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ABSTRACT 

 

TITLE: Exploring the role of mechanical cues in T cell function 

Submitted by: Chinky Shiu Chen Liu 

 

T lymphocytes are constantly subjected to mechanical cues from their microenvironment. The 

past few decades have seen a significant development in scientific research concerning the 

crucial role of biophysical forces in governing various T lymphocyte-mediated processes. 

Mounting research have confirmed that T lymphocyte activation is critically dependent on its 

capacity to sense and respond to mechanical forces which are generated during its interaction 

with cellular partners and with its microenvironment. Despite extensive research on the role 

of mechanical forces on T lymphocyte biology, no dedicated T lymphocyte-intrinsic 

mechanosensory module was identified until recently. In the following thesis, I have 

described the role of Piezo1 mechanosensors in T lymphocyte function, particularly in the 

contexts of T lymphocyte activation and migration. Upon interaction with cognate antigen 

presenting cells (APCs), T lymphocytes experience significant mechanical force which 

activates Piezo1 channels. Activated Piezo1 allows influx of extracellular calcium which 

triggers calpain-dependent polymerisation and remodelling of the actin cytoskeletal scaffold. 

This event is crucial for formation and stabilisation of the T cell-APC immunological synapse, 

thereby facilitating optimal T lymphocyte activation. Moreover, Piezo1-mediated 

mechanotransduction also plays a critical role in T lymphocyte chemotactic migration. 

Downregulation of Piezo1 resulted in dramatically impaired motility of T lymphocytes in 



response to stimulus. Thus, we have identified a previously unknown pathway of Piezo1-

mediated mechanoregulation of T lymphocyte function.  
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Chapter 1. Introduction 

1.1 Evolution of multicellularity, immune response and mechanical 

adaptations 

The immune system forms our primary defence against pathogen invasion and aberrations 

from normal systemic homeostasis. The major part of the history of immunology was 

governed by the idea that discrimination between self and non-self, drives immune response 

(1). Mounting evidence forced people to adopt a fresher perspective, which led to the 

development of the idea that immune response is driven by danger signals (2). These danger 

signals could be of foreign origin (pathogens) or could be self-derived. The latter theory, 

despite its flaws, can be used to explain immune responses in conditions of disrupted 

homeostasis like cancer and autoimmunity (3). Maintenance of tissue homeostasis and 

integrity is the primary objective of an organism. It is however, an intensive process in 

multicellular organisms composed of cells and tissue structures of vastly different phenotype 

and function. This intensely heterogenous population of cells must form intricate associations 

and interactions, so as to establish constant harmony and co-ordination, while maintaining 

tissue integrity and normalcy. It is, therefore crucial to recognise and eliminate ‘rogue’ self-

cells that may pose significant danger to normal homeostasis in multicellular organisms. 

Evolution of the immune system from unicellular to multicellular organisms is closely 

associated with parallel development of the immune system arsenal (3,4). Increasing 

complexity of the immune system with evolution of multicellularity, enabled establishment 

of integrity of complex multicellular tissue systems. Advanced immune system components 

facilitated close surveillance of multicellular systems from foreign attacks and self-derived 

anomalies (4,5).  



2 | P a g e  
 

Interestingly, evolution of multicellularity also correlated with diversification of cellular 

mechanical properties (6). It has been proposed that mechanical adaptations co-evolved with 

multicellularity so as to facilitate close interactions between cells during formation of organs 

and tissue structures that form the organism (7). Evolution of multicellularity is associated with 

development of complex tissue microenvironments as well as interactions with complex 

external surroundings. In order to maintain system integrity, cells and organs must have the 

capacity to show relentless resistance, adaptability and survivability to constant mechanical 

stress from their internal and external surroundings (6,7). Constant cross-talk between cells of 

different mechanical, phenotypic and functional properties in the context of different tissue 

microenvironments, involves close regulation by mechanical forces and properties.  

With parallel evolution of multicellularity and the immune response, in concordance with 

variations of cellular mechanical adaptations; it is not implausible to conceive that mechanical 

interactions played a crucial role during development of complex immune response. Indeed, 

a large reserve of existing and on-going research has found intricate regulation of the immune 

response by mechanical forces. Immune cells including, monocytes, dendritic cells, 

neutrophils, natural killer cells, T and B lymphocytes have all shown characteristic 

mechanoresponsiveness during trafficking and cellular interactions (8). Leukocytes encounter 

diverse mechanical environment during their lifetime from peripheral circulation to lymphoid 

organs and peripheral tissues.  The mechanical properties vary immensely depending on 

location and state of inflammation. Indeed, studies have shown that diseased states like 

cancer and autoimmunity are associated with changes in tissue mechanical properties that 

affect immune cell function and fate. Mechanical forces encountered either in the form of 

shear stress in circulation or during cellular interactions with the ECM or other immune cell 

partners, play a crucial role in determining immune cell functional outcomes (8). Details of 
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mechanoregulation of immune cell function will be described in detail in the latter chapters 

(Chapter 3).  

1.2 Mechanoregulation of T lymphocytes 

T lymphocytes are highly responsive to mechanical cues (9,10). Interaction between T 

lymphocytes and cognate antigen-presenting cells are typified by generation of strong tensile 

forces at the interacting interface. The origin these forces can be attributed to apposing 

membrane dynamics at the interface along with cytoskeletal-adhesion interactions (9, 10). 

Mechanotransduction at the immune synapse is critical in regulating T lymphocyte activation 

and effector functions. Abolishment of force generation by pharmacological interventions, 

result in severe loss of T cell activation and impaired effector functions. Mechanotransduction 

has also been shown to play an invaluable role in T cell thymic selection during development. 

Mechanical forces regulate T cell specificity to antigens by enhancing the TCR discriminatory 

capacity between various antigens (9,10). T lymphocyte trafficking and migration to specific 

sites is a crucial process of maintaining tight immunosurveillance. T lymphocytes are also 

sensitive to substrate rigidity and hence, modulate their behaviour according to surrounding 

tissue mechanical properties (9, 10). Mechanical cues are intricately associated with efficient T 

cell trafficking and migration (10). The role of mechanical forces in T lymphocyte biology has 

been described in detail in the latter chapters (Chapter 3).  

  



4 | P a g e  
 

1.3 Thesis summary 

Although numerous studies have elucidated the role of mechanical cues in T lymphocyte 

biology in great detail, a dedicated T lymphocyte mechanosensor was not identified until 

recently. Piezo1 channels belong to a class of evolutionarily conserved mechanosensors (10). 

They’re triggered in response to changes in membrane tension upon application of force. 

Upon activation, they allow influx of extracellular cations which regulate downstream 

signalling (10). In the following thesis, I have attempted to form a model describing the process 

of Piezo1-mediated mechanotransduction in T lymphocyte function (10,11). We found that 

Piezo1 channels are highly expressed in human and mouse T lymphocytes. Upon T cell binding 

to cognate APCs, changes in surface membrane tension due to force, are sensed by T cell-

specific Piezo1 channels. Triggered channels allow influx of extracellular Ca2+ which triggers 

calpain-dependent remodelling of the actin cytoskeleton scaffold. As described later, 

polymerisation and reorganisation of the actin cytoskeleton is crucial during formation and 

maintenance of a stable immunological synapse that facilitates optimal T cell activation and 

signalling. Loss of Piezo1 by siRNA-mediated downregulation abolished T cell activation in 

response to TCR crosslinking and also impaired T cell priming by APCs (10,11). Moreover, we 

went on to find out that Piezo1 also plays an invaluable role in efficient T cell migration. Piezo1 

downregulation impaired T cell motility in response to chemokine. Cells moved with lower 

speed and covered lesser distances. Loss of Piezo1 also abolished 2D and 3D chemotactic 

migration. Effective recruitment of T lymphocytes to lymph nodes or peripheral inflamed sites 

requires directed migration of T lymphocytes in response to chemokine gradients. In-vivo 

mouse models of site-specific inflammation showed loss of Piezo1, dramatically reduced the 

ability of T lymphocytes to migrate towards inflammatory cues, thus attenuating immune 
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response. Thus, Piezo1 mechanosensors play an active role to regulate and effective T 

lymphocyte activity, both in terms of activation and migration. Piezo1 was shown to undergo 

active repatterning of their cellular localisation, by preferentially migrating to cellular regions 

that encounter mechanical cues. Piezo1, thus enables effective scanning of the surroundings 

for mechanical cues that is necessary for optimal T lymphocyte function. This finding of a 

committed T lymphocyte mechanosensor, greatly improves our understanding of T 

lymphocyte function during an immune response.  

T lymphocytes are widely used in adoptive immunotherapy where they are engineered to 

express specific receptors that recognise and kill target cells (10). These cells are activated and 

expanded ex-vivo before transferring into affected individuals. By delving deeper into Piezo1-

mediated mechanotransduction in T lymphocytes, one can develop effective strategies to 

design T lymphocytes that can function optimally during immunotherapy against cancer or 

infectious diseases.  

  



6 | P a g e  
 

1.4 References 

1. Burnet FM. Immunological Recognition of Self. Science. 1961 Feb 3; 133(3449):307-

311. 

2. Matzinger P. The danger model: a renewed sense of self. Science. 2002 Apr 

12;296(5566):301-5. 

3. Pradeu T, Cooper EL. The danger theory: 20 years later. Front Immunol. 2012 Sep 17; 

3:287.  

4. Danilova N. The evolution of immune mechanisms. J Exp Zool B Mol Dev Evol. 2006 

Nov 15;306(6):496-520. 

5. Houghton AN, Guevara-Patiño JA. Immune recognition of self in immunity against 

cancer. J Clin Invest. 2004 Aug;114(4):468-71.  

6. Chen J, Wang N. Tissue cell differentiation and multicellular evolution via cytoskeletal 

stiffening in mechanically stressed microenvironments. Acta Mech Sin. 2019; 

35(2):270-274.  

7. Jacobeen S, Pentz JT, Graba EC, Brandys CG, Ratcliff WC, Yunker PJ. Cellular packing, 

mechanical stress and the evolution of multicellularity. Nat Phys. 2018 Mar; 14:286-

290. 

8. Huse M. Mechanical forces in the immune system. Nat Rev Immunol. 2017 

Nov;17(11):679-690. 

9. Harrison DL, Fang Y, Huang J. T-Cell Mechanobiology: Force Sensation, Potentiation, 

and Translation. Front Phys. 2019 Apr; 7:45.  

10. Liu CSC, Ganguly D. Mechanical Cues for T Cell Activation: Role of Piezo1 

Mechanosensors. Crit Rev Immunol. 2019;39(1):15-38. 



7 | P a g e  
 

11. Liu CSC, Raychaudhuri D, Paul B, Chakrabarty Y, Ghosh AR, Rahaman O, Talukdar A, 

Ganguly D. Cutting Edge: Piezo1 Mechanosensors Optimize Human T Cell Activation. J 

Immunol. 2018 Feb 15;200(4):1255-1260. 

 

  



8 | P a g e  
 

Chapter 2: Overview of the Immune System 

The immune system constitutes our primary defense against invading pathogens and 

infections (1). The immune system is an intricate network comprising of multiple cellular 

players, that are involved in complex relationships and cross-talks, that function together to 

actively maintain host defense. The immune system is conventionally characterised as having 

two arms – the innate immunity and the adaptive immunity (1). The innate immune branch 

comprises the first line of protection against foreign pathogenic attack and is characterised 

by prompt response time and broad specificity. The adaptive immune response, however is 

triggered in the latter phases of infection and is typified by specificity and generation of long-

term memory response. These two branches are closely connected and heavily dependent on 

one each other.  

2.1 Innate Immunity 

The innate immune response focuses on providing immediate protection against foreign 

attacks and hence, is designed to recognise and react to a broad range of pathogens (1). The 

components of the innate immunity range from antimicrobial peptides produced by non-

immune cells like epithelial cells that maintain barrier integrity to diverse immune cells that 

rely on pathogen recognition receptors (PRRs) to recognise foreign microbes (1). The skin and 

the mucosal layer act as a formidable barrier to pathogen attack by secreting antimicrobial 

components like defensins and cathelicidin (2). They also counter pathogen attack by forming 

impenetrable physical structures like tight junctions, or creating conditions that are non-

permissive for microbial growth (low pH for example) (3). Innate immune responses are 

orchestrated by a diverse range of cellular players that express PRRs, which enable them to 
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bind to pathogen-associated molecular patterns (PAMPs), expressed on invading microbes (4). 

