own intrinsic regulatory mechanisms 

and various feedback loops important for maintaining T-cell homeostasis. Positive 

feedback loops influence mainly sensitivity and speed of signal transmission 

within the cell, whereas the negative ones control the initiation and amplification 

of signal transduction. Together, these mechanisms contribute to setting up a 

signalling threshold for a full T-cell activation (Acuto et al., 2008). PAG-Csk axis 

can serve as an example of the negative feedback regulatory mechanism 
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controlling Lck/Fyn activity in very early stages of activation. Similarly, a 

negative role also exert SHP-1 or SHP-2 phosphatases, which are recruited via 

immunoreceptor tyrosine-based inhibition motifs to the vicinity of important 

signalling complexes (e.g. TCR/CD3 complex, ZAP-70, LAT) and contribute to 

their dephosphorylation and thus inactivation (Lorenz, 2009) 

The action of co-stimulatory or co-inhibitory molecules from B7 receptor family 

is important mainly in later stages of T-cell activation. Two typical members are 

CD28 and CTLA-4. Whereas CD28 is expressed on naïve T-cells and has a 

positive effect, CTLA-4 is upregulated in activated lymphocytes and has a 

negative role (Sansom, 2000). CD28 binds ligands CD80/CD86 presented on 

activated APCs which provide the second signal resulting in the activation of 

transcription factors and production of cytokines needed for T-cell activation. 

CTLA-4 acts in the opposite way. In activated T-cells is upregulated and then 

competes with CD28 for its ligands. After binding it recruits SHP-2 phosphatase 

which attenuates TCR signalling pathways.  

Many other proteins (reviewed in detail in Acuto et. al, 2008) are involved in 

regulation of T-cells. They include but are not limited to DOK, HPK1, STS or Cbl 

(the E3 ubiquitine ligase responsible for degradation of some PTKs) to mention 

just a few of them.  

 

MEMBRANE MICRODOMAINS 

At early 1970’s Singer and Nicholson proposed the “fluid mosaic model” of cell 

membrane, which characterized membrane as a dynamic liquid structure where 

membrane components can freely move in lateral dimensions (Singer and 

Nicolson, 1972).  

Lipid (micro)domains concept was initially formulated based on experimental 

observations of membrane heterogeneities. The construction of artificial lipid 

bilayers containing high amounts of sphingolipids and cholesterol exhibited lipid 

phase separation into liquid ordered (lo) and liquid disordered (ld) phases. In ld 

phase, lipids are distributed randomly and display high lipid motility. In contrast, 

lo phase is characterized by lower lateral lipid motility and increase of membrane 

thickness due to tight packing of saturated acyl chains of sphingolipids and 

cholesterol intercalation (Brown and London, 2000). The solubilisation and 

extraction of cell membranes with specific mild non-ionic detergents e.g. Triton 

X-100, NP-40 or Brij-series revealed that some membrane components are 

solubilisation resistant. This insoluble material was enriched with sphingolipids, 

cholesterol and GPI-anchored proteins, thus indicating similarities with lo phase 

composition. It was concluded that lipid phase separation also occurs in cell 

membranes and these insoluble fractions were termed detergent resistant 

membranes (DRMs) (Brown and Rose, 1992). 
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The biological importance of DRMs in vivo was formulated by Kai Simons in 

1997 as “raft hypothesis”. It assumes that dynamic clustering of sphingolipids 

with long saturated acyl chains, cholesterol and certain proteins can form some 

kind of structurally rigid and biologically active signalling platforms (Simons and 

Ikonen, 1997). These platforms called “lipid rafts” (LR) were described as 

relatively small, various in size (10-200 nm), highly mobile structures floating 

within plasma membrane. They can merge into larger stabilized domains and thus 

facilitate the organized movement and aggregation of targeted proteins within 

specific site during membrane trafficking and signal transduction (Pike, 2006). 

This definition of LR and their predicted significance cause renewed interest in 

plasma membrane and initiated intense investigation of these structures in distinct 

signal transduction pathways, especially in T-cells. Discovery that several crucial 

T-cell signalling proteins, including adaptor proteins LAT, PAG or kinases Lck 

and Fyn, reside with LR, fit into the concept of LR-mediated spatial distribution 

and compartmentalization of these proteins during T-cell activation and this 

phenomenon has been extensively discussed (Dykstra et al., 2003; Horejsi and 

Hrdinka, 2014; Klammt and Lillemeier, 2012; Manes and Viola, 2006).  

Nevertheless, several doubts and concerns about the existence of LR in 

physiological conditions were communicated in the literature (Munro, 2003; 

Sevcsik and Schutz, 2016; Shaw, 2006). DRMs extraction was originally used in 

all experiments as the only method for LR isolation because it was thought that 

formation of domains reflects lipid-protein associations in living cells. 

Unfortunately, it has been reported, that this detergent-employing biochemical 

approach introduces severe artefacts. For this reason it was argued that the native 

rafts and DRMs should not be equalized because the outcome from detergent 

extraction highly depend on a type and concentration of detergent used as well as 

on temperature or duration of solubilisation (Lichtenberg et al., 2005). On the 

other hand, the detergent-induced membrane segregation due to local biophysical 

properties and composition is likely not accidental since it is reproducible and can 

mirror some biological properties. Thus, even today, DRMs extraction still 

provides an invaluable and important tool for membrane studies. However, 

caution with interpretation of such results in biological system must be exercised 

and results should be complemented and supported by other independent methods.  

Nowadays, membrane biologists incline to a model of local membrane 

microheterogeneities or nanodomains, which are unfortunately very small and 

very dynamic, thus their study in native membranes is limited by current 

technologies. However, some data indicates that these nanodomains in response to 

some stimuli, are able to cluster and stabilize into larger domains, e.g. 

microclusters or protein islands (Fig. 5) through protein-protein, protein-lipid or 

lipid-lipid interaction. Under such conditions their dynamics can be visualized by 

advance microscopy technics (Lillemeier et al., 2010; Owen et al., 2012; 

Yokosuka et al., 2008).  
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On a whole, while the structure and dynamics of membrane domains is still not 

fully resolved and their biological function appreciated, the existence of raft-like 

native membrane structures was confirmed by several distinct advance imaging 

microscopy techniques enabling the visualization of up to a single molecule lipids 

and/or protein level in native cell membranes (Eggeling et al., 2009; Gaus et al., 

2006; Owen et al., 2012). Moreover, the functional impact of mutated proteins 

which were targeted to these structures was also reported (Otahal et al., 2011). To 

better understand their biological properties in physiological conditions, 

development of new advanced and more sensitive techniques is required. 

In general, the potential role of lipid microdomains was implied in various cellular 

processes. For example in membrane trafficking, where microdomain clustering 

leads to the formation of carriers which transport lipids and proteins in a different 

way than classic coat-mediated transporter (Klemm et al., 2009). They were also 

shown to participate in processes associated with virus budding (Waheed and 

Freed, 2009). Nevertheless, microdomains are the most studied in T-cell 

signalling. Overview, discussion and some elementary data about their role, 

Figure 5: Lipid raft vs Protein island model. Lipid raft model is based on 

observations that part of membrane proteins is localized into membrane domains 

termed LR whereas others are randomly distributed and can move freely. LR 

localization is determined by specific protein-lipid interactions which in most cases 

requires a post-translational protein modification (palmitoylation, GPI-anchors). The 

size and also life-time of LR can vary. In contrast, the protein islands model postulates 

that all membrane proteins are segregated into domains according their function and 

nature. LR are then a subpopulation of protein islands. Protein islands are connected 

to actin cytoskeleton which is responsible for their segregation. Protein free areas 

then separate distinct protein islands from each other. Adapted from Klammt and 

Lillemeier, 2012. 