PRR-expressing immune cells like dendritic cells, macrophages and neutrophils also respond 

to cell-intrinsic danger molecules that are produced by dying or damaged cells. These 

endogenous toxic components are known as damage-associated molecular patterns 

(DAMPs), and their recognition can sometimes trigger exacerbated immune reaction leading 

to autoimmunity (4). PRRs include C-type lectin receptors (CLRs), expressed mainly on 

macrophages and dendritic cells that recognise carbohydrate moieties on bacterial and fungal 

wall. The major class of PRRs include Toll-like receptors (TLRs) that recognise broad range of 

DAMPs, expressed both by invading pathogens and host-derived damaged components (Fig. 

2-1) (4,5). TLR1, TLR2, TLR6, TLR4 and TLR5 are among the surface-expressing receptors that 

bind to bacterial surface components like the peptidoglycan wall, lipopolysaccharide (LPS) 

layer and flagellin (4,5). TLR3, TLR7, TLR8 and TLR9 are intracellular PRRs that recognise foreign 

or host-intrinsic nucleic acids like single stranded RNA (ssRNA), single or double stranded DNA 

(ss/ds DNA). TLR7 and TLR9 are mostly expressed on plasmacytoid dendritic cells (pDCs) and 

recognise viral ssRNA or DNA rich in CpG motifs (4,5,6). Abnormal recognition of host-derived 

nucleic acids by these TLRs in the context of endogenous alarmins tigger dysregulated 

autoimmune response. The TLR-mediated signalling pathway mostly involves MyD88-

dependent type I Interferon (IFN) signalling cascade (6). It also leads to activation of 

transcription factors like NFκB and AP-1 that upregulates production of proinflammatory 

cytokines. Other PRRs include Nod-like receptors (NLRs), RIG-I-like receptors (RLRs), AIM2-

like receptors (ALRs) (4-6) and cGAS (7) which upon activation trigger a complex cascade of 

pathways involving mitogen activated protein kinase (MAPK), nuclear factor kappa B (NF-κB) 

and Type I IFN pathway that drive pathogen control (4-7) (Fig. 1). The Inflammasome pathway 

employs diverse PRRs for protection against foreign microbes as well as host-derived danger 
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signals (DAMPs) (8,9). They include NLRs (nucleotide-binding oligomerization domain (NOD), 

leucine-rich repeat (LRR)-containing protein), AIM2 (absent in melanoma 2) and pyrin (Fig. 2-

1). Upon activation, they induce activation of caspases and proteases that enable 

downstream production of functional IL-1β and IL-18; and subsequent cell lysis by pyroptosis. 

The canonical inflammasome pathway acts through activation of caspase 1 while the non-

canonical pathway employs caspases 4, 5 and 11 (8,9).  

The complement system also forms an essential part of innate immunity and involves plasma 

proteins that bind to target pathogens (10). The classical pathway of complement relies on the 

formation of a membrane attack complex that initiates lysis of target pathogen or infected 

cell. The alternative pathway of complement activation involves marking an infected cell or 

pathogen through opsonisation for antibody-mediated destruction. Neutrophils are among 

the first responders to pathogen attack. They act by phagocytosing the invading microbe and 

killing them through NAPDH oxidase-dependent respiratory burst, that produces toxic oxygen 

radicals (11). Complement-mediated opsonisation of attacking microbe facilitates enhanced 

neutrophil killing mediated through FC receptor binding on the neutrophil surface. Basophils 

and mast cells respond to intracellular pathogens like helminths. They express high-affinity 

IgE receptor (FcƐRI), that upon crosslinking trigger cell degranulation and release 

inflammatory mediators like heparin, histamine, prostaglandins, leukotrienes and TNFα (10). 

Natural killer (NK) cells form a crucial part of the innate immune response. Despite being 

conventionally categorised as the third lymphocyte subset, they form a primary element of 

innate immunity by driving non-specific killing of virus-infected cells (12). They express T 

lymphocyte-specific CD3 molecule but lack antigen-specific TCRs. They are also designed to 

kill tumor cells. NK cells have the ability to gauge imbalance in the expression of activating 

and inhibitory receptors on the host cell which is usually triggered in infected or damaged 
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host cells. For example, virus-infected host cells or tumor cells generally downregulate their 

expression of class I MHC molecules which signals the NK cells to lose their inhibitory state 

and kill the target cell (11,12). NK cells produce IFN-ƴ that control viral replication and activate 

dendritic cells and macrophages. NK cells express Fc receptors like FcγIIIR (CD16) that 

facilitates binding to antibody-coated pathogen or infected cells subsequently killing them in 

a process known as antibody-dependent cell cytotoxicity (ADCC) (11,12). 
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Figure 2-1. Types of pathogen recognition receptors involved in innate immune response. 

Pathogen recognition receptors can be classified into 4 broad categories that include Toll-like 

receptors (TLRs), C-type lectin receptors (CLRs), retinoic acid–inducible gene I protein (RIG-I) 

helicase and nucleotide-binding oligomerization domain (NOD) leucine rich- repeat (LRR)–

containing receptors (NLRs). Surface and intracellular TLRs bind to microbial ligands and signal 

through MyD88-dependent and independent pathways to trigger NFκB-mediated production 

of proinflammatory cytokines or IRF-mediated Type I IFN secretion. CLRs and RIG-1 recognise 

microbe-associated sugar moieties and DNA molecules which induces NFκB activation and 

cytokine production. NLRs include a wide range of cytosolic receptors that bind to various 

microbial ligands and form inflammasome complexes that signal to activate caspase-

dependent production proinflammatory cytokines like IL-18 and IL-1β. (Figure adapted from 

Netea et.al, N Engl J Med 2011 (9)) 
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2.2 Adaptive Immunity 

The initial innate immune response paves way for the more robust and specific adaptive 

immune response. The two main components of the adaptive immune response involve B 

lymphocytes and T lymphocytes (13). Activation of these subsets depend on cellular 

interactions and molecular mediators produced during the innate immune phase. When 

microbes breach the epithelial barrier and take up residence in surrounding tissues, they are 

promptly taken up by tissue-resident phagocytes (14). Macrophages which are tissue-resident 

monocytes are among the major class of phagocytes (14). They inhabit various epithelial barrier 

regions, ranging from the submucosal layer of the gastrointestinal tract and the lung alveoli 

to neural and liver tissues, where they are identified as microglial cells and Kupffer cells. 

Circulating monocytes act as peripheral sentinels and migrate into tissues where they 

differentiate into macrophages upon antigen encounter. Granulocytes like neutrophils, 

eosinophils and basophils also form a major class of phagocytic cells (13,14). These phagocytes 

can recognise and destroy pathogens without any assistance from the adaptive component 

of the immune response. Dendritic cells form the third and the most important category of 

phagocytes. Dendritic cells form the primary link between the innate and the adaptive arms 

of any immune response (13,14). There are two types of dendritic cells – classical dendritic cells 

(cDCs) and plasmacytoid dendritic cells (pDCs) (15). cDCs majorly function to recognise and 

phagocytose foreign microbes. Upon recognition, microbes undergo phagocytosis and are 

subsequently processed by DCs into small peptide antigens which are expressed on the DC 

surface bound to class II MHC molecules (15). DCs act as professional antigen presenting cells 

(APCs). They present microbial antigens to T lymphocytes bearing antigen-specific TCRs 

triggering their activation, clonal expansion and effector functions (16). They also present 
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specific antigens to B lymphocytes and facilitate production of antigen-specific antibodies 

with the help of T lymphocytes (16). T and B lymphocytes organise what is recognised as cell-

mediated immunity and humoral immunity, respectively. Activated T cells can either directly 

kill target pathogens or infected host cells (For e.g.: Cytotoxic T cells) or can differentiate into 

helper T lymphocytes that produce effector cytokines that regulate function of other immune 

cells (13,16). Helper-T lymphocytes also interact and regulate B lymphocyte activation (Details 

in the following chapter). Antibodies mediate pathogen control in several ways. They bind to 

target microbes (For e.g.: Viruses) and their products (For e.g.: Bacterial toxins) and prevent 

them from infecting host cells in a process known as neutralisation. Antibody-bound microbes 

can also bind to phagocytes bearing receptors for the antibody Fc region, which facilitate their 

phagocytosis and destruction. This process of antibody coating is known as opsonisation. 

Antibodies also act by activating the complement system that trigger destruction of pathogen 

or infected cell (13,16). 

Both T lymphocytes and B lymphocytes bear antigen-specific receptors in the form of T cell 

receptors (TCRs) or surface Immunoglobulins (Ig) (16). Upon activation by cognate antigens, 

they undergo clonal expansion which allow increased production of antigen-specific effector 

T and B cells. Moreover, this expansion is simultaneously supported by a dynamic process 

known as somatic hypermutation which actively produces and selects for cells that express 

receptors which have higher affinity (yet specificity) for target antigens (17). This process 

facilitates enhanced recognition and killing of target pathogens. The T lymphocyte-specific 

cell-mediated immunity and B lymphocyte-specific humoral immunity is characterised by 

generation of long-term memory response (18,19). Formation of long-lived memory T and B 

lymphocytes as well as long-lived antibodies facilitate prompt and effective immune response 



15 | P a g e  
 

to secondary infections (18,19). This property of the adaptive immune response has enabled 

development of successful vaccines against numerous diseases over decades (20).  
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2.3 The biology of T lymphocytes 

T lymphocytes form the primary component of cell-mediated adaptive immunity (21). They 

express antigen-specific surface receptors known as the T cell receptor (TCR). TCRs recognise 

antigens-bound to major histocompatibility molecules (MHCs) on antigen presenting cells 

(APCs) or target cells. The TCR consists of a heavy chain and light chain each of which possess 

variable domains (V-region) and constant domains (C-region) (21,22). The V-region of the TCR 

binds to antigens. TCRs cannot bind to antigens itself. They recognise antigens in the context 

of short self-peptides known as MHC (major histocompatibility complex) molecules expressed 

on host cells (23). MHC molecules are transmembrane glycoproteins coded by a cluster of 

genes and they show high polymorphism among individuals with most individuals being 

heterozygous for the MHC genes (24). This is considered to be an important evolutionary 

mechanism that increases the breadth of pathogen specificity that can be recognised by the 

TCR. TCR binding not only depends on antigen specificity but also depend on the properties 

of bound MHC molecule. This property of antigen recognition by TCR is known as MHC 

restriction (25) which was discovered by Peter Doherty and Rolf Zinkernagel in 1970s (26). T cells 

can be divided into two types depending on the TCR type they express. T cells expressing the 

α:β TCR (αβ T cells) are more abundant than γ:δ TCR expressing T cells (27). The TCR specificity 

is regulated by complementarity determining regions (CDR) which are hypervariable loops of 

the variable region of the TCR (28).  

2.3.1 Generation of the T lymphocyte receptor (TCR) 

The T lymphocytes population is characterised by having a wide repertoire of TCRs which 

enable recognition of a diverse range of antigens. This extensive TCR repertoire is generated 

by DNA recombination in the gene segments coding for the antigen-binding variable region 
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of the TCR. DNA coding for TCR variable region is formed of multiple gene segments, which 

undergo recombination and rearrangement to produce TCRs of varying specificities (29,30). TCR 

light chain or TCRα variable region is coded by two gene segments – V (variable, Vα) and J 

(joining, Jα) gene segments (29). The TCR heavy chain or TCRβ variable region (Vβ) comprises of 

a third gene segment called the D (diversity) region in addition to V and J segments. Multiple 

alleles of each gene segment exists and their alternate combinations generate germline TCR 

diversity (Fig. 2-2). This V(D)J recombination is carried out by V(D)J recombinases called RAG1 

and RAG2 (RAG – recombination activating gene 1) (29-31). Additional germline diversity is also 

generated by addition of varying combinations of P and N nucleotides between the V, D and 

J segments (29-31). T cell clones with different TCR specificities that are generated subsequently 

go through a rigorous process of selection where self-reactive clones are eliminated (32).  