23 
 

function, dynamics and distinct types in T-cells are described in detail in next 

chapters and in review paper: “Lck, membrane microdomains, and TCR 

triggering machinery: Defining the new rules of engagement“ which is a part of 

this thesis (Filipp et al., 2012). 

  

CYTOSKELETON IN T-CELL ACTIVATION 

T-cell activation is highly associated with cytoskeleton-dependent processes from 

cellular polarization, integrin-dependent cell adhesion, formation of IS to 

sequestration of important signalling molecules (Billadeau et al., 2007; Comrie 

and Burkhardt, 2016). Cytoskeleton is formed from three major cytoskeletal 

components – actin microfilaments, microtubules and intermediate filaments. 

Whereas actin microfilaments are largely responsible for cell morphology and 

plasticity, microtubular network orchestrates the T-cell cargo transport and 

polarized secretion of effector molecules. Intermediate filaments then provide 

some structural supportive functions. As mentioned in the previous chapter, 

cytoskeletal network has an essential role in shaping of T-cell/APC contact. It is 

mainly rapid polymerization and depolymerization of filamentous actin (F-actin) 

after TCR engagement what promotes dynamic T-cell polarization – formation of 

IS at T-cell/APC interface and distal pole complex (DPC) at the opposite site of 

cell. This leads to the establishment of SMACs and related sequestration of 

signalling molecules into their interaction sites. The process of F-actin 

polymerization is driven by TCR engagement and downstream signalling pathway 

leading through Lck-ZAP-70-LAT-SLP-76-Vav1 cascade. Vav1 is guanine-

nucleotide-exchange factor which activates small Rho GTPases CDC42 and Rac1. 

They are responsible for the recruitment and regulation of ARP2/3 complex 

important for nucleation and polymerization of F-actin (Kumari et al., 2014).  

There are several currently known functional links implicating actin 

microfilaments in T-cell activation. It was demonstrated that several negative 

regulators of T-cell activation including CD43, CD148, SHP-1, EBP50, are during 

IS formation sequestered at the opposite site of T-cell into DPC (Burkhardt et al., 

2008). Here, the CD43 transmembrane protein and EBP50 adaptor protein, which 

interacts with SFKs negative regulator PAG (Brdickova et al., 2001) can associate 

with actin linker, ezrin. Ezrin was shown to shuttle between DPC and IS during  

T-cell activation, suggesting its role as an actin-dependent cargo carrier and T-cell 

regulator (Shaffer et al., 2009). Last, but not least, is the connection of integrins to 

F-actin network. Recently, it was shown that actin network generates a 

mechanical force leading to affinity maturation and clustering of LFA-1 in IS thus 

supporting T-cell/APC adhesion (Comrie et al., 2015). 

Microtubules are mainly implied in reorientation of MTOC towards IS. When the 

T-cell polarization is accomplished, vesicles containing various lymphokines are 

delivered along the microtubules into IS. Moreover, dynein – the minus end 
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directed microtubule motor was shown to be involved in TCR microcluster 

movement from peripheral to central SMAC (Hashimoto-Tane et al., 2011), thus 

providing evidence of active microtubules involvement in lymphocyte signalling.   

The role of cytoskeleton in dynamics and subcellular distribution of membrane-

associated proteins and various membrane structures, including lipid 

microdomains is not fully understood yet. Several data suggested the involvement 

of F-actin through interaction of actin binding proteins with microdomain-targeted 

proteins. One such example – F-actin cross-linking protein filamin A (FLMNa), 

was shown to associate with CD28 co-stimulatory molecule. Upon TCR 

engagement FLMNa is in CD28 depending manner recruited to IS, inducing 

cytoskeleton rearrangements and lipid microdomains accumulation in IS (Tavano 

et al., 2006). Disruption of cytoskeleton components by pharmacological agents 

also exhibits a profound effect on the function of lipid microdomain-associated 

proteins (Chichili et al., 2012).  

Taken together both actin cytoskeleton and microtubules are essential for 

successful T-cell activation – from shaping of immunological synapse to T-cell 

signalling regulation (Comrie and Burkhardt, 2016; Lasserre and Alcover, 2010).  

 

MODELS OF TCR TRIGGERING 
Since the discovery of T-cell receptor, an enormous effort has been put into to 

find out the precise molecular mechanism leading to full T-cell activation. 

Nevertheless, the very early biochemical events which trigger this process have 

not been elucidated with consensual satisfaction. The answer on question what is 

the signal which precede and is needed for T-cell activation and how this signal is 

generated and regulated, remains to be resolved. In the course of time, several 

“TCR triggering” models, which more or less explain scientific findings, were 

postulated. In next few paragraphs I will highlight the most important features of 

these models. 
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AGGREGATION MODEL 

The original, and for its simplicity still widely accepted “text-book” model is the 

“aggregation model”. Its mechanistic view of action is based on the redistribution 

and recruitment of Lck kinase to the proximity of TCR/CD3 complex. The Lck is 

non-covalently bound to the intracellular part of CD4 or CD8 co-receptor, 

depending on T-cell subtype (Veillette et al., 1988). Since these co-receptors can 

bind via their extracellular part to pMHC complex, upon TCR engagement, TCR 

and CD4/CD8-Lck complexes can aggregate together (Delon et al., 1998; 

Trautmann and Randriamampita, 2003). Clustering of Lck in these complexes 

leads to its activation. Active Lck is then recruited to the vicinity of TCR where 

initiates the TCR signalling pathway by phosphorylation of activatory ITAM 

motif in CD3 chains (Fig. 6). Unfortunately, this model does not explain some 

important findings. The major one is concerning how Lck kinase activity is 

regulated? How and what mechanism initiate Lck trans-autophosphorylation on 

Y394? Does membrane microenvironment play any role in this event, and/or is 

the TCR-induced redistribution of Lck and other membrane signalling 

components accompanying this process? Could it be possible that Lck is in a 

constitutively activate state or it is rather a question of its molecular conformation 

or submembrane distribution? These and other related questions are addressed in 

an alternative models of TCR triggering.  

 

Figure 6: The aggregation model:  In resting CD4+ T-cells, TCR/CD3 complex and 

CD4 co-receptor with inactive Lck are physically segregated. Upon TCR 

engagement, they aggregate together (1), Lck is activated and phosphorylates ITAM 

motif in CD3 chains (2), ZAP-70 is recruited to ITAMs (3) and activated by Lck (4). 

Active ZAP-70 phosphorylates LAT (5), thus initiating downstream signalling 

pathway. 

resting activated 
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KINETIC-SEGREGATION MODEL  

Nowadays, one of the most discussed and accepted models of TCR triggering is 

“kinetic-segregation model” (K-S model) (Anton van der Merwe et al., 2000; 

Davis and van der Merwe, 2006). This model came from the observation of 

membrane signalling molecules redistribution during T-cell antigen recognition 

and formation of the IS. (That is in contrast to aggregation model which is based 

mostly on biochemical data). It was shown that in the IS cell surface molecules 

segregate into distinct SMACs (Monks et al., 1997). This separation is caused by 

passive (physical forces) or active mechanisms (e.g. cytoskeleton). Among 

passive processes we can include size-dependent segregation and exclusion of 

some molecules from an IS. Molecules differ in the size of their extracellular parts 

and thus, logically upon the IS formation between APC and T-cell, their 

membranes are in a close apposition with only a very narrow gap between them. 

Hence, molecules with larger extracellular parts are pushed away to the edge of 

such contact area. Efficient T-cell activation is based on TCR-pMHC interaction 

and because extracellular parts of TCR/MHC are much smaller then  

LFA-1/ICAM-1, CD43 or CD45, it is suggested that at the beginning of T-cell 

activation, several close-contact zones between APC and T-cell are formed. Inside 

these zones, TCRs and other accessories molecules (e.g. CD4/8 co-receptor) with 

similar size co-accumulate and can spatially communicate with each other. 

Figure 7: Kinetic-segregation model of TCR triggering. In resting CD4+ T-cells 

phosphorylation of TCR/CD3 complex is maintained by CD45. CD4 co-receptor with 

inactive Lck are spatially separated. Upon TCR engagement, due to size exclusion, 

CD45 is redistributed away from TCR/CD3 (1), activated Lck phosphorylates ITAM 

motif in CD3 chains (2), ZAP-70 is recruited to ITAMs (3) and activated by Lck (4). 

Active ZAP-70 phosphorylates LAT (5), thus initiating downstream signalling 

pathway. 

 

resting activated 
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However, the large molecules such as CD43, CD45, CD148 or integrines are 

strictly excluded to the edge of a contact area. 

As was mentioned previously, equilibrium between phosphorylation and 

dephosphorylation events protects and keeps TCR signalling off. The key 

regulator is CD45 phosphatase, probably the most abundantly expressed protein at 

the T-cell surface. This molecule is also responsible for the dephosphorylation of 

TCR/CD3 complex, thus dampening TCR signalling. Spatial segregation of CD45 

molecules away from TCRs nudges the phosphorylation equilibrium towards 

tyrosine phosphorylation which, in turn, drives TCR triggering (Cordoba et al., 

2013). The basic principles of K-S model are illustrated in Figure 7. 

The advantage of this model is that TCR triggering is dependent on a half-life of 

TCR-pMHC binding within close-contact zones. That corresponds with the 

affinity of TCR to peptide presented on MHCs. The stronger the affinity, the 

longer time for sequential phosphorylation of CD3 ITAMs and more of them get 

phosphorylated leading to more sustained progression of signalling and its 

persistent to later stages of T-cell activation and maturation of IS. On the other 

hand, when affinity of antigen is low, and thus TCR-pMHC binding is weak, the 

close-contact zone is rapidly dissolved, TCR is dephosphorylated by CD45 

phosphatase and signalling is attenuated. To conclude, this model has two key 

elements – the molecular segregation and TCR-pMHC binding kinetics and 

provides a simple mechanistic explanation how TCR triggering could be regulated 

(Davis and van der Merwe, 2006). 

 

STAND-BY MODEL 

However, the K-S model does not provide any explanation concerning the 

regulation of Lck activity at the very beginning of IS formation. Is Lck already 

active or what causes its initial activation (in sense of phosphorylation on the 

activatory Y394 tyrosine)? Conventional views suggest that pMHC binding 

activates Lck, however some experimental evidence suggest the opposite. In the 

work of Nika et al., levels of pY394Lck in naïve as well as in activated T-cells 

were analysed and quantified (Nika et al., 2010). It was shown that more than 

40% of total Lck in human naïve T-cells is phosphorylated at Y394 and these 

levels does not change upon T-cell activation. This is quite surprising, because 

previous models suggested that amplification of Lck activity is needed in order to 

trigger TCR signalling (Filipp et al., 2003; Holdorf et al., 2002; Philipsen et al., 

2017; Wang et al., 2011) . According to their findings, Nika et al. postulated the 

“Lck stand-by model” of TCR triggering. This model assumes that a relatively 

high level of constitutively active Lck present in naïve T-cells is in ready-to-go 

status and waiting for a stimulus (e.g. pMHC binding). TCR engagement than 

results in the redistribution of already kinase active Lck to the vicinity and a very 
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fast phosphorylation of ITAM motifs in TCR/CD3 complex, thus triggering the 

signalling pathway.  

However, stand-by model does not solve the potential problem of the presence of 

such high amounts of active Lck which would results in harmful spontaneous 

activation of T-cells. Thus, the authors suggested that the TCR must be somehow 

shielded from Lck – e.g. by conformational changes in TCR or by distinct 

distribution of membrane signalling components. These suggestions are moreover 

in agreement with models concerning conformational changes in TCRs as the 

main regulatory mechanism of TCR signalling. 

 

CONFORMATION CHANGE MODEL 

One such model provides biophysical data showing that intracellular domains of 

CD3s, which are positively charged, in naïve T-cells can bind to the inner leaflet 

of plasma membrane, thus making ITAMs inaccessible to Lck phosphorylation 

(Xu et al., 2008). When T-cells are activated, these portions of CD3 chains are 

released from the membrane, Lck phosphorylates ITAMs a TCR signalling 

pathway can be triggered. Nevertheless, while the precise mechanism of CD3 

chain dislodging is not currently known, some kind of transmission of mechanical 

force after ligand binding or change in local lipid microenvironment after TCR 

engagement could be envisioned. There are some data supporting this model. 

Previously, it has been already shown that cytoplasmic domain of CD3 can bind 

phospholipids and this interaction prevents phosphorylation of ITAMs in CD3 

by Lck (Aivazian and Stern, 2000). Moreover, the role of conformational changes 

in CD3 structure upon pMHC binding was also reported, revealing proline rich 

sequences which, in turn, allowed binding of Nck adaptor protein to CD3 (Gil et 

al., 2002; Minguet et al., 2007). Of course, there are more examples, but also there 

are concerns about the artificiality of this model too and further experimentation is 

needed (Fernandes et al., 2010; van der Merwe et al., 2012; Zhang et al., 2011). 

 



29 
 

LIPID-BASED SEGREGATION MODEL 

This model proposes that another level of regulation to TCR triggering is provided 

by lipid-dependent spatial distribution of signalling proteins within the plasma 

membrane. The details are extensively discussed and reviewed in our work “Lck, 

membrane microdomains, and TCR triggering machinery: Defining the new rules 

of engagement“, which is a part of this study, thus I will touch only upon the key 

points. Since the discovery of lipid microdomains or LR, a lot of effort was made 

to characterize the distribution of important TCR signalling molecules into “non-

raft” or “raft” fractions prior and after T-cell activation (Dykstra et al., 2003; 

Horejsi and Hrdinka, 2014; Ventimiglia and Alonso, 2013). According to these 

data, several models of membrane microdomain involvement in TCR triggering 

were proposed (Fig. 8).  

The original LR theory implicated in TCR signalling suggested that in resting  

T-cell the important membrane signalling molecules like SFK kinases, TCR/CD3 

complex or adaptor proteins are segregated from each other by virtue of forming 

small clusters or lipid islets protecting their spontaneous activation. Upon TCR 

engagement these clusters merge into larger signalling platforms allowing their 

interactions and thus initiate the signalling pathways (Lillemeier et al., 2010). 

Particular example is the model of Lck-dependent Fyn activation (Filipp et al., 

2004; Filipp et al., 2003). It was shown that these two SFK kinases are in naïve T-

Figure 8: Lipid-based segregation model. In resting CD4+ T-cells, TCR/CD3 

complex and CD4 co-receptor with inactive Lck and LAT are segregated by distinct 

lipid microenvironment. Upon TCR engagement, they aggregate together into one 

lipid-based platform (1), Lck is activated and redistributed to lipid microdomains, 

phosphorylates ITAM motif in CD3 chains (2), ZAP-70 is recruited to ITAMs (3) and 

activated by Lck (4). Active ZAP-70 phosphorylates microdomain-associated LAT (5), 

thus initiating downstream signalling pathway. 

resting activated 
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cells associated with distinct membrane compartments. Whereas Fyn is 

constitutively localized to LR fraction, Lck resides in non-LR fractions. Upon 

TCR engagement Lck redistribute from “non-raft” to “raft” fractions, where it 

triggers Fyn activation and subsequently TCR signalling. The exact mechanism 

responsible for the Lck translocation has not been not resolved so far, 

nevertheless, the functional C-terminal part of Lck is the prerequisite for such 

mode of action (Filipp et al., 2008). This model illustrates that Lck can act as a 

mobile element and that spatial-temporal regulation via lipid microdomains could 

be an important early step in TCR triggering. 