 

Figure 2-2. Generation of T cell receptor diversity. The diverse TCR repertoire is generated 

as a result of somatic recombination between V-J and V-D-J gene segments coding for TCR α 

and β chain respectively. Productive recombination forms complementarity determining 

regions (CDRs) of hypervariability in the V regions that determine antigen specificity of the 

TCR. CDR1 and CDR2 are formed by somatic recombination of different V-region gene 

segments while CDR3 is determined by somatic recombination in addition to non-template-
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nucleotide (N) addition at the V(D)J junction. (Adapted from Turner et.al., Nat Rev Immunol., 

2006 (33)) 

 

2.3.2 Development of T lymphocytes 

Lymphocyte development begins in the fetal bone marrow where hematopoietic stem cells 

(HSCs) give rise to common lymphoid progenitor cells (34). Common lymphoid progenitor (35) 

cells give rise to B lymphocytes, T lymphocytes and innate lymphoid cells (ILCs). Some 

lymphoid progenitor cells migrate to the thymus where they develop into thymocytes and 

eventually mature into T lymphocytes. Activation of the Notch signalling pathway commits 

development of thymocytes to the T lymphocyte lineage (35,36). The thymus is the primary 

source of T lymphocytes till before puberty after which T lymphocyte production decreases 

substantially (37). The thymic stromal cells play an indispensable role in T lymphocyte 

development and shaping of the T lymphocyte population. Majority of thymocytes develop 

into αβ T lymphocytes. γδ T lymphocytes form only 5% of the T lymphocyte population.  

Development of T lymphocyte occurs in a series of stages (Fig. 2-3) (38-40). The earliest stage 

consists of thymocytes that lack both CD4 and CD8 co-receptors and hence are called double-

negative (DN) thymocytes. DN thymocytes lack surface expression of TCR-CD3 complex. DN 

thymocytes progress through 4 stages depending on expression of CD25 (IL-2 receptor α 

chain), CD44 (adhesion molecule) and c-kit (receptor for stromal cell factor, SCF). The first 

DN1 stage is characterised by expression of c-kit and CD44 and lack of expression of CD25. 

This is followed by gradual CD25 expression upregulation (DN2) and subsequently 

upregulated CD25 while downregulation of CD44 and c-kit (DN3). The DN1 stage lack 

rearranged genes coding for a mature TCR. The β chain of the TCR first begins to form in the 

DN2 stage and DN3 stage through VDJ recombination. Thymocytes that have been unable to 
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produce a functional β chain rearrangement die by apoptosis. The rest undergo proliferation 

while downregulating CD25 expression (DN4 stage). In DN3 thymocytes, the rearranged β 

chain forms a complex with a surrogate α chain forming a pre-TCR. The pre-TCR interacts with 

CD3 complex and forms a signalling-proficient pre-TCR complex that facilitates cell survival 

and proliferation in the DN4 stage. Further pre-TCR β chain recombination is arrested in this 

stage. The DN4 stage proceeds to the double positive (DP) stage where thymocytes acquire 

expression of CD4 and CD8 co-receptor. DP cells subsequently cease cell proliferation and 

undergo recombination in the TCR α chain coding loci to produce a functional αβ TCR (38-40).   

 

 

Figure 2-3. Thymic development of T cell lymphocytes. Notch-Dll4 signalling commits thymic 

progenitor cells to the T lymphocyte lineage. T lymphocyte development consists of a series 

of stages - CD4/CD8-negative, DN1 to DN4, to CD4/CD8-expressing double positive (DP) to 

CD4 or CD8-expressing T lymphocytes. Transition between these stages is regulated by 

upregulation or downregulation of various transcription factors and surface receptors. 

(Adapted from Shah et.al., J Immunol., 2014 (40)) 
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2.3.3 T lymphocyte selection 

Mature T lymphocytes bearing developed TCR complexes are subjected to a rigorous process 

of positive and negative selection (41). Positive selection involves selection of those cells whose 

TCRs can recognise self-peptide and self-MHC complexes thus generating self-MHC restricted 

TCR repertoire (41,42). Majority of the rearranged TCRs fail to interact with self-peptides and 

MHCs expressed on thymic stromal cells. T lymphocytes bearing such TCRs fail to receive any 

survival signals and consequently die by apoptosis. During the process of positive selection, 

DP lymphocytes also lose expression of one of the co-receptors, thus becoming CD4 or CD8-

expressing, single positive T lymphocytes (42). Positive selection occurs in the thymic cortex 

and migrate as single positive T lymphocytes to the thymic medulla where negative selection 

takes place. T lymphocytes that show high affinity for self-antigens are eliminated so as to 

maintain T cell tolerance to self-antigen (41,42). The thymic medulla provides a rich 

environment with self-antigen cues that help selecting for non-self-reactive T lymphocytes. 

Expression of host-specific self-antigens by the thymic medulla is controlled in part by AIRE 

(autoimmune regulator) which is expressed by thymic stromal cells (44,45). Mutations in AIRE 

produce devastating autoimmune conditions (45) thus, underlining its importance in 

establishment of thymic central tolerance. While it is not possible for the thymus to express 

every host-specific tissue antigen, it is likely that some self-reactive clones do escape thymic 

negative selection and reach peripheral circulation. There are however, several mechanisms 

of peripheral tolerance that prevent activation and or survival of such T lymphocytes (47). 

According to the affinity hypothesis (48) of T cell selection, threshold TCR affinity for self-

antigens must differ between positive and negative selection (Fig. 2-4). If a T lymphocyte 

bearing TCRs fails to show any affinity for self-peptide/MHC complexes they die as a result of 
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neglect. Low affinity interactions allow T lymphocyte survival while ensuring no self-reactivity, 

thereby leading to positive selection. High affinity interactions between TCR and self-antigens 

is a strong indicator of self-reactivity, thus triggering negative selection (48). There have been 

exceptions to this theory. For example, a subset of T lymphocytes known as T regulatory (Treg) 

cells have been shown to play a central role in establishing peripheral tolerance. These cells, 

however possess TCRs that have high affinity for self-antigens and have yet managed to 

undergo positive selection (48,49).  

 

Figure 2-4. The process of T lymphocyte positive and negative selection. T lymphocyte 

positive selection consists of allowing survival of T cells bearing TCRs bearing low affinity for 

self-peptide/self-MHC complexes expressed on thymic stromal cells. This ensures self-MHC 

restriction of T lymphocytes and TCRs that fail to bind to self pMHCs die by apoptosis. In order 

to eliminate autoreactive T cells, T cells bearing TCRs that show high affinity for self pMHCs 
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are also eliminated by apoptosis. Those T cells having high/intermediate affinity for self 

pMHCs and escape clonal deletion in the thymus, form T regulatory cells or autoreactivity is 

prevented through various mechanisms of peripheral tolerance. (Adapted from Boehncke 

et.al., Front Immunol., 2019 (50))   

 

2.3.4 T lymphocyte signalling 

The TCR heterodimer possesses short intracellular cytosolic tail which makes them 

incompetent to trigger downstream signalling by itself upon antigen recognition (51). The TCR 

heterodimer associates with the CD3 complex to form a signalling-proficient TCR complex (51). 

The CD3 complex consists of Ɛδ and γƐ heterodimers, and ζζ homodimer. The cytosolic tails 

of the CD3 complex contains immunoreceptor tyrosine-based activation motifs (ITAMs) (51,52). 

Upon TCR crosslinking, tyrosine residues in ITAMs get phosphorylated by Lck kinases and 

these serve as docking sites for SH2-containing signalling proteins like ZAP-70 (Fig. 2-5). Lck 

activity is counteracted by CD45 phosphatases. Recruitment and phosphorylation of ZAP-70 

by phosphorylated ITAMs triggers downstream recruitment and phosphorylation of SLP-76 

and LAT that create a scaffold for binding of multiple adaptors and signalling protein 

complexes (51-53). Phosphorylated ZAP-70 also recruit and activate PI-3 kinase which generates 

PIP3 (phosphatidylinositol-3, 4, 5-triphosphate) from PIP2 (phosphatidylinositol-4, 5-

bisphosphate). Membrane PIP3 and SLP-76/LAT recruit major signalling components that 

each trigger activation of distinct pathways. These include activation of the serine/threonine 

kinase (Akt), PLC-γ (Phospholipase C), Vav and adaptor protein, ADAP (adhesion and 

degranulation-promoting adapter protein). Akt activation is required for regulation of T 

lymphocyte metabolism like increasing glucose uptake and glycolysis. Akt signalling also 
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activates the mTOR pathway which is required for protein biosynthesis by increasing 

ribosome production and mRNA synthesis and enhanced lipid production (51-53) (Fig. 2-5).  

Activation of the PLC-γ pathway generates cytosolic second messengers like diacylglycerol 

(DAG) and inositol 1,4,5-triphosphate (IP3) (52-53). They trigger mobilisation of Ca2+ from 

endoplasmic reticulum (ER) into the cytosol. Depletion of ER calcium triggers formation of 

STIM1 clusters on the ER and their binding to CRAC (calcium release-activated calcium 

channel) channels on the plasma membrane. This facilitates entry of extracellular calcium into 

the cell and calcium reloading of depleted ER stores. Increase in cytosolic Ca2+ triggers 

calmodulin-dependent activation of NFAT (nuclear factor of activated T cells) family of 

transcription factors (52-53). PLC-γ signalling also activates Ras which subsequently triggers the 

MAPK (mitogen-activated protein kinase) pathway. The MAPK pathway results in activation 

of the AP-1 transcription factor. The third branch of the PLC-γ signalling pathway involves the 

activation of PKC-ϴ (protein kinase C) which is required for activation of AP-1 and NF-κB (52-54) 

(Fig. 2-5). All these signalling pathways act together to induce and regulate expression of 

genes required for activation and proliferation of T cells, as well as their effector functions.  

Vav activation, in response to TCR stimulation is required for efficient cytoskeletal 

remodelling during formation of a stable immune synapse. Activated Vav recruits Rho 

GTPases like Cdc42. Activated Cdc42 induces a conformational change in WASp (Wiskott- 

Aldrich syndrome protein) which eventually recruits Arp2/3. This triggers actin polymerisation 

and formation of the immunological synapse (52-54) (Fig. 2-5).  

ADAP is an adaptor protein that is activated downstream of TCR crosslinking (52-54). It enhances 

integrin-mediated adhesion to cognate APCs. T cell adhesion to cognate APCs is mediated by 

LFA-1 and ICAM-1 interactions. LFA-1 is usually present in a weak affinity state in non-
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stimulated T cells. Recruitment and activation of ADAP after TCR stimulation results in 

subsequent recruitment and activation of small GTPase, Rap1 at the membrane. Rap1 induces 

LFA-1 clustering on the T cell membrane and its conversion to high-affinity state that 

promotes ICAM-1 binding on APCs. This, in conjunction with Vav signalling allows formation 

of a stable immunological synapse where efficient T cell signalling occurs (52-54) (Fig. 2-5).  

Naïve T lymphocytes require additional co-stimulation to achieve optimal activation (55). CD28 

is among the most important T cell co-stimulatory molecule. It interacts with CD80 (B7.1) and 

CD86 (B7.2) expressed on APCs. CD28-mediated signalling is required for T cell survival, 

proliferation and production of cytokines (55). T lymphocytes also express inhibitory receptors 

like CTLA-4 and PD-1 which attenuate T cell response to prevent uncontrolled T cell activation 

(55,56). Activated T lymphocytes express CTLA-4 on the cell surface that compete with CD28 for 

binding to CD80 and CD86 on APCs. CTLA-4 has much higher avidity for B7 costimulatory 

molecules as compared to CD28, thereby effectively blocking T cell activation. PD-1 is another 

such inhibitory receptor expressed on activated T lymphocytes. PD-1 contains ITIM 

(immunoreceptor tyrosine-based inhibitory motifs) on its cytoplasmic region. ITIMs recruit 

inhibitory phosphatases that dephosphorylate tyrosine groups on signalling proteins leading 

to their inactivation. PD-1 binds to ligands, PD-L1 and PD-L2. Inhibitory receptors function to 

control uninhibited T cell responses. Diseased conditions like cancer are often characterised 

by upregulation of inhibitory receptors which result in dysfunctional or exhausted T 

lymphocytes. These inhibitory receptors are therefore, often targeted during immunotherapy 

to overcome T cell inactivation (56,57).  
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Figure 2-5. T lymphocyte signalling pathways. TCR binding to cognate peptide-MHCs on 

antigen presenting cells triggers ITAM phosphorylation on CD3 signalling domains that 

recruits and activates tyrosine kinases – Lck and ZAP70. These kinases phosphorylate various 

adaptor proteins that trigger a cascade of signalling pathways which can be broadly classified 

into 4 categories. They include Rho-GTPase-dependent actin polymerisation, Akt-mTOR 

regulation of T lymphocyte metabolism, Rap1-dependent T lymphocyte adhesion and 
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migration, and PLC-γ-dependent of activation of NF-κB, AP-1 and MAPK signalling cascade. 