Along with all these experimentations, several doubts and concerns about the 

existence of LR were raised, pointing at the fact that biophysical properties 

obtained by detergent-mediated cell lysis should not be equalized with the native 

LR and that results should be interpreted with caution (Jacobson et al., 2007; 

Munro, 2003; Sevcsik and Schutz, 2016; Shaw, 2006). Nowadays, with improving 

technical resources, membrane heterogeneities are classified as protein islands, 

nanodomains or nanoclusters and could be visualized in living cells (Lillemeier et 

al., 2010; Owen et al., 2012). It has been shown that these membrane structures 

are very short-lived, dynamic and might be as small as less than 20 nm (Eggeling 

et al., 2009). In addition, these new techniques are allowing to examine their 

properties and behaviour during early stages of T-cell signalling in better 

resolution, arising both new conclusions and questions. (Kapoor-Kaushik et al., 

2016; Pageon et al., 2016; Rossy et al., 2013a). For example the work of Rossy et 

al. who studied the conformation-driven Lck clustering, proposed a model, 

whereby in naïve T-cells, Lck localizes in nanodomains which upon TCR 

engagement recruit more Lck molecules. This process is independent of Lck 

association with protein network or even with lipid microdomains. The authors 

concluded that the major “localization” determinant is an open Lck conformation 

(i.e. kinase active state). This conformation induces self-association and clustering 

of Lck, whereas the closed one prevents it. Moreover, CD45 phosphatase was 

excluded from clusters containing Lck and TCR, thus supporting bias towards 

TCR phosphorylation. In conclusion, this model introduces a fresh look at the 

mechanism how could TCR signalling be regulated by conformational states of 

Lck and its clustering in membrane. Nevertheless, how this clustering mechanism 

is regulated and if it contributes to early TCR triggering or later responses have to 

be further investigated. 

 

OTHER MODELS OF TCR TRIGGERING 

There are additional models of how TCR signalling is triggered (Chakraborty and 

Weiss, 2014; Malissen et al., 2014; van der Merwe and Dushek, 2011). Among 

them it is worth to mention a model concerning the phosphorylation of ZAP-70 

kinase by Lck as the key triggering regulatory element (Chakraborty and Weiss, 

2014; Thill et al., 2016). This model assumes that Lck is in a permanent dynamic 
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regulation of its activity by phosphorylation and dephosphorylation events. Thus 

there is always some basal level of Lck activity. This dynamic state is not 

sufficient to enhance Lck activity per se, but it is sufficient to phosphorylate 

ITAM motifs when transient and weak interaction between TCR and pMHC 

occurs. In this circumstances, ZAP-70 could bind to ITAMs but is not activated. 

Other situation arise when the TCR is engaged with a stronger pMHC and this 

interaction is assisted with engagement of CD4/8 co-receptors bound Lck. They 

provide some extra time for Lck action, thus Lck can phosphorylate ZAP-70 and 

activate it. Phosphorylated ZAP-70 then in turn binds Lck and stabilize its active 

conformation what helps Lck to overcome negative regulatory mechanisms 

imposed by CD45. ZAP-70 then triggers downstream signalling pathways.  

 

LCK SIGNALLING NETWORK 

In connection to our previous results identifying activation-induced Lck 

membrane redistribution machinery (Filipp et al., 2008; Filipp et al., 2003), one of 

the objective of our research presented in this study was to find out the best 

candidate protein which could participate in Lck membrane redistribution 

mechanism. We looked for candidates among previously described molecules that 

have following attributes: (i) regulation of intracellular translocation of kinases, 

(ii) ability to interact with SFKs and modulate their kinase activity; (iii) capacity 

to associate with elements of the cytoskeletal network and (iv) capacity to interact 

with multiple partners. As the best option we decided to consider for further 

investigation adaptor protein Receptor for activated C kinase 1 (RACK1) which 

fulfilled all these criteria. This protein and his selected interaction partners which 

we identified in follow up experiments seem to be involved in this redistribution 

process and will be shortly reviewed below. 

 

RACK1 

RACK1 (Receptor for activated C-kinase) is a 36 kDa adaptor protein which is 

highly conserved among all eukaryotes from yeast, through plants to mammals 

and is abundantly expressed in almost all cell types. It belongs to a family of so-

called RACKs – proteins which are able to interact with activated protein  

kinases C (PKC) (Mochly-Rosen et al., 1991). RACK1 was originally described 

as PKCII – interacting protein, which exhibits more than 47% homology with 

beta subunit of trimeric G-proteins (Ron et al., 1994). Up today, more than 150 

other interaction partners have been described (BioGRID database; 

thebiogrid.org) implicating and connecting RACK1 to various signalling 

pathways and processes. Its structure consist of seven WD40 repeats (Neer et al., 

1994) organized into seven-blade propeller structure (Fig. 9) (Coyle et al., 2009; 

Ruiz Carrillo et al., 2012). RACK1 has no catalytic activity per se, arguing for its 

dedication to act as a scaffold protein.  
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Present view at this protein suggests that there are at least two pools of RACK1 in 

the cell (Gibson, 2012; Ron et al., 2013). First cytoplasmic one, which 

orchestrates various signalling events, and the second, ribosomal pool, which 

associates with small ribosomal 40S subunit (Nilsson et al., 2004; Sengupta et al., 

2004). Thus, besides acting as a signalling hub, it also behaves as a ribosomal 

structural protein essential for efficient translation from the initiation to quality 

control of nascent polypeptides (Kuroha et al., 2010; Sharma et al., 2013). 

The RACK1’s critical role is further underlined by its loss of function mutations.  

In mammals, embryonic stem cells with a complete knockout of RACK1 gene are 

not viable; same applies to mouse homozygotes expressing RACK1 hypomorphic 

alleles which are lethal during embryonic development (Volta et al., 2013). These 

data confirm the importance of this protein. 

RACK1 – our premier candidate 

Since original discovery of RACK1-PKC interaction, a dozen of other RACK1 – 

binding partners were identified and annotated (Gandin et al., 2013; McCahill et 

al., 2002). They play a role in cell growth, tumorigenesis, apoptosis, survival, 

migration, translation and many other biological processes (Adams et al., 2011; 

Gandin et al., 2013). In context of this study, only some of them will be 

highlighted.  

RACK1 was chosen as the most suitable candidate protein in our study because 

matched several criteria. One of such conditions was interaction with SFK family 

kinases. RACK1 was indeed shown to associate with Src as well as with Lck and 

Fyn in in vitro translation assay (Chang et al., 1998). Moreover, structure-function 

analyses revealed that this interaction is mediated by binding of phosphotyrosines 

in sixth WD40 domain of RACK1 with SH2 domain of Src (Chang et al., 2001). 

Figure 9: Crystal structure of RACK1. Top (A) and side (B) view at RACK1 

structure illustrates seven-bladed -propeller protein architecture. Each blade 

corresponds to WD40 domain and consist of three -sheets and two -loops. 

Adopted from Coyle et al., 2009. 
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Distinct biological role of RACK1 on Src function was reported, suggesting that 

RACK1 exhibits a cell specific effect. It was shown that RACK1 acts as an 

inhibitor of Src activity, cell grown and tumorigenesis (Chang et al., 1998; 

Mamidipudi et al., 2004). Similarly, RACK1 was identified as a pro-apoptotic 

regulator acting via suppressing Src activity (Mamidipudi and Cartwright, 2009) 

or by activation of stress-induced MAPK signalling (Arimoto et al., 2008). Role 

of RACK1 in regulation of Src activity is often studied in the context of cancer  

(Li and Xie, 2015). 

Our other assumption was that our candidate should participate in the intracellular 

protein transport. In this context RACK1 was shown to interact with PKCII and 

in activation-dependant manner this complex redistributes from cytoplasm to 

plasma membrane (Ron et al., 1999). Another example is provided by association 

of RACK1 with 14-3-3 scaffold protein in response to activation of cAMP/PKA 

signalling pathway which is necessary for shuttling of RACK1 to the nucleus, 

where it activates transcription (Neasta et al., 2012). 

RACK1 also fulfilled the condition concerning its association with elements of 

cytoskeleton. It was shown that RACK1 is important regulator of cell adhesion 

and migration (Cox et al., 2003) especially in the process of focal adhesion 

assembly. Direct interaction of RACK1 with -integrins, focal adhesion kinase 

and cytoskeleton linker paxillin and talin was reported (Doan and Huttenlocher, 

2007; Serrels et al., 2010), making RACK1 the main integrating and core 

component of this multiprotein assembly. Moreover, all these interactors provide 

direct links to cytoskeleton assembly and thus regulate their reorganization. 

RACK1 was also identified as plectin interactor. Plectin is another cytoskeleton 

linker dynamically associating with all major cytoskeleton components (Svitkina 

et al., 1996). It also serves as a scaffold for various signalling proteins and 

components of cell adhesion machinery. In this context, plectin-RACK1 

interaction was shown to be important in recruiting of PKC to the site of its 

action (Osmanagic-Myers and Wiche, 2004). RACK1 is also suggested to localize 

to plasma membrane through association with proteins containing plextrin 

homology domains. These proteins including cytoskeletal binding proteins -

spectrin or dynamin-1 are PKCsubstrates (Myklebust et al., 2015; Rodriguez et 

al., 1999). Actin – spectrin meshwork then serves as a docking site for various 

cellular components, thus supporting the role of RACK1 in signal networking. 

Taken together these and other RACK1 properties makes from this protein very 

interesting and promising component of numerous cellular processes. Its ability to 

interact with so many proteins including cytoskeletal components provides 

evidence for its essential role in the physiology of relevant cells. 
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THESIS AIMS 
 

The general aim of this study was to investigate and characterize the role of 

compartmentalization and redistribution of plasma membrane associated proteins 

in T-cells within early stages of T-cell activation. Particular aims were as follows: 

 

1. Characterize the spatial-temporal organization of critical signalling 

molecules before and after TCR engagement within the context of lipid 

microdomains with focus on Lck kinase. 

 

2. Investigate the role of pre-activated Lck in the initiation of T-cell 

signalling. 

 

3. Elucidate the molecular mechanism of Lck redistribution process within 

plasma membrane upon T-cell activation. 

 

4. Based on our new data provide an updated version of TCR triggering 

models.  
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Ballek O, Valečka J, Dobešová M, Broučková A, Manning J, Řehulka P, Stulík J, 
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multiprotein network affecting Lck redistribution. Front. Immunol. 2016 Oct 

27;7:449. (IF2016=5.695) 

Ballek O, Valečka J, Manning J, Filipp D. The pool of preactivated Lck in the 

initiation of T-cell signaling: a critical re-evaluation of the Lck standby model. 

Immunol Cell Biol. 2015 Apr; 93(4): 384-95. (IF2016=4.473) 

Filipp D, Ballek O, Manning J. Lck, Membrane Microdomains, and TCR 

Triggering Machinery: Defining the New Rules of Engagement. Front Immunol. 

2012 Jun 12; 3:155. (IF2016=5.695) 

Ballek O, Broučková A, Manning J, Filipp D. A specific type of membrane 

microdomains is involved in the maintenance and translocation of kinase active 
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Meloni A, Krohn K, Kluger N, Ranki A, Filipp D. Gastrointestinal Autoimmunity 

Associated With Loss of Central Tolerance to Enteric α-Defensins. 

Gastroenterology. 2015 Jul;149(1):139-50. (IF2016=18.187) 

Balounová J, Vavrochová T, Benešová M, Ballek O, Kolář M, Filipp D. Toll-like 

receptors expressed on embryonic macrophages couple inflammatory signals to 

iron metabolism during early ontogenesis. Eur J Immunol. 2014 May;44(5):1491-

502. (IF2016=4.179) 

Neuwirth A, Dobeš J, Oujezdská J, Ballek O, Benešová M, Sumník Z, Včeláková 

J, Koloušková S, Obermannová B, Kolář M, Stechová K, Filipp D. Eosinophils 

from patients with type 1 diabetes mellitus express high level of myeloid alpha-

defensins and myeloperoxidase. Cell Immunol. 2012;273(2):158-63. 

(IF2016=2.399)  
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A SPECIFIC TYPE OF MEMBRANE MICRODOMAINS IS 

INVOLVED IN THE MAINTENANCE AND TRANSLOCATION OF 

KINASE ACTIVE LCK TO LIPID RAFTS. 
 

The membrane microdomains or lipid rafts were suggested as important dynamic 

platforms for controlling redistribution of signalling proteins in plasma membrane 

(Simons and Ikonen, 1997). Their role in T-cell signalling was implicated as a 

regulators of spatial-temporal organization of critical T-cell signalling proteins 

(Dykstra et al., 2003). Even though their existence is challenged due to possible 

artificiality arising from their biochemical isolation by non-ionic detergents, they 

still provide an invaluable biochemical tool for the assessment of membrane 

distribution of the protein of interest. Recently it has been shown that there are at 

least two kinds of lipid rafts – more accurately DRMs, clearly distinguishable by a 

different density and protein to lipid ratio (Otahal et al., 2010).  

Here, in this study we described the spatial-temporal distribution of critical T-cell 

signalling proteins, Lck kinase in particular, in the context of these DRMs which 

we called “heavy” and “light” DRMs. The “heavy” DRMs are characterized as 

high molecular weight (HMW) complexes with higher density and lower lipid-to-

protein ratio compare to “light” DRMs.  

We showed that only Lck from HMW fractions redistribute after TCR 

engagement, in microtubules dependent fashion, into “light” DRMs thus partially 

characterizing  the mechanism of delivery of Lck function during proximal T-cell 

signalling. In addition, for the first time, we identify that TCR/CD3 complex 

together with active Lck and CD45 resides in “heavy” DRMs in unstimulated  

T-cells thus forming the platform for maintaining their enzymatic activity. Taking 

together we demonstrated the microdomain-based mechanisms of regulation of  

T-cell activation via spatial-temporal segregation of critical signalling proteins. 
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THE POOL OF PRE-ACTIVATED LCK IN THE INITIATION OF 

T-CELL SIGNALLING: A CRITICAL RE-EVALUATION OF THE 

LCK STANDBY MODEL  
 

How Lck activity is regulated during initiation of T-cell signalling is not fully 

understood. Recently proposed “standby” model of TCR triggering suggest that in 

unstimulated T-cells there is up to 50% of constitutively active Lck (Nika et al., 

2010). They showed that during the T-cell activation, the levels of pY394Lck 

would not increase, the result which contrast sharply with our data. We showed 

that in immediately boiled samples, the pY394Lck levels increase after TCR 

engagement up to fifty times (Ballek et al., 2012).  