(Adapted from Hwang et.al., Exp Mol Med., 2020 (58)) 

 

2.3.5 Subsets of T lymphocytes 

T lymphocytes can be broadly divided into two major, CD4+ and CD8+ subsets (59), each of 

which can be further differentiated into multiple types depending on function.  

CD8+ T lymphocytes 

CD8+ T lymphocytes are cytotoxic T cells that kill target cells (60). They recognise microbial 

antigens bound to class I MHC molecules expressed on infected host cells. They form an 

elementary part of host defense against intracellular pathogens like viruses and intracellular 

bacteria. Virus-infected cells express viral proteins bound to MHC I molecules on host cells 

which allow CD8+ T lymphocyte recognition of infected cell (60). CD8+ T lymphocyte cytotoxic 

activity may require additional priming by dendritic cells and CD4+ T effector cells. CD8+ T cell-

mediated killing involves binding of cytotoxic cells with the target cell and formation of a 

synapse. CD8+ T cells then secrete cell-lysing components like perforins into the synapse that 

punches holes into the target cell membrane. Cell-lysing granzymes are subsequently 

released into the target cell through these holes where cells undergo caspase-dependent or 

independent apoptosis (60). Activated CD8+ T lymphocytes also mediate target cell apoptosis 

through activation of FasL and Fas signalling pathway (60). Activated cytotoxic CD8+ T 

lymphocytes produce IFN-γ and TNF-α. IFN-γ inhibits viral replication. IFN-γ and TNF-α act to 

activate macrophages to enhance pathogen uptake (60). CD8+ T lymphocytes also play a 

primary role in tumor control and usually undergo exhaustion during cancer progression. 
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CD8+ T lymphocytes are primarily targeted for PDL1-PD1 and CTLA-4 therapy to overcome 

immune cell exhaustion in cancer immunotherapy (61).  

CD4+ T lymphocytes 

Activated CD4+ T lymphocytes differentiate to effector T cells which are helper T (Th) cells that 

mainly act by producing cytokines that regulate function of other immune cells (62). The 

respond to foreign antigens bound to class II MHC molecules on APCs (63). Upon antigen 

recognition and subsequent activation, naïve CD4+ T lymphocytes undergo proliferation and 

differentiation to various effector cell types. The main CD4+ T lymphocyte effector subset 

include TH1 (T helper 1 subset), TH2, TH17, TFH (T follicular helper cells) and Treg (Regulatory T 

cells) (64,65). TH1 cells mainly produce IFN-γ that induce macrophage activation during 

elimination of intracellular pathogens. TH2 cells produce IL-4 that activate mast cells and 

basophils. They also produce IL-5 which recruit and activate eosinophils and IL-13 which 

protect mucosal surfaces against helminth infections. TH17 cells are characterised by 

production of IL-17 and IL-22 that trigger downstream recruitment of neutrophils and 

production of antimicrobial peptides, respectively (64,65). TFH are predominantly found in 

secondary lymphoid organs where they make antigen-dependent interactions with naïve B 

cells and induce germinal centre formation (66). TFH cells activate naive B cells to produce, high-

affinity, class-switched immunoglobulins with different effector functions like opsonising IgG 

antibodies or IgE antibodies that trigger degranulation of mast cells and basophils in allergic 

responses. Treg cells help in immune response suppression by production of anti-inflammatory 

IL-10 and promote central or peripheral tolerance to self-antigens. Each of these TH subsets 

can be identified on the basis of expression of fate-determining transcription factor which is 

induced in response to specific cytokines (66). Distinct cytokines induce differentiation of 
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specific TH subset mediated through activation of different STAT family of transcription factors 

(Fig. 2-6). IFN-γ and IL-12 trigger activation of STAT1 and STAT4 which induces T-bet 

expression and differentiation to the TH1 type. IL-4 signalling induces STAT6-mediated 

upregulation of GATA-3 which induces differentiation to the TH2 pathway. TGF-β, IL-6 and IL-

23 induces STAT3 activation that subsequently triggers upregulation of RORγT which commits 

programming to the TH17 pathway. TFH cells are induced and maintained by IL-6 signalling-

dependent activation of STAT3/Bcl-6 pathway (66,67). Induction of Treg cells requires IL-2 and 

TGF-β signalling in the absence of pro-inflammatory cytokines like IL-6. This cytokine milieu 

induces STAT5 activation and downstream upregulation of FoxP3 which determines Treg 

differentiation (66,67).  

 

Figure 2-6. Differentiation of CD4+ T lymphocyte effector subsets. Naïve CD4+ T lymphocytes, 

upon activation, differentiate to effector subsets, each with its own function. Effector CD4+ T 
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lymphocytes can be broadly classified into 4 subsets that include IFN-γ producing Th1, IL-4 

and IL-13 producing Th2, IL-17 producing Th17 and IL-10 producing immunosuppressive T 

regulatory (Treg). Each of these subsets are induced in response to distinct cytokine milieu and 

can be identified by a lineage-determining transcription factor – T-bet for Th1, GATA3 for Th2, 

RORγt for Th17 and FoxP3 for Treg. Each of these subsets function in specific aspects of 

immune response depending on type of infection as described in the figure. (Adapted from 

Leung et.al., Cell Mol Immunol., 2010 (67)) 

 

2.3.6 T lymphocyte memory response 

Effector T cells show rapid activation in the absence of any co-stimulation (64). Hence, they 

play an active role along with the components of the innate immune response during 

secondary re-infections (68). Their diverse functional phenotype and plasticity allows them to 

adapt and respond to diverse pathogenic challenges. After a successful immune response, the 

pool of effector T cells undergo significant reduction by apoptosis while allowing only a small 

population of memory T cells to survive and maintain long-lasting immunity (68). Memory T 

cells differ from naïve T cells by upregulating CD44 and downregulating CD62L (L-selectin) 

expression (69). This enables selective trafficking of these cells from blood to peripheral tissues 

unlike naïve T cells which home towards secondary lymphoid organs. Memory T cells also 

express CD45RO. Unlike naïve T cells, memory T cells do not undergo homeostatic 

interactions with self-MHC/self-peptide complexes for survival in the periphery. Instead, they 

rely on IL-7 and IL-15 for survival (69,70). Memory T cells fall under 3 categories – central 

memory (TCM), effector memory (TEM) and tissue-resident memory T cells (TRM) (71) (Fig. 2-7). 

TCM cells are characterised by surface expression of CCR7 and they home to peripheral 

lymphoid tissues like naïve T cells. TEM lack CCR7 expression while expressing high levels of β-
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integrins that facilitate their rapid entry into peripheral inflamed tissues. Upon antigen 

stimulation, they get rapidly activated (unlike TCM) to produce inflammatory cytokines like 

IFN-γ, IL-4 and IL-5. TRM occupy peripheral tissue regions like epithelial dermis or intestinal 

lamina propria, and do not undergo trafficking. They express high levels of tissue-homing 

chemokine receptors like CCR9 and CXCR3 while lacking CCR7. Tissue-residence of TRM is 

enabled by CD69-mediated induction of S1PR (sphingosine-1-phosphate receptor) 

expression. Generation of CD8 memory T cells require CD4 T cell help since mice lacking MHC 

II failed to maintain its CD8 T cell memory pool (71). Memory T cells provide long-term 

protection to many pathogenic infections and play an important role in vaccine responses (72).  

 

Figure 2-7. Function of memory T lymphocyte subsets in response to pathogen re-infection. 

Upon pathogen re-encounter in peripheral tissue sites, tissue-resident (TRM) memory cells are 
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activated where they produce inflammatory cytokines and chemokines which recruits 

circulating effector memory T cells (TEM) to the infected site. Central memory T cells (TCM) are 

activated by APCs at secondary lymphoid organs and subsequently undergo clonal expansion 

and differentiation to effector T lymphocytes which enter peripheral circulation and provide 

systemic protection. Activation of memory T follicular cells (TFH) enable activation of B cell-

mediated responses in the germinal centres. (Adapted from Gray et.al., Immunology, 2018 

(72).)  
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Chapter 3. Mechanical Forces in Biology 

The domain of biology was largely driven by the notion that physiological and cellular 

processes are ultimately governed by genetic and epigenetic factors (73). A large part of 

research in this field is dedicated to finding cell-intrinsic molecular and signalling players that 

affect these factors and determine cellular or physiological outcomes. It is however, becoming 

increasingly evident that the physical environment of cells and tissues contribute majorly 

towards their function and fate (74). Cells and tissues have constant dynamic crosstalk with 

their physical surroundings. They respond and adapt to the mechanical properties of their 

environment. Researchers have begun to acknowledge that biology as a singular domain 

cannot yield a holistic insight into physiological processes. Studies that adopt an integrated 

multidisciplinary approach, involving explanation of biological phenomena using laws and 

principles of physics are now being undertaken to study cellular processes in disease and 

development.  

The field of mechanobiology involves study of interactions between the cells and tissues with 

the physical properties of their surroundings in various biological processes (74).  Interest in 

mechanobiology emerged in the early parts of the 20th century when observations were made 

that cells modify their behaviour according to the stiffness properties of their substrate (75). 

The study found that rat epithelial and fibroblast cells tend to spread less and show improved 

lamellipodia-based motility on stiffer substrates (above a threshold of ~5kPa). This change in 

motile behaviour and morphology can be triggered simply by modifying the mechanical 

properties of the substrate without changing the chemical environment. Cell attachment to 

the substrate via focal adhesion complexes was also affected significantly by substrate 

rigidity. This was one of the pioneering discoveries in the biophysical domain which revealed 
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an unexplored, yet crucial aspect in physiological processes. Since then, numerous studies 

have shown that mechanotransduction is an integral process of cell and tissue biology (75).  
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3.1 Mechanotransduction 

Mechanotransduction is the process of sensing cell or environment-specific mechanical 

stimuli like substrate stiffness, shear stress or membrane stretching, and converting them into 

molecular and chemical signals which govern cellular function and fate (77). Processes like 

cellular proliferation, migration, cell shape, cellular differentiation and fate determination, 

tissue regeneration and repair are all dependent on complex interactions between cells and 

their 3D mechanical environment (77). Interactions involving the extracellular matrix (ECM), 

cytoskeletal components, membrane dynamics are subjected to regulation by mechanical 

forces, that are generated either from the external environment or from within the cell (77). 

The dynamics of these mechanical interactions have been shown to undergo significant 

dysregulation in diseased states like cancer and inflammation thus, confirming their 

importance in normal cellular physiology (78).  

An interesting proposition was put forward by Chen and Wang, (79) who suggested that 

evolution of multicellularity from unicellular organisms could have been regulated by the 

development of cellular ability to sense surrounding stiffness. The study proposes that single-

celled prokaryotes underwent rigidification and toughening of their cytoskeleton, which 

enabled them to maintain their shape and form as well protect their structural integrity from 

external mechanical stress (Fig. 3-1). Cells of different origin show a wide range of stiffness 

which can be explained on the basis of their function. Embryonic stem cells and neural cells 

fall have lower stiffness in the range from 0.1kPa to 0.5kPa (80,81). Smooth muscle cells, 

endothelial cells and fibroblasts have higher stiffness ranging from 1-5kPa (82). Skeletal muscle 

cells on the other hand show stiffness in the range of 12kPa which can be explained by the 

fact that it is subjected to constant mechanical stress, and therefore should have the capacity 
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withstand any tissue damage (83). Similarly, the primary function of fibroblast cells is to 

produce ECM proteins that function in tissue remodelling (84) which necessitates the higher 

stiffness property of the cells. Stiffness properties of a cell is determined by organisation of 

cytoskeletal components and membrane proteins. Clustered organisation of transmembrane 

adhesion proteins that form attachments with the ECM like integrins, adhesion proteins that 

form cell-cell attachments like cadherins, cytoskeletal scaffold including actin and myosin 

bundles, and the nuclear lamina all act together to maintain a cell in a quasi-steady state of 

tension that determine cell stiffness and shape (79,85,86).  

 

Figure 3-1. Correlation between evolution of multicellularity and changes in cell stiffness. 

Evolution from single-celled prokaryotes to multicellular organisms is associated with changes 

in cytoskeletal stiffness which facilitates coping with complex microenvironment rich in 

mechanical stress. It has been hypothesised that embryo development and differentiation to 

multiple tissue cells mimics evolution of multicellularity. Differentiation of an embryonic stem 

(ES) cell from the inner cell mass of a blastocyst to fibroblasts or smooth muscle cells (SM) or 

skeletal muscle cells (SKM) is accompanied by dramatic increase of cell stiffness from 0.1kPa 
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to 12kPa. With increasing degree of tissue differentiation, cell stiffness is seen to increase 

which allows the tissues to adapt to mechanically stressful microenvironments. (Adapted 

from Chen and Wang. Acta Mech Sin., 2019 (79).) 
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3.2 Mechanotransduction in physiological processes 

In the following section, I will briefly explain the role of mechanical forces in various cellular 

processes, thus, describing its ubiquity and indispensability.  

3.2.1 Cell migration 

Proper cell movement is a fundamental event in all physiological processes like 

morphogenesis, tissue regeneration and maintenance as well as immune response (87). 

Aberrant cell motility is associated with many diseases like cancer and unregulated 

inflammation (87). Moving cells constantly sense and adapt to mechanical cues from their 

surroundings (88). They respond to tissue topography, confinement and also actively induce 

changes in the tissue and ECM structure during migration. These changes provide local 

directional and migration cues that guide the moving cell (89). Helvert et.al., (90) in his review 

aptly describes the mechanoreciprocity between a moving cell and its environment (Fig. 3-2). 

Moving cells undergo changes in cell shape and also produce local deformations in the 

surrounding environment (91). These local tissue deformations cause accumulation of 

mechanical stress that impedes cell movement. To ensure unimpeded movement, the cells 

must generate mechanical forces call traction forces that will overcome this resistance. The 

magnitude of driving and resistive forces depends on the mechanical properties of the moving 

cell and surrounding tissue environment. Depending on the physical cues moving cells alter 

their modes of migration (91). Switching of migration modes depending on mechanical cues 

will be discussed in greater detail in the latter sections.   

Mechanochemical feedback regulation of cellular migration has been found to play a 

significant role in cancer metastasis (92). The tumour microenvironment is characterised by 
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inflammation, fibrosis, angiogenesis, cell proliferation and death (93). There is extensive ECM 

remodelling induced by invading cancer cells like collagen deposition and crosslinking. The 

tumour milieu therefore, shows extensive tissue remodelling and increased tissue stiffness 

(94). The tumour microenvironment is therefore a hotspot for mechanical stimuli originating 

from intercellular interactions or cell-ECM interaction, shear stress, interstitial hydrostatic 

pressure and membrane tension stemming from tumour cell contractility.  The altered 

mechanical properties of the tumour microenvironment favour tumour cell survival, growth 

and migration by activating mechanoresponsive signalling pathways (94,95). Metastatic tumour 

cells undergo epithelial to mesenchymal transitions, which is characterised by alterations in 

their cytoskeletal composition and organisation (96). Structural transition of tumour cells 

produces a change in their mechanical properties which include changes in shape, cell 

contractility and amount of tension they exert on the ECM and other cells. These changes 

substantially enhance their invasive and migratory capacity (97). Drugs that inhibit changes in 

the mechanical attributes of tumour progression are being explored to treat cancer. 

Ruxolitinib is an inhibitor of the JAK-STAT signalling pathway and has been shown to reduce 

tumour microenvironment stiffening by collagen deposition. Its currently under clinical trials 

to treat breast cancer and leukemia (98-100). Drugs targeting ROCK (101) and FAK (102) that 

determine cell contractility and consequent cell motility resulting from stiffness are also being 

tried in combinatorial immunotherapy against cancer.  
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Figure 3-2. Mechanoregulation of cell migration. 3D cell migration involves either single cell 

or collective migration. Single cell migration may be divided into ameboid or membrane-bled 

based movement and filipodia or pseudopodia-based movement. Collective migration 

requires establishment of a leading cell that drives collective movement of the remaining 

population. This kind of migration is usually seen during development and morphogenesis (a). 

Cell movement requires formation of various actin-based membrane extensions including 

podosomes and invadopodia which apply pushing forces against the membrane. Focal 

adhesion-based extensions and filopodia generate pulling and traction forces against the 

substrate that helps cell propulsion (b). Adhesion-based migration requires force-driven 

strengthening of binding to the substrate which is generated from actin polymerisation and 

myosin-based contractions of actin fibres (c). Frontal or distal nuclear positioning is very 

essential during 3D migration of cells especially through tissue pores. The cell nucleus acts as 

a mechanical gauge and provides cues for guided migration along the path of least resistance 
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(d). F-actin polymerisation drives formation of cell leading edge. Tension build-up at the 

leading edge prevents further actin polymerisation and allows contraction at the trailing edge 

while balancing membrane components through the process of endocytosis/exocytosis. This 

allows propulsion of the cell in the forward direction (e). (Adapted from Helvert et.al., Nat Cell 

Biol., 2018 (90).) 

 

3.2.2 Cell proliferation 

Numerous studies have shown that substrate stiffness regulates the cell’s capacity to 

proliferate. Using ECM protein-coated polyacrylamide hydrogels of varying stiffness, it was 

found that increasing substrate stiffness increases the proliferation rate of mesenchymal 

stem cells (103). Constant replacement of dying differentiated cells in the epidermal cell layer 

necessitates these cells to have a high turnover rate.  The basal stem/progenitor cell layer 

must achieve a proper balance between cell proliferation and differentiation so as to maintain 

homeostasis. In a study by Miroshnikova et.al. (104), the authors propose that dividing 

epithelial cells causes redistribution of local force generation patterns, that signals the cells 

to differentiate while stopping proliferation. A steady state epithelial cell monolayer 

corresponds to a ‘solid-like jammed state’. Proliferation in this state causes ‘over-crowding’ 

and produces local cell deformation and consequent change in the local stress. This leads to 

reduction in cortical tension which weakens cell-substrate interaction, while increasing 

adhesion to neighbouring cells. These changes prompt the cells to undergo differentiation 

and detachment from the basal layer and movement to upper higher differentiated layers. 

This mechanism ensures regulation of proper cell density. Differentiated cells on having lost 

substrate contacts switches to E-cadherin-based adhesion and this restores the cortical 
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tension state of the cell. This ensures proper positioning of differentiated epithelia in the 

upper layers (104).  

Maintaining constant cell density in epithelial barriers is essential because unchecked growth 

might lead to formation of tumours, while slow growth will destroy the integrity of the 

epithelial barrier. Studies have shown that mechanically-induced signalling pathways are 

triggered in response to cell density, that may promote differentiation or apoptosis on 

overcrowding (105). Studies have shown that epithelial cell overcrowding changes cell 

geometry and consequent changes in the local stress patterns. Stress anisotropy thus induces 

mechanosensitive signalling pathways that promote cell extrusion and apoptosis (106). 

Mechanosensitive YAP (Yes-associated protein)/TAZ (transcriptional coactivator with PDZ-

binding motif) pathway has been shown to be induced in response to ECM stiffness and 

distortion in cell shape in mesenchymal stem cells and endothelial cells (107). YAP/TAZ 

transcription factors sense cytoskeletal tension resulting from stress fibre formation due to 

interactions with a rigid ECM and distortions in cell shape.   

Extensive studies have directly linked mechanical forces to mitotic capacity of cells. Assembly 

and orientation of mitotic spindle, segregation of daughter chromosomes and cytokinesis 

have been shown to be driven by physical forces (108). Using micropatterned adhesive 

substrates, it was shown that the mitotic spindle assembly aligns with the mechanical force 

distribution exerted on the cell (109,110). Orientation of the mitotic spindle determines 

symmetry and direction of cell division (110). By analysing changes in cell shape in space and 

time, computational studies can predict patterns of force generation and subsequent cell 

division (111-114). A study by Itabashi et.al. (115) showed that external application of force to 

dividing HeLa cells alters the force patterns within the mitotic spindle. Application of force to 
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metaphasic cells mounts tension in the mitotic spindles which accelerates progression to 

anaphase and facilitates chromosomal segregation. Reduction in spindle fibre tension causes 

failure of chromosomal segregation. Thus, local mechanical environment of the cell can 

produce significant effects on its proliferative fate. During the cytokinesis phase of cell 

division, there is formation of a contractile ring which causes localised ingression of the 

dividing cell along with the cell membrane of the adjoining cells. There is accumulation of 

non-muscle myoII contractile protein around the contracting region which mediates 

cytokinesis. Study by Pinheiro D. et.al. (116) found that generation of mechanical forces due to 

formation of this contractile ring regulates MyoII-mediated actomyosin dynamics and 

cytokinesis.  

Studies have proposed that mechanical forces in the tissue environment might be one of the 

driving factors in cell competition, that is, expansion of a particular cell population at the 

expense of neighbouring cell populations (117). This has important implications in cancer 

pathogenesis. Altered mechanical milieu in the tumour microenvironment has shown to 

activated mechanosensitive signalling pathways like the YAP/TAZ nuclear localisation and 

downstream signalling that promote cancer cell proliferation (118,119). These findings provide 

strong validation for the role of physical cues in regulation of cell proliferation. 

3.2.3 Chromatin regulation 

Mechanotransduction has been shown to play a pivotal role in regulating gene expression 

(120). Cells can undergo alterations in their transcriptional programming depending on 

surrounding mechanical cues. Nuclear mechanotransduction plays a significant role in 

regulation of transcriptional programming (121). Mechanical cues sensed at the plasma 

membrane is propagated to the nucleus through various cellular components including the 
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cytoskeletal system and LINC (linkers of nucleoskeleton and cytoskeleton) complexes. Nesprin 

proteins form physical connections between the cytosolic cytoskeleton with nuclear proteins 

and have been shown to be crucial for nuclear mechanotransduction (122). Application of 

localised forces using magnetic twisting cytometry has successfully induced expression of a 

GFP-tagged bacterial-chromosome dihydrofolate reductase (DHFR) transgene in cells (123). 

Transcriptional upregulation strongly correlated with force-induced transcriptional 

upregulation. Disruption of the force-propagating actin cytoskeletal network abolished force-

induced transcription activation. Mutations in the genes coding for nuclear lamina proteins 

like lamin A and C primarily affect tissues that subjected to active mechanical cues like the 

skeletal and cardiac muscles causing muscular dystrophy and cardiomyopathy (124,125). This 

provides strong suggestions that these nuclear proteins are essential for 

mechanotransduction in these regions.  

Mechanical forces alter chromatin organisation and also affects its epigenetic state through 

changes in the polymerisation state nuclear actin (126). Nuclear actin polymerisation triggers 

recruitment of specific transcription factors into the nucleus, where they trigger transcription 

of specific gene modules. Fibroblasts cultured on substrates with symmetric geometries or 

anisotropic geometries show differential transcriptional patterns (127). Cells grown on isotropic 

substrates upregulate expression of genes specific to cytoskeletal components and 

extracellular matrix components due to activation of the serum response factor (SRF) 

pathway. Cells grown on polarised substrates on the other hand show preferential expression 

of genes involved in cellular contacts and those involved in the cell cycle due to activation of 

the NFκB pathway. Altered substrate geometries provide distinct mechanical cues that 

triggers differential nuclear actomyosin dynamics and chromatin histone acetylation and 

subsequent recruitment of different transcription factors, myocardin-related transcription 
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factor (MRTF) and p65 transcription factors.  Cell binding to anisotropic substrates will cause 

the cells to polarise and trigger mechanical force-induced actin polymerisation. F-actin 

formation will release MRTF bound to monomeric globular actin, and cause its subsequent 

import to the nucleus where it can bind to the SRF promoter and induce signalling. MRTF is a 

negative regulator of the NFκB pathway hence, the switch in transcriptional upregulation 

depending on substrate and cell geometry (127). Force-driven actomyosin contractility also 

releases HDAC3 from the cytoplasm and enables its recruitment into the nucleus, where it 

alters chromatin organisation and transcriptional regulation (127). Similarly, 

mechanotransduction through the YAP/TAZ pathway requires Rho-GTPase-mediated 

actomyosin reorganisation for its nuclear import (118).  

In addition to mechanical force-driven transcription factor recruitment, studies have also 

found force-induced nuclear structure alterations can trigger transcription (128,129). Altered 

chromatin organisation allows access to RNA polymerase II and other transcriptional 

regulators (128) as well as histone methylases/demethylases, acetylase/deacetylases that 

induce chromatin silencing/de-silencing (129). Mechanical force has been shown to induce ATP-

dependent heterochromatin formation in differentiated mesenchymal stem cells, which 

triggers localised gene silencing (130). Progenitor epithelial stem cells show mechanical force-

mediated induction of H3K27me3 characteristic of heterochromatin gene induction (Figure 

3-3). Disruption of mechanoregulation through loss of mechanoresponsive elements – 

emerin, MyoIIA and actin results in abnormal differentiation and apoptosis (131,132). Nuclear 

mechanotransduction not only regulates chromosomal organisation but also affects spatial 

clustering of genes which is essential for their activation (126). Using chromatin conformation 

capture (3C) technique along with ChIP-seq analysis, it was observed that TNFα stimulation 

causes spatial clustering of responsive genes that facilitate their transcriptional regulation 
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(133). Spatial reorientation allows co-regulation of genes involved in a specific pathway. Spatial 

and temporal gene clustering are driven by force-generating nuclear actomyosin dynamics 

(134).  

Diseased phenotypes leading to modifications in mechanical cues can induce transcriptional 

reprogramming in cells, that could drive disease pathogenesis. Epithelial-to-mesenchymal 

transitions is characteristic of cancer and has been shown to be driven by dysregulated 

mechanochemical feedback in transcriptional machinery (135,136). Force-driven alterations in 

chromatin organisation and its subsequent impact on global gene transcription has to be 

elucidated. But current data provides strong evidence that mechanical strain can trigger 

distinct transcriptional fates depending on their duration and context. Disruption in the 

mechanochemical feedback process can alter tissue homeostasis producing diseased 

phenotypes (137).  
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Figure 3-3. Mechanoregulation of chromatin architecture. High mechanical stress drives 

chromatin decondensation which is characterised by a transition of H3K9me3-tagged, 

nuclear-laminin-associated condensed chromatin, to H3K27me3-tagged decondensed 

chromatin. Chromatin decondensation allows absorption and dissipation of stress which 

results in increased chromatin accessibility to transcription-promoting factors. Prolonged 

mechanical stress, however, leads to chromatin deformation and global silencing. (Adapted 

from Miroshnikova et.al. J Cell Sci., 2017 (131).) 

 

3.2.4 Cell differentiation and fate determination 

Mechanical cues guide differentiation patterns of proliferating stem cells and also allow 

temporal and spatial regulation of fate specification (138). Mesenchymal stem cells (MSC) can 

be effectively directed to differentiate into chondrocyte, neuroblast or osteoblasts by varying 

stiffness properties of substrates (139). Soft substrates with stiffness ranging from 0.1-1kPa 

facilitate MSC differentiation to the neuroblast lineage. Substrates of moderate stiffness (20-

25kPa) allow differentiation to chondrocyte fate and those of high stiffness (30-45kPa) allow 

MSC differentiation to the osteocyte fate. The stem cell microenvironment is replete with 

changing mechanical cues hence, the term ‘mechano-niche’ is used to describe it (140). The 

stem cell mechano-niche is a dominant factor in the maintenance and differentiation of the 

stem cell population. Atomic force microscopy studies have been used to analyse the distinct 

mechanical states of differentiated and progenitor cells. MSCs tend to differentiate towards 

cell lineages whose mechanical attributes reflect those of the substrate on which they are 

growing (139,140). Hence, softer substrates as those found in the brain microenvironment 

induce preferential commitment of MSCs to cells of the neurogenic lineage, while harder 

substrates like the bone or cartilage matrix favours differentiation towards the osteogenic or 

chondrocyte lineage (139,140). Similarly, neural stem cell and progenitor differentiation to the 
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neuron versus astrocyte fate is also regulated by physical cues (141). Softer substrates favour 

neuronal differentiation while stiffer substrates trigger formation of astrocytes (141,142). 

Studies have shown that mechanical stretch significantly affects NPSC (neural progenitor stem 

cells) differentiation (143). Development of the central nervous system is closely accompanied 

with mass cell movement and tissue structural remodelling, all of which act together to 

produce regional mechanical stress on NPSCs (143,144). Application of external mechanical 

strain of physiological magnitudes to NPSCs, it was found that its differentiation to 

oligodendrocytes was significantly paired while neuronal or astrocyte differentiation 

remained unaffected (145). This regulation is mediated through mechanosensitive interactions 

between α6 integrin with the ECM component laminin. This finding is particularly interesting 

because laminin is abundant in the developing brain and also in NPSCs-populated regions of 

the adult brain (145). This ensures a sustained mechanotransduction signalling mechanism that 

regulates proper cell differentiation. 

Pathological conditions that trigger modification of the mechanical milieu causes abnormal 

differentiation patterns (146). Chronic inflammation is associated with numerous diseases like 

autoimmunity, cancer, impaired tissue restoration during wound healing (147). One of the main 

attributes of chronic inflammation is fibrosis where there is overt deposition of ECM 

components (148,149). This leads to extensive modifications of the ECM stiffness properties and 

tissue mechanics (148-150). The corneal epithelial (CE) layer is maintained by constantly dividing 

corneal epithelial stem cells (CESCs). Chronic inflammation is associated with corneal 

squamous cell metaplasia (CSCM) where CESCs undergo keratinisation and adopt skin-like 

phenotype (151). Study by Nowell CS et.al. (152) showed that altered mechanical 

microenvironment in chronic inflammation triggers aberrant mechanotransduction which 

activates YAP/TAZ-dependent β-catenin signalling pathway which causes ectopic epidermal 
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differentiation in the corneal surface.  These studies therefore, provide ample evidence of 

how mechanotransduction is integral to cell differentiation and tissue homeostasis.  

3.2.5 Development and morphogenesis 

Cell fate determination during organogenesis is also regulated by mechanical forces (153). 

Organ formation and maintenance not only requires cellular differentiation to the 

appropriate lineage but also proper positioning of differentiated cells to maintain organ 

integrity and function (154). Formation of blastocyst during development of the mammalian 

embryo entails efficient sorting of cells into domains where they adopt specific fate (154). A 

study showed Yap transcription factor-mediated mechanosensing plays a crucial in cellular 

positioning and fate determination during development of the mammalian embryo (155). Cell-

intrinsic forces stemming from cell-cell adhesive interactions, and actomyosin contractile 

network confer a certain degree of asymmetry to development of embryonic tissues (156). 

Anisotropic biophysical forces regulate the crucial events of morphogenesis like epithelial 

invagination during gastrulation and differentiation of germ layers (156). External mechanical 

cues also impact morphogenesis. Shear stress generated from fluid-filled tissue environment 

has been shown to determine polarity axis in mouse embryo (157). The mouse embryo contains 

cilia on its ventral surface which undergoes rotational movement in a specific direction, that 

subsequently produces directional environmental fluid flow known as the nodal flow. 

Disrupting nodal flow hampers development of the polarity axis by interfering with gradient-

dependent sonic hedgehog and retinoic acid-dependent signalling thus, alluding towards the 

importance of shear forces during development (157). Interaction between embryonic cells and 

the components of the ECM also provide mechanical cues. ECM remodelling during 

morphogenesis provides altered biophysical cues depending on ECM stiffness, that are sensed 
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through fibronectin-integrin interaction rich-focal regions (158). Germinal stratification entails 

epithelial cell stretching and division that generate tensile forces, which regulate tissue 

formation. Fetal haematopoiesis have been shown to be governed by shear forces originating 

from maternal blood circulation (159). Shear forces regulate expression of RUNX1, the master 

regulator of fetal haematopoiesis. Formation of hematopoietic stem cells (HSCs) in one of the 

earliest regions of haematopoiesis, namely, the aorta-gonads-mesonephros (AGM) region 

have also been shown to be crucially dependent on blood flow through nitric oxide (NO)-

dependent signalling (160). In addition to driving haematopoiesis, shear stress also regulates 

formation and organisation of cardiac muscles during morphogenesis (161). Bone formation is 

also regulated by hydrostatic forces along with cellular stress and strain (162-164). Branching of 

vessels during endothelial angiogenesis can be manipulated by modifying membrane 

curvature, that is dependent on varying membrane stiffness through the course of embryonic 

development (165,166).  

The above findings strongly suggest the significance of cellular intrinsic and extrinsic 

mechanical forces in embryonic development and fate mapping. Detailed mechanistic 

insights into the mechanotransductory pathways involved in tissue morphogenesis is 

however, needed so that mechanical properties of biological tissues and cellular interactions 

can be exploited in tissue regeneration and repair. Microfabrication techniques enable 

synthesis of artificial matrices of specific mechanical properties that can define stem cell fate 

and proper sorting during transplantation or tissue remodelling (167,168). Diseased conditions 

like cancer and fibrosis that alter the biophysical properties of the tissue environment is 

associated with dysregulated cellular growth and tissue formation. Further elucidation of this 

complex mechanosensory network can aid in advancement of therapeutic and curative 

strategies (169).   
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3.4. Measuring mechanical properties and cellular forces 

The domain of mechanobiology employs a wide range of techniques that enable 

quantification of cellular or external forces as well as mechanical properties of cells and their 

surroundings (170). As Cusachs et.al. (171) rightly pointed out, direct measurement of 

mechanical forces is not feasible, rather force measurement can be derived from other 

measurable parameters that are affected by mechanical force. Consequently, modern 

techniques that quantify forces generally measure other force-associated mechanical 

quantities and extrapolate the data to obtain force measurements (171). As previously 

discussed, cells have the machinery to generate mechanical forces during various processes 

(82). Cellular force quantification methods can be broadly classified into two categories based 

on the underlying assumptions about the mechanical properties of the interacting substrate. 

Under these categories, they can be further distinguished based on the usage of external 

manipulations during measurement (171). These techniques, in addition to quantifying cell-

generated forces can also measure the biophysical properties like cell/tissue stiffness, cellular 

stress or strain, viscosity, elasticity, tension, etc (Box 1).  

Traction force microscopy (TFM): Cells exert force against their local surroundings. These cell-

generated traction forces originate from contractile actomyosin networks and are 

transmitted to the extracellular environment through cell-ECM adhesion interactions (172). 

These forces are hard to quantify since their magnitude and the distance across which they 

act are small, typically in the range of nN to pN (172). Culturing cells on soft synthetic matrices 

that are linearly elastic and isotropic allows measurement of its traction force-induced 

uniform deformation. Cellular traction forces can be resolved into two components: one 

which acts parallel to the surface of the substrate or in-plane tractions, and one which acts 
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normally to the substrate (172). These forces can be quantified using 2D and 3D TFM methods 

respectively. TFM calculates stress maps of the cell surface by quantifying force-induced 

substrate deformation. Synthetic matrices like polyacrylamide, polydimethoxysilane (PDMS) 

(173) are generally embedded with uniformly distributed fluorescent particles less than 1µm in 

size. These particles can be tracked in space and time with the help of imaging techniques. 

Positions of these particles in substrates in the presence and absence of cell attachment can 

be used to measuring particle displacement which can be subsequently used to quantify 

traction force resulting in substrate deformation. Since particle size is much smaller than cell 

size, traction force maps can show subcellular origin of forces (Fig. 3-4-A). They have been 

crucial in defining activity of mechanical forces in cellular events like migration, adhesion, 

proliferation (173), etc.   

Recent study by Uroz et.al. (174), showed the involvement of cellular traction forces during 

migration and cytokinesis in zebrafish cardiomyocytes. Zebrafish cardiomyocytes shows 

tremendous regeneration capacity involved in tissue repair (175). They exhibit the unique 

property of collective migration which is strongly regulated by mechanical forces (175). 

Myocardial cells were cultured on collagen-coated polyacrylamide (PA) gels of stiffness 

around 14kPa which closely mimics heart tissue stiffness (174). 200nm-sized fluorescent beads 

were embedded in the PA gels. TFM revealed higher traction forces was exerted against the 

substrate at the leading edge of migrating cells. Force generation precisely localised with 

myosin stress fibre formation at the leading edge. These forces showed tangential orientation 

with respect the substrate. The study further revealed that cells migrate in a monolayer form 

where inward pulling forces generated by the leading cell is transmitted to the remaining 

following cells thereby resulting in collective movement (174).   
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It is crucial to critically consider mechanical parameters while adopting force-measuring 

techniques. This technique uses artificial substrates which are linearly elastic as well as 

isotropic (change in mechanical properties are uniform in all directions). So, deformation 

changes (strain) can be directly used to calculate cellular stress (force). This technique 

however, does not take substrate geometries into consideration because it assumes that 

substrate area is much larger than cell size (174). The ECM, however comprises of a multitude 

of protein complexes whose mechanical properties are considerably different (176). Moreover, 

mechanical properties are not uniform throughout the ECM, and traction forces generated by 

cells shows regional variations. Measuring traction forces on linearly elastic substrates also 

amounts to gross oversimplification, since many matrix fibrous proteins shows nonlinear 

elastic properties including anisotropism (177). Physiological accuracy of traction force 

measurements on such synthetic matrices, thus, requires further validation (178). 3D traction 

force measurements show remarkable differences with 2D measurements where studies 

have shown that substrate mechanical properties are actively modified by interacting cells 

(179-181). These findings require further elucidation and fine-tuning before they can be 

accurately applied to physiological systems. 
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Figure 3-4-A. Traction force microscopy. Traction force microscopy is used to measure forces 

generated by moving cells or traction forces exerted during adhesion interactions. This 

technique involves using an elastic matrix embedded with an array of fluorescent particles. 