In this study we provided the likely explanation what causes such experimental 

discrepancy. We showed that technical procedure of cellular solubilisation results 

in a spontaneous increase of phosphorylation levels in proteins. This could 

severely compromise the quantification outcomes. We suggested to add the kinase 

inhibitor PP2 into lysis buffer which largely overcomes this problem. In 

conclusion, the amount of pY394Lck levels is much more limited than showed 

before, thus challenging the standby model and calling for critical re-evaluation of 

role of this pre-activated Lck during TCR triggering. 
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TCR TRIGGERING INDUCES THE FORMATION OF LCK-

RACK1-ACTININ-1 MULTIPROTEIN NETWORK AFFECTING 

LCK REDISTRIBUTION 
 

The membrane redistribution of Lck kinase during initiation of T-cell activation is 

critical for delivery of its function (Filipp et al., 2003). In unstimulated T-cells, 

redistributing Lck was shown to be associated with “heavy” DRMs and after TCR 

engagement repartitions into “light” DRMs (Ballek et al., 2012). Nevertheless the 

mechanism underpinning this critically important process for T-cell signalling is 

not known.  

Here we investigated the redistribution process and considered several candidates 

from previously described molecules which could take a part. RACK1 was shown 

as a viable option. As an adaptor protein it has a largely promiscuous binding 

capacity to plethora of molecular partners and was also previously implicated in 

the redistribution of PKCII kinase (Ron et al., 1999). For the first time we 

describe the formation of transient RACK1-Lck complexes very early after TCR 

triggering. In our microscopy studies we observed timely coordinated movement 

of both proteins during the formation of IS. In addition, we found out that 

formation of this complex was dependent on both functional SH2 and SH3 

domains of Lck and microtubular network. Nevertheless, the interaction seems to 

not be direct, suggesting the formation of a larger multiprotein complex involving 

RACK1 and Lck. The association of RACK1 with cytoskeleton linker  

-actinine-1 provided then the evidence of the direct involvement of cytoskeleton 

in this redistribution. Taken together, we showed that RACK1 orchestrates the 

formation of multiprotein complex after TCR triggering important for connecting 

of Lck to cytoskeleton and thus affecting redistribution of Lck within plasma 

membrane. 
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LCK, MEMBRANE MICRODOMAINS, AND TCR 

TRIGGERING MACHINERY: DEFINING THE NEW RULES OF 

ENGAGEMENT 
 

The emerging of new models of TCR triggering resulted in intensive discussions 

among the scholars which model is the most appropriate one. Almost all of them 

assume the requirement for some kind of membrane spatial-temporal organization 

as a TCR triggering regulation tool. Also, the question how Lck activity is 

regulated, what initiates its function and many additional questions still remain 

unanswered.  

Here, in this review article, we gave an overview of TCR triggering in the context 

of new findings. We focused mainly on the role of membrane microdomains and 

Lck activation during TCR engagement. We discussed how redistribution 

mechanisms within plasma membrane could provide additional regulatory step 

essential for T-cell activation. As a result, we propose our working model of TCR 

triggering.  
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GENERAL DISCUSSION AND CONCLUSIONS 
The understanding how T-lymphocytes are activated from cellular to molecular 

levels is for T-cell biologist like a “Holy Grail” quest. Probably, there is not a 

more studied cell in the immune system then T-cell. Of course, we already possess 

a great knowledge about these cells and their activation, but many key questions 

await their resolution. In our study we focused mainly on molecular mechanisms 

of very early stages of T-cell activation. There are two fundamental questions 

which have not yet been fully answered. First, how the activation signal is 

transmitted to the cell and second what is the mechanism which triggers 

biochemical reactions leading to the initiation of TCR signalling pathways.  

Our contribution to this topic revealed several novel characteristics of proximal 

TCR signalling components as well as we challenged several well-established 

dogmas within already existing models of T-cell activation. Considering all 

publically available data and our own results, we proposed a newly adapted model 

for TCR triggering.  

One very important question concerns the role of lipid microdomains, lipid rafts, 

or more generally, changes in plasma membrane organization during T-cell 

activation process. It was suggested that the spatial regulation of signalling 

molecules which prevent them from their random mutual interactions must play 

an essential role. Whereas K-S model suggests that segregation of proteins is 

driven via their size and does not account for lipid microdomains involvement 

(Anton van der Merwe et al., 2000), the standby model explicitly requires some 

kind of compartmentalization between constitutively active Lck and its substrates 

to prevent spontaneous T-cell activation (Nika et al., 2010). Similarly the 

conformational model could be dependent on the specific membrane composition 

which enables binding of cytoplasmic tails of CD3s to inner membrane leaflet (Xu 

et al., 2008). Taken together, the existence of distinct membrane structures, their 

activation-dependent merging and interaction could be a common denominator of 

nearly all models of T-cell activation proposed so far.  

So, the lipid microdomains theory could explain why proteins are segregated and 

what drives their clustering, but such interpretation must be performed with 

caution. We should be able to distinguish if such segregation is due to intrinsic 

mechanism or extrinsic manipulation, but this could be problematic. In this sense, 

we have to be aware of potential artefacts caused by detergent-mediated cell lysis 

and DRMs extraction (Lichtenberg et al., 2005). We should also have to take into 

account that solubilisation can affect these interactions. These and other questions 

are hard to answers because the layout of technical procedures always influences 

the experimental outcomes. For example, from our experiences we know that the 

centrifugation step which removes insoluble material upon cell lysis seems to be 

critical. Different centrifugal forces will result in different amounts of extracted 

proteins in soluble fractions (e.g. Lck, RACK1). This could be detrimental for 

cytoskeleton-associated proteins that form larger and heavier complexes and could 
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be lost in the pellet fraction upon centrifugation at higher speeds. For T-cell 

activation this could be crucial, because during activation many proteins form  

de novo complexes with cytoskeleton. Of course, inefficient centrifugation with 

lower speed would also have disadvantages as it could result in sample impurities 

and unspecific binding to bait proteins. So, the question is how to appropriately 

setup experimental conditions and correctly interpret the data? Definitively, the 

parallel use of various techniques to prove experimental outcomes should be a 

standard. A potentially new promising tool for membrane studies could be SMA 

(styrene-maleic acid) copolymer, which extracts membrane proteins and 

complexes while preserving their native lipid environment (Dorr et al., 2016; 

Scheidelaar et al., 2015). Initial data showed that this extraction is dependent on 

the membrane composition and potentially, it could be used to extract raft-like 

structures (Dominguez Pardo et al., 2017). Nevertheless more experimentation 

and proper evaluation of SMA function is needed. 

As lipid microdomains can vary in size, they also vary in their composition 

(Simons and Gerl, 2010). Recently, it was shown, that by biochemical extraction 

using very mild non-ionic detergent of Brij series we can distinguish at least two 

types of them: The “light” and the “heavy” DRMs. Both are characterized as high 

molecular weight (HMWs) complexes according size exclusion chromatography 

fractionation that are also sensitive to treatment with lauryl maltoside disrupting 

lipid interactions and preserving only protein-protein interactions. Difference 

between them is that “light” DRMs after isopycnic ultracentrifugation float to the 

top of sucrose gradient whereas “heavy” DRMs remain at the bottom (Otahal et 

al., 2010) due to their distinct density and protein-to-lipid ratio. 

In our experiments we follow up this differential DRMs isolation procedure and 

characterized the spatial distribution of critical TCR signalling components in 

resting T-cell to find out if there is any conclusive context of their clustering 

(Ballek et al., 2012). We observed that TCR/CD3 complex in naïve T-cell almost 

exclusively localizes to “heavy” DRMs and upon TCR engagement is partially 

transported to “light” DRMs. This is consistent with a previously described data 

showing recruitment of TCR into DRMs (Montixi et al., 1998; Xavier et al., 

1998). Nevertheless, with improving technical resources, the tracking of TCR 

distribution gives often contradictory results (Hashimoto-Tane et al., 2010). The 

authors used advanced microscopy techniques to visualize TCR nanoclusters in 

live cells and target them to liquid ordered or liquid disordered fractions of plasma 

membrane by various lipid probes (e.g. laurdan). Whereas some conclude that 

TCR nanoclusters are in naïve T-cell in ld phase (Beck-Garcia et al., 2015), others 

showed that they are in lo phase (Dinic et al., 2015). However, and importantly, 

most of them demonstrate cluster aggregation to larger platforms after T-cell 

activation (Dinic et al., 2015; Lillemeier et al., 2010; Pageon et al., 2016) what is 

in agreement with principle of original LR theory. 
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Besides TCR, we found that “heavy” DRMs in naïve T-cell almost exclusively 

retain active Lck (pY394Lck) together with CD45 phosphatase (Ballek et al., 

2012). Whereas CD45 upon TCR engagement remains in “heavy” DRMs and 

non-DRMs fractions, the pY394Lck redistribute to “light” DRMs. That is quite 

important and it points to several possible conclusions.  

CD45 phosphatase is very abundant protein in T-cells with high phosphatase 

activity. It exerts a dual regulative role on T-cell activation – positive by 

activating Lck and negative by dephosphorylating ITAMs in TCR/CD3 complex 

(Furukawa et al., 1994). Then, it is not surprising that all these molecules could 

localize into one type of cluster or microdomain.  It is easy to imagine that CD45, 

as a master phosphorylation regulator in T-cells, keeps equilibrium which is 

disrupted by exclusion of CD45 from such clusters or by redistribution of active 

Lck and TCR into “light” DRMs upon TCR engagement. However, problems 

could arise when we imagine that all these molecules are in same “heavy” DRM 

cluster. How to shield TCR from the spontaneous phosphorylation by active Lck? 

The answer could lie in the conformational change in TCR/CD3 chains which 

protect phosphorylation of ITAMs as was suggested in the conformational model 

(Xu et al., 2008) or there are distinct “heavy” DRMs clusters with different 

composition, or the system is even more complicated as was suggested in 

reconstituted membrane protein cluster system (Furlan et al., 2014). There, it has 

been shown that Lck in TCR clusters is autophosphorylated on inhibitory tyrosine 

and simultaneously dephosphorylated by CD45. This equilibrium is broken by  

T-cell activation resulting in CD45 exclusion from this cluster, lowering density 

of CD45 in vicinity of TCR and so confirming positive role of CD45 on TCR 

triggering. Whether positive or negative, CD45 segregation seem to be one of the 

most important regulatory mechanisms of TCR triggering. 

Phosphorylation of ITAM motif in TCR/CD3 complex by Lck kinase is 

considered as a first detectable biochemical event of the initiation of TCR 

signalling pathway. But how Lck is regulated and what triggers Lck activity per 

se, is not known. In our experiments, we identified the pre-existing pool of 

pY394Lck localizing almost exclusively to “heavy” DRM clusters. Upon T-cell 

activation, the vast majority of pY394Lck redistributed to “light” DRMs. In 

addition, the quantitative analysis revealed that pY394Lck levels increased upon 

TCR engagement using both CD4/TCR cross-linking (up to 50-fold) and antigen 

stimulation followed by the procedure of immediately boiling cell samples (Ballek 

et al., 2012; Ballek et al., 2015). This findings are in sharp contrast to previously 

published results showing that in naïve T-cell almost 50% of total Lck is pY394Lck 

and T-cell activation does not result in pY394Lck amplification (Nika et al., 2010). 

Consistent with Nika’s report, it was shown that conformational change in Lck 

structure (from closed to opened – i.e. from inactive to active) during TCR 

engagement was not detectable (Paster et al., 2009). The large pre-existing pool of 

constitutively active Lck then conveniently fits into several models including K-S 

model or stand-by model. In these models one could assume that only disbalance 
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of phospho/dephospho regulatory mechanism acting via exclusion of CD45 away 

from TCR is sufficient to trigger T-cell activation. Nevertheless, not only our 

results reported de novo phosphorylation and amplification of pY394Lck upon 

TCR engagement (Filipp et al., 2003; Holdorf et al., 2002; Philipsen et al., 2017; 

Stirnweiss et al., 2013; Wang et al., 2011), we also detected much lower amounts 

of pY394Lck in naïve T-cells than described in Nika’s report.  

So what causes such a big discrepancy in the amount of pY394Lck? We 

investigated the possible role of several technical aspects and found out some 

variances in T-cell activation procedure and pY394Lck detection. The most 

prominent effect on the quantity of pY394Lck exerted the solubilisation step 

(Ballek et al., 2015). The standard cell lysis in various detergents do not block 

efficiently phosphorylation events and results in the global spontaneous 

phosphorylation of proteins. This severely compromises the quantitative outcomes 

in such conditions and could explain why there are such discrepancies within 

different studies. We suggested to add, besides protease and phosphatase 

inhibitors, also the kinase inhibitors into lysis buffer, to overcome spontaneous 

activation of SFKs during the cell solubilisation and thus obviate this technical 

problem. Nevertheless, on the whole, it is alarming that most of the studies failed 

to consider such important aspect of experimental settings, especially when it 

concerns the quantification of phosphorylation status which could be heavily 

compromised by spontaneous phosphorylation during cell lysis a could lead to 

severe misinterpretation of data. 

There are several mechanisms which control proteins redistribution on plasma 

membrane but the one(s) which regulates the recruitment of crucial T-cell 

signalling components into “light” DRMs is not clear. Our previous data showed 

that spatial redistribution of Lck into “light” DRMs upon TCR engagement 

predicates further signalling and IL-2 production (Filipp et al., 2008; Filipp et al., 

2003). Thereafter, we identified RACK1 as a protein which orchestrates the 

relocation of HMW Lck by tethering to cytoskeletal network (Ballek et al., 2016). 

Involvement of cytoskeleton in T-cell membrane redistribution processes is 

expected as was shown previously (Shaffer et al., 2009; Tavano et al., 2006). 

However, transient biochemical association of Lck and RACK1 as well as their 

timely coordinated movement into IS was revealed for the very first time.  

Our data suggested that RACK1-Lck interaction is not direct and there are likely 

additional components forming much larger multiprotein complex. Using mass 

spectrometry analysis we identified several possible interaction partners of 

RACK1 (Ballek et al., 2016). Similarly to Lck, some of them exhibit transient 

association with RACK1 upon T-cell activation. The most promising seemed to 

be GADS (Grb2-related adaptor downstream of Shc) and -actinin-1 (ACTN1).  

GADS was originally identified as an Shc interactor (Liu and McGlade, 1998) but 

its major role was implicated in TCR signalling in connecting proximal and distal 

TCR signalling pathways (Figure 2, right part). GADS is expressed mainly in 
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leukocytes and as an adaptor protein contains one SH2 domain flanked by two 

SH3 domains which together provide high affinity binding to its partners. It has 

been shown that it constitutively interacts with SLP-76 and links this protein to 

LAT upon TCR stimulation (Liu et al., 1999). This results in the redistribution of 

PLC to LAT via Vav1 and ITK kinase (Bogin et al., 2007). The importance of 

GADS in T-cell development was evaluated in vivo by deletion of GADS in 

mouse or in vitro in human Jurkat cells showing defect in thymocyte proliferation 

– lack of efficient positive selection (Dalheimer et al., 2009; Yoder et al., 2001) 

and impairment in calcium influx and cytokines production (Bilal et al., 2015). Up 

today several other interaction partners were identified, including costimulatory 

molecule CD28 or RACK1 (Ellis et al., 2000). 