Forces exerted by the cell on the substrate will result in bead displacement which can be 

tracked over time. Displacement-time curve of the beads and the Young’s modulus (indicator 

of substrate elasticity) of the matrix can be used to calculate force exerted by the cells. This 

can be represented in the form of stress/tension maps that can define force gradients in 

specific regions of the cells.   
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Cantilever-based contact measurements: Using an elastic probe (cantilever) of defined 

stiffness, one can apply defined external pulling or pushing forces to the to the cell, which can 

help quantify the mechanical behaviour of the cells like its stiffness and membrane tension, 

etc (182,183). Typically, the cantilever probe is allowed to make contact with the substrate/cell 

of interest at constant low forces (in the range of >100pN) (182,183). Force-associated 

interactions between the probe and cell/substrate will cause deflection or bending of the 

cantilever, that can be quantified through optical imaging. Atomic force microscopy allows 

measurement of spatially localised mechanical interactions. The cantilever-attached AFM tip 

is of <10nm radius which allows spatially precise contact with cell or substrate of interest 

(182,183). The position of the cantilever probe can be accurately manoeuvred using a piezo-

electric stage. Forces generated on contact with the cell or substrate produce cantilever 

deflection which is quantified in terms of position of laser reflecting off the cantilever 

detected by a photodiode (182,183) (Fig. 3-4-B).  AFM techniques allows real-time measurement 

of force dynamics in cells. This form of AFM imaging is known as the contact-mode force 

measurements (182). In the ‘tapping mode’ (182) of AFM, the cantilever probe is made to vibrate 

at a particular frequency. When the probe makes contact with the cell or substrate, its 

oscillation amplitude and hence, frequency changes depending on forces generated during 

interaction (182).  

AFM can also be used to measure mechanical properties like stiffness (184). The AFM probe is 

used to apply defined pN forces to the sample, which produces deformations during which 

the cantilever experiences force-dependent bending or displacement (184). The AFM tip is 

gradually brought close to the sample of interest during which it experiences zero force since 

its distance from the biological sample is large. This phase is known as ‘approach’ and is 

observed as a flat line in the force curve map (force versus displacement curve). As the probe 
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approaches closer to the sample, it begins to experience attractive forces. The probe is said 

to have achieved contact with the sample when first repulsive forces in the form of positive 

cantilever deflection is observed. During the ramp phase, the probe is made to gradually 

approach deeper into the substrate till it reaches maximum force following which its 

withdrawn. Cantilever displacement as a result of cellular forces during this process is 

measured and is used to obtain force maps. Force maps are then used to calculate force 

generation using known cantilever stiffness. The shape of force curve during ramp phase and 

retraction phase can help determine the mechanical behaviour of cellular and/or substrate 

interactions (182,183).  

The AFM tip can also be coupled with specific molecules or antibodies that interact with 

specific proteins on the cell surface (185). Using a similar strategy of approach, ramp and 

retraction, the mechanical nature of surface protein interactions can be quantified. Thus, 

AFM-based techniques can be used to study mechanical behaviour of cells and tissues 

including cellular and molecular interactions in their environment.   
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Figure 3-4-B. Atomic force microscopy. Atomic force microscopy can be used to measure 

forces at the single cell/molecule level. The set-up consists of a cantilever attached to a probe 

at its end. The probe can be coated with specific ligands. Ligand-coated probe is brought close 

to a cell bearing specific receptor and contact between ligand and receptor is established with 

minimal force. The cantilever is then subjected incident to laser beams. Light that reflects off 

the cantilever is detected by a photodiode which calculates the cantilever position. If ligand-

receptor interaction is characterised by generation of additional forces, this will produce 

deflections in cantilever position and consequently deflections in reflected laser which can be 

detected by the photodiode sensor. The amount of force generated and the nature of force 
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are determined by force-displacement curves. The cantilever position is predetermined and 

fixed using xyz piezoelectric stage.   

 

Molecular sensors: A wide range of force quantifying techniques rely on the use of molecular 

sensors like fluorescence-based tension linkers to quantify forces during cellular interactions 

(186). Force-sensitive molecular sensors of predefined tension values can be used to quantify 

forces generated during molecular interactions. The mechanical properties of these sensors 

are initially calibrated by using single molecular force spectroscopy techniques. The sensors 

are then subsequently attached to protein/molecule whose force-dependent interactions are 

to be analysed. These methods typically use fluorescent probes attached to force sensors and 

relative changes in fluorescence, due to structural changes in the probe-attached sensors 

during the course of mechanical interaction enable measurement of mechanical forces (187).  

Measuring tension during mechanical interactions between cell surface bound proteins can 

be measured using tension gauge tethers (TGT) (188). TGT consists of a flexible biopolymer 

chain (tether) that is immobilised on the cell surface/artificial substrate and a covalently 

bound ligand molecule on one end that can interact with protein of interest on a neighbouring 

cell. The tethers are designed with defined tension values which allows them to withstand 

mechanical tension till it reaches a rupturing critical force value known as tension tolerance 

(Ttol). Briefly, surface/cell-anchored mechanical tethers of varying Ttol values are allowed to 

interact with specific cell surface-bound molecule of interest. If the tension generated across 

the ligand-receptor interaction is lower that tether-specific Ttol value, the tether will remain 

intact and consequently signalling downstream of ligand-receptor interaction will be 

maintained. If mechanical tension across membrane interaction increases beyond the critical 

force value (Ttol), the tether will rupture and downstream signalling will be impaired. Using 
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mechanical tethers of serially increasing Ttol values, one can determine the range of tension 

generated across interacting membranes as the highest critical force that it can endure 

without rupturing (188). TGTs can analyse force kinetics at the single molecular level and 

measurement is independent on ligand/receptor densities. Double stranded DNA molecule is 

frequently used as tethers in TGTs. A 21 bp DNA double stranded helix has been shown to 

undergo unwinding or rupturing at critical force of about 12pN (188). This value can be modified 

by applying forces at different regions of the DNA molecule. Tension generated across 

integrin-ECM interaction was studied using TGTs (189,190). Briefly, DNA tethers covalently 

bound to integrin-binding peptide molecule was immobilised on a surface through biotin-

streptavidin interactions. Ligand bound tethers with increasing Ttol values were used. Cells 

were then seeded on tether-coated plates and cell adhesion was quantified. Cell adhesion 

was dramatically diminished on plates coated with tethers of Ttol values of 33pN and below. 

Cell adhesion was significant on plates coated with tethers of Ttol values of 43pN, mostly 

remaining constant above this value thus quantifying that tension generated across ECM-

ligand bond lies in the range of 40pN (190,191).  

Many TGTs also employ the use of easy-to-detect fluorescent signals during measurement of 

membrane tension (192) (Fig. 3-4-C). The DNA molecule to be used as a tension probe is 

structurally modified to consist of surface anchor region on one end and a ligand bound region 

on the other end.  The two regions are linked with a short double stranded hairpin region that 

can undergo tension-dependent unfolding. The surface-anchored strand is end-coupled with 

a fluorophore probe and the ligand-bound strand on the other end is coupled with a quencher 

probe. In a relaxed DNA tether, the fluorophore-bound end and the ligand-bound end are in 

close proximity with each other resulting in reduced fluorescence due to FRET. If tension is 

generated on ligand-receptor binding, the DNA tether will undergo tension-dependent 
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conformational change by unwinding and stretching of the DNA hairpin region. This increase 

the distance between fluorophore and quencher molecule that can be observed as increase 

in fluorescence intensity. By using DNA tethers of different GC content, lengths and hairpin 

size, one can modify the tension value at which it unfolds, thus enabling measurement of 

different membrane-associated molecular interactions (192). Other molecular tethers based on 

biocompatible flexible biopolymers like polyethylene glycol (PEG) have also been used to 

measure tension and mechanical forces across membrane interactions (192).  
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Figure 3-4-C. Tension-gauge DNA tethers. DNA tethers are molecular sensors and can be used 

to estimate force generation during single molecular interactions. Each DNA tether contains 

a hairpin region with attached reporter and quencher dyes. In its unfolded state, no 

fluorescence is observed because of close proximity between reporter and quencher dyes. 

DNA unfolding in response to force result in separation of the two dyes and increase in 

fluorescence. DNA tethers are synthesised as such that each of them has predefined unfolding 

tension values. The DNA unfolding tension value can be manipulated by regulating the length 

and nucleotide content of the hairpin region. Thus, by using DNA tethers of multiple tension 

values, one can examine a particular receptor-ligand interaction and estimate the amount of 

force generated at the single molecule level. One end of the DNA tension tether is anchored 

to a substrate. The other end is attached to an adaptor coated with ligand that facilitates 

receptor binding.  

Micropipette aspiration technique: Use of micropipette aspiration technique dates back to 

1970s, when it was developed to examine the mechanical properties of cells (193). The 

technique studies cellular mechanical behaviour by measuring changes in cell shape in 

response to suction pressure (193). The technique uses a glass micropipette that can be 

precisely positioned on the cell surface with the of micromanipulators to apply highly 

regulated suction pressure on the cell surface. The suction pressure is generated and 

regulated by controlling hydrostatic pressure originating from attached water reservoirs. An 

optical imaging system attached to the device that will enable observation and calculation of 

cellular deformation in response to suction pressure (Fig. 3-4-D). Cellular deformation 

depends on the cells mechanical properties including membrane elasticity, viscoelastic 

properties, cell stiffness, etc. Using this technique, it was found that neutrophils tend to show 

fluid-like properties while endothelial cells and chondrocytes tend to act as elastic solids (194). 

It has been shown that HIV entry into cells is associated with dynamic changes in the 

membrane mechanical behaviour (195). HIV entry into cell is facilitated by interaction between 

the viral envelope protein, gp41 and target receptors on T cells. Initial binding triggers a 
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conformation change in the glycoprotein which causes exposure of a fusion peptide (FP) and 

enables its insertion into the target T cell membrane. Micropipette aspiration studies have 

shown that insertion of HIV-specific FP into the T cell membrane reduces its membrane 

stiffness and enhances its stretching elasticity. This greatly facilitates HIV fusion and entry into 

target cells and thus, seems to be crucial for the process of HIV infection (195). Micropipette 

aspiration was also used to apply a pulling force on drosophila embryonic cells to study cell 

fusion (196). During cell fusion one cell partner extends membrane protrusions on the receiving 

cell partner which in turn accumulate myosin at the fusing synapse. Myosin recruitment at 

the synapse facilitates membrane fusion. Myosin was shown to have a mechanosensory role, 

and its accumulation was dependent on its ability to sense cortical tension and mechanical 

force. Micropipette aspiration of fusing cells measured increase in cortical tension of fusing 

cells which promoted fusion in drosophila embryos (196).   

Micropipette aspiration systems are complicated, and requires acute precision in terms of 

size and geometry of the micropipette-suction end, since measurements thus obtained are 

critically dependent on those parameters (197). Although this technique allows study of cell 

mechanics at the single cell level, the technique is time-consuming and consequent time-

dependent variations in results may be observed. Researchers, therefore sought to develop 

systems that enabled simultaneous quantification for a large number of cells. So, they 

developed combined the basic principle of micropipette aspiration with microfluidics to 

develop a more high-throughput technology to this end (198). Traditional glass micropipettes 

have been replaced with microfluidic channels composed of synthetic elastomers (198,199). 

Microfluidic channels are constricted in size and their width varies along the length of the 

channel. They can also be constructed to form capillary networks through which cells are 

allowed to move and time taken for cells is used to calculate mechanical properties like 
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stiffness. Serial deformation of cells moving through differently constricted conduits allows 

robust measurement of the cells’ mechanical behaviour under different conditions (198-200).  

 

 

Figure 3-4-D. Micropipette aspiration technique. This technique requires an elastic 

biomembrane force probe (BFP) which is typically a red blood cell held in position with the 



63 | P a g e  
 

help of micropipette aspiration at a predefine pressure (∆p). The other end of the BFP is 

coupled to a bead coated with specific ligand. The cell to be probed is held in position with 

the help of micropipette aspiration. The cell expressing ligand-specific receptor is brought 

into close proximity with the ligand-attached BFP and contact is allowed to form. Changes in 

BFP shape (axial compression or elongation) will allow one to determine the nature and 

magnitude of forces generated during receptor-ligand interaction. The degree of RBC 

deformation is used to calculate force generated. Pulling forces exerted by the cell, will result 

in BFP elongation while pushing forces will cause the BFP to contract.  

 

Optical trapping: This technique was developed by Arthur Ashkin in 1970 (201). He proposed 

that light photons carry momentum, due to which focussed light can be used to apply 

piconewton range force to microparticles through momentum transfer. He observed that 

when microbeads are placed in the path of a highly focussed laser beam, the microbead 

showed linear movement at a constant acceleration. By using two opposing beams, he was 

able to capture or ‘trap’ the particle in the beam, thus creating an optical trap (201). Any object 

subjected to a highly focussed laser experiences two opposing forces from scattered light 

known as scattering force, and from refracted light known as gradient force. Any object 

positioned in the centre of the optical trap is subjected to these two equal opposing forces 

which balances out thus, causing the net force on the object to amount to zero. Any external 

influence that causes the object to displace from the trap centre, triggers restoring forces to 

act on the object that attempt to push it back to the trap centre. Optically trapped beads 

coupled with ligands that bind to membrane-bound receptors can be made to interact with 

the cell surface. Any mechanical force generated during the course of interaction will cause 

displacement of the trapped bead from the trap centre. Displacement of the trapped bead 

will be proportional to the pulling force generated during ligand-receptor binding (201) (Fig. 4-

E). This technique has been used to study the mechanical properties of cells like red blood 
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cells, synthetic lipid vesicles, mechanical force generation during surface receptor binding and 

adhesion (202). Forces generated during fibronectin-integrin binding was quantified by using 

fibronectin-coated beads positioned precisely near the leading edge of a moving cell by 

means of an optical trap (203). Pulling forces generated during movement produced bead 

displacement from the trap focus centre which was used to calculate mechanical force 

produced during cell movement. Similarly, mechanical behaviour of cells during movement 

or binding was analysed (203). 

 

 

Figure 3-4-E. Optical Trapping. This technique also allows one to probe mechanical 

interactions at the single molecular level. A microbead (of predetermined stiffness) coated 

with specific ligands is placed under the control of focussed laser beams (laser trapping). 

Laser-trapped bead is allowed to make contact with cell expressing specific receptor. The 
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position of the bead is fixed with the help of laser trapping. Upon exposure to mechanical 

forces generated during receptor-ligand interaction, the bead undergoes displacement from 

its original position. This bead displacement is calculated with the help of sensors and is 

subsequently used to estimate the amount of force generated from the force-distance curve.  

 

Measuring membrane fluctuations: Live cell membranes show continuous membrane 

fluctuations, which are observed as constant dynamic undulations on the surface (204). These 

fluctuations are either thermal in origin (passive fluctuations) or actively generated through 

metabolic processes (active fluctuations) (205). Extensive work has shown that the cell 

membrane and membranes enclosing cell organelles undergo continuous fluctuations that 

are affected by cellular processes like cell migration, cell adhesion and division (204). Measuring 

frequency and amplitude of fluctuations will provide information about the mechanical 

properties of cells as well as their mechanical interactions with the surroundings. Studies have 

shown that membrane fluctuations are strongly affected by membrane rigidity or stiffness 

(205). Measuring membrane fluctuations can be particularly challenging because membrane 

displacements in the undulations are very small and extremely fast. Moreover, any invasive 

technique that requires physical probing of the cell is not feasible since membrane 

fluctuations are acutely sensitive to minute external forces (206). A number of techniques have 

been developed for imaging and quantification of membrane fluctuations. One of the earliest 

techniques used was flicker spectroscopy (FS) (206) in which time-dependent phase contrast 

images of the membrane was obtained where fluctuations were observed as cell thickness-

dependent variations in intensity. Phase contrast due to intensity variations was linearly 

dependent on cell thickness variations due to membrane fluctuations.  The RBC membrane 

mechanics was first probed using this technique (207). ATP-dependent RBC membrane 

fluctuations or ‘RBC flickering’ was discovered using this technique. Membrane bending 
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modulus or rigidity or membrane curvature during cellular interaction and movement showed 

strong inter-dependence with membrane fluctuations. Limitations such as low intensity 

difference between membrane edge and surroundings, and camera specifications-limited 

time and spatial resolution could complicate precise and localised membrane measurements. 

Dynamic optical displacement spectroscopy overcomes some of the FS-associated limitations 

(208). It exploits the basics of fluorescence correlation spectroscopy in which detection of 

membrane fluctuations is limited to a small detection volume.  The membrane under study is 

loaded with a fluorescent dye, and changes in fluorescent intensity as a result of membrane 

fluctuations in the detection volume are measured. Since intensity changes are recorded for 

a highly diminished localised region of the membrane, membrane curvature and consequent 

fluorescence variations in this region is negligible and intensity variations will be linearly 

dependent on membrane displacement due to fluctuations (208). This technique has higher 

spatiotemporal resolution and can be used to probe localised regions of the membrane. This 

technique has been adopted to measure membrane fluctuations and mechanical properties 

of the leading lamellipodium during cell movement. Fluctuation spectroscopy has also been 

used in combination with optical tweezers (209). A low power laser beam is applied to the cell 

surface ensuring no external force is applied in the process, which may affect fluctuation 

frequency. Fluctuations will cause membrane displacement-dependent light scattering off the 

cell surface, that can be subsequently detected and quantified by photodetectors. This 

technique enables measurement over a larger cell area. Techniques that exploit the 

interference property of reflected light have also been used to quantify fluctuations (210). 

When substrate-adhered cells are subjected to incident light, light reflected off the substrate 

and that off the cell base create a reflection interference pattern that is determined by the 

distance between cell base and substrate/surface. This distance is highly variable depending 
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on the fluctuating membrane. Fluctuating membrane height is observed as time-dependent 

variations in intensity. Reflection interference contrast microscopy (210,211) (RICM) requires 

prior calibration with media of specified volume and substrates in order to determine 

refractive indices and depth using which intensities can be obtained from membrane height 

(210-212). One of the major limitations of RICM is that it requires cell contact with the substrate, 

which makes analysis of suspension cells difficult. Moreover, mechanical behaviour of cells 

can be significantly modified depending on substrate/surface physical properties (214). 

Fluorescence interference contrast microscopy (FLIC) is based on similar principle except that 

it measures variations in fluorescence intensity emanated from membrane bound probes to 

measure cell membrane-surface height (213). Other interference-based techniques that can be 

used to ascertain membrane mechanical dynamics include diffraction phase microscopy 

(DPM) which measures phase shift as a result of fluctuating membrane (215). Studies have 

shown that membrane properties like membrane tension can reciprocally influence 

membrane fluctuations (216,217). Contractile forces generated from actin-myosin activity also 

influences membrane fluctuations (218). Hence, measurement of membrane fluctuations can 

yield useful information about membrane mechanics.  
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3.5. Mechanical forces in the immune system 

Immune cell functions have been shown to be critically regulated by mechanical forces (219). 

A triggered immune response to any pathogenic or non-pathogenic insult requires immune 

cells to be subjected to diverse mechanical cues during the course of immune reaction (219,220). 

An effective response involves recruitment of innate immune cells like neutrophils, 

monocytes and dendritic cells to the site of insult. The latter stages of immune response 

include the active participation of the adaptive arm of immunity, that requires migration of T 

and B lymphocytes to peripheral lymphoid organs where they are activated to develop long-

term immunological memory. These events require immune cells traversing through 

extensive tissue barriers with varying mechanical properties that affect their function (220). 

The physical properties of these tissues change during the course of inflammation and 

pathogenesis (221). Interacting immune cell partners also undergo mechanical force-

dependent regulation of function and phenotype (219,220). Mechano-regulation of the immune 

response can broadly be categorised into the following events: 

Migration: Immune cells migrate from the circulating blood stream to peripheral tissues 

during inflammation, which involves a dramatic change in their mechanical environment (219). 

Leukocyte extravasation occurs through post-capillary venules draining through the inflamed 

tissue. Trans-endothelial migration occurs through of series of events like tissue-rolling, 

adhesion and diapedesis. Upon chemotactic recruitment to the site of inflammation, 

leukocytes bind to selectin molecules on activated vascular endothelial cells (VEC) which 

enable leukocyte rolling and arrest. Leukocytes experience strong mechanical forces during 

the process (220) (Fig. 3-5-1). A leukocyte rolling along the blood vessel also experiences 

hydrodynamic shear forces due to circulating blood (221). Shear forces acting in the direction 



70 | P a g e  
 

of blood flow guide the rolling leukocyte forward along the blood vessel. Leukocytes also 

experience a shear torque which exerts forces on the bonds between the leukocytes and VECs 

(223). As cells move forward along the endothelium, forces exerted on the adhesion bonds to 

the endothelium increases causing them to ultimately rupture and release the leukocyte 

which enables the cell to roll in the direction of blood flow. The microvilli tips in the frontal 

end of the cells subsequently form adhesion bonds with the endothelium again which 

facilitate rolling forward followed by retraction of rear membrane tethers. Efficient 

movement along the blood vessel thus requires a temporal balance between hydrodynamic 

shear forces and torque, which regulate rear membrane bond dissociation and frontal 

microvilli formation (223). Atomic force microscopy measurements have calculated that a 

tensile force of up to 165pN is experienced by P-selectin and P-selectin-glycoprotein-ligand-1 

(PSGL-1) bond in rolling neutrophils (224). Selectin-mediated adhesion in this scenario show 

characteristics of slip bonds which dissociate under influence of increasing force thus enabling 

guided movement. Transendothelial migration occurs through vascular endothelial junctions 

(paracellular) mostly and sometimes through individual endothelial cells (transcellular). 

Inflamed post-capillary venules show higher permeability to leukocytes because of loosened 

intercellular junctions (225). Studies have shown that integrin-mediated binding of leukocytes 

to ICAM-1 expressing endothelial cells triggers downstream activation of the myosin light 

chain kinase and consequent heightened myosin-actin contractions (226). Transendothelial 

diapedesis is characterised for formation of ICAM-1 clusters beneath the adhered leukocyte, 

which have been shown to anchor the adhered leukocyte. These ICAM-1-rich docking clusters 

are rich in actin and have been shown to generate contractile forces that open the endothelial 

junctions and physically pull the adhered leukocytes across the endothelium (227,228). 

Moreover, 3D traction force microscopy results revealed that transmigrating leukocytes exert 
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strong traction forces against the VEC, which produces a local change in the endothelial layer 

tension that facilitates opens up the endothelial junctions, enabling transendothelial 

movement of leukocytes (229).  

Studies have revealed that integrin-dependent 2D migration of immune cells is subjected to 

mechanical regulation. Migrating neutrophils and lymphocytes extend actin-rich frontal-end 

lamellipodia and rear-ended uropod (219). Integrin adhesion at the leading lamellipodia 

triggers actin polymerisation, which exerts an inward pulling force on the integrin subunits 

and strengthens integrin binding by inducing a ligand binding favourable conformational 

change (219,230). Strong integrin binding triggers rapid and extensive polymerisation at the 

leading edge, which applies force against the plasma membrane. Actin polymerisation-

coupled with myosin II-based contractility produces retrograde flow of actin and forward cell 

propulsion (219,230). Migration requires dynamic integrin binding and retrograde actin flow to 

allow movement. Depending on the mechanical properties of substrates, coupling between 

integrin binding a F-actin flow may vary causing the cells to switch from non-adhesion-based 

movement to adhesion-based movement (231). Thus, integrins seem to serve as a mechanical 

force sensor, that guide immune cell migration and determine their modes of migration. 

Traction force microscopy have shown that immune cells adopt different mechanical modes 

of migration, with lymphocytes and neutrophils generating forces at the rear end of the cell, 

while macrophages and dendritic cells generating forces at the frontal end (219, 231). Migrating 

immune cells maintain polarity that determine direction of movement. Polarity of migrating 

cells have also been shown to be regulated by cytoskeletal force-dependent changes in 

membrane mechanical tension (232). 
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Figure 3-5-1. Mechanoregulation of immune cell migration. Immune cell migration is 

characterised by generation of cell polarity which includes formation of leading-edge 

membrane extensions called lamellipodia and trailing-end retracting uropod. These 

cytoplasmic-membrane extensions are generated due to actin polymerisation at the leading 

edge and its retrograde flow as a result of myosin contraction at the rear end (a). Immune  
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cell migration is also partly dependent on integrin-based adhesions with the tissue