-actinins are ancient family of actin filament cross-linking proteins. They are 

expressed almost in all eukaryotes from yeasts to mammals, excluding plants and 

some other lineages where they have been lost during evolution. They form 

dimers containing several spectrin-like repeats flanked by actin-binding domain 

and calmodulin-like domain (Sjoblom et al., 2008). In mammals, they could be 

divided into two subgroups – muscle actinins (ACTN2 and ACTN3) and non-

muscle actinins (ACTN1 and ACTN4). Non-muscle actinins were implied in cell 

adhesion, cell migration or cytokinesis, thus providing anchor for microfilaments 

to cell membrane structures. It was shown that they have capacity to interact with 

integrins or intracellular adhesion molecules (Celli et al., 2006; Sjoblom et al., 

2008). Moreover, in context of T-cells, ACTN1 associates with membrane 

fraction of mouse lymphocytes (Hoessli et al., 1980). Interaction of ACTN1 with 

F-actin and other proteins is regulated by several mechanisms including tyrosine 

phosphorylation (Izaguirre et al., 2001), binding to phosphoinositides (Greenwood 

et al., 2000) or to calcium (Blanchard et al., 1989). For example, increased levels 

of Ca2+ leads to inhibition in actin binding and bundling. -actinins thus can act as 

multipurpose interaction platforms for structural, membrane and signalling 

proteins as well as cytoskeleton cross-linking proteins. 

Both proteins provide new look at the mechanism of Lck redistribution. While 

RACK1-GADS interaction was detected previously (Ellis et al., 2000), RACK1-

ACTN1 association has been described for the first time and seems to be 

important  for connecting RACK-Lck complex to cytoskeleton. How this process 

could be regulated? While functional actin cytoskeleton is important for RACK1-

Lck interaction (Ballek et al., 2016), the microtubular network is essential for Lck 

redistribution process (Ballek et al., 2012). Since both microtubular and actin 

cytoskeletal elements play a significant role in TCR signalling (Billadeau et al., 

2007; Hashimoto-Tane et al., 2011; Kumari et al., 2014) the interplay and cross-

talk between them in this process could be envisioned (Lasserre and Alcover, 

2010). Since Lck activity is not necessary for RACK1-Lck association we can 

speculate that some kind of conformational change in TCR or Lck co-receptor 

could trigger such association (Kim et al., 2012).  
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Taking together, the formation of signalling axis consisting of receptor-RACK1-

cytoskeleton elements could point to a common mechanism for redistribution 

processes. While RACK1 is an adaptor protein involved in various cellular events 

including cell migration, grown, survival, apoptosis and others (Adams et al., 

2011), one of its originally described function is the role in PKC redistribution 

(Ron et al., 1999). Members of PKC family are also express in T-cell (PKC and 

PKC) and are involved in calcium signalling pathway. In addition, they were 

shown to redistribute after T-cell activation into IS (Gharbi et al., 2013; Yokosuka 

et al., 2008). Thus RACK1 association with PKC and PKC and their 

coordinated movement towards IS could represent another example of activation-

induced redistribution mechanisms actively involving RACK1. 

With help of our experimental data we decided to revise the view on TCR 

triggering model. In our working model we started out from the co-receptor 

aggregation and lipid segregation model (Fig. 10). We assumed that in naïve 

unstimulated T-cell the signalling proteins are segregated into different clusters. 

Small pool of basal active Lck is maintained in HMW complexes identified with 

“heavy” DRMs together with CD45 and TCR. CD45 negatively regulates 

signalling by dephosphorylating ITAM motifs in TCRs and thus maintaining 

equilibrium. Upon TCR engagement by cognate peptide, CD45 clusters are 

excluded and active Lck together with portion of TCR/CD3 redistribute to “light” 

DRMs. The redistribution of Lck is controlled with help of RACK1 complex 

which cooperates with cytoskeletal elements.  

Co-receptor binding to MHC stabilizes Lck in the vicinity of TCR/CD3 complex 

providing enough time to phosphorylation and activation of ZAP-70 kinase and 

other Lck molecules by trans-autophosphorylation. Active ZAP-70 binds Lck and 

further stabilizes it through preventing its closed conformation. ZAP-70 then 

activate LAT which is also localized in “light” DRMs. Taking together, T-cell 

activation results in changes in redistribution of proteins on plasma membrane 

leading to their aggregation in a common lipid-based signalling platform. 

 

What remains to be elucidated? 

What keeps active Lck active in “heavy” DRMs and simultaneously protecting the 

T-cell activation? Is it the balance of autophosphorylation of its negative tyrosine 

with dephophorylation by CD45? What is a role of co-receptors? Is their binding 

to MHC complex indispensable for T-cell activation? Could it be possible that  

co-receptor aggregation results in conformational changes in their structure, thus 

providing a signal for the formation of RACK1-Lck complex association with 

cytoskeleton via ACTN1, as it has been shown in our preliminary data? The 

question of cytoskeleton involvement in early events of T-cell activation is also an 

unresolved issue. What is the dynamic of membrane segregation and how is it 

regulated? Is the cytoskeleton the only driving force of membrane redistribution 
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processes? Moreover, the process of clustering membrane molecules is not 

elucidated yet. These and many other questions remain to be answered to better 

understand the principles of TCR triggering mechanism. 

In conclusion, in this study we provided new experimental data pointing at the 

role of Lck kinase in proximal T-cell signalling. We suggested how it could be 

regulated together with other critical signalling proteins via membrane segregation 

processes. Even though, we have not completely solved all questions depicted at 

the beginning, our results contributed to better understanding of the processes 

accompanying the proximal T-cell signalling and we are also very confident that 

they provided a strong stimulus for discussion in the field of T-cell activation. 
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Figure 10: The proposed model of TCR triggering mechanism. A. Several types of lipid 

microdomains segregate distinct pools of functionally related molecules. The pool of 

pY394Lck associated with CD4 resides in “heavy” DRMs, where it co-localizes with 

TCR/CD3 and CD45. In resting T-cells, CD3 is hypophosphorylated and pre-complexed 

with the inactive ZAP-70 kinase. A distinct pool of “heavy” DRMs-associated kinase 

inactive CD4-Lck complexes that are largely depleted of CD45 has been also detected 

(right side of the figure). The identity of adaptor proteins able to recruit Csk to Lck is 

unknown. The adaptor protein LAT likely occupies another type of “light” DRMs. The 

activation of T-cells is accompanied by a cascade of events depicted in the figure by 

numbers 1-6 in orange circles. pMHC-TCR engagement (1) promotes the clustering of 

CD4-Lck resulting in the activation of Lck (2). In the situation where only a few pMHC 

complexes are engaged, the preactivated pool of pY394Lck should be sufficient to initiate 

the signalling cascade; (3) activated Lck proceeds to phosphorylate ITAMs of CD3 chains 

which are concomitantly released from the sequestration by the inner leaflet of plasma 

membrane upon TCR engagement, by a mechanism that has not been fully elucidated; 

ZAP-70 kinase recruited to pY-ITAMs is activated by Lck (4); CD45 and other 

phosphatases that possess a bulky ectodomain are pushed away laterally from contact 

zones by a size-exclusion mechanism and likely also by a virtue of their association with 

the cytoskeleton which coordinates their membrane redistribution (not depicted) (5); the 

activated Lck is able to interact with components of RACK1 complex mediating binding to 

elements of the cytoskeletal network which aid its enrichment in “light” DRMs likely via 

the coalescence of “heavy” and “light” DRMs (6 and B). B. The amplification of the TCR 

signal in “light” DRMs seems to be critical for the engagement of downstream signalling 

components. A fraction of TCR/CD3/ZAP-70active and kinase active pY394Lck translocates 

to “light” DRMs and amplifies the signals. Activated ZAP-70 phosphorylates its main 

targets, LAT and SLP-76 adaptors, thus allowing the engagement of downstream targets 

such as NF-AT, Ras-Raf signalling and cytoskeleton rearrangement. 
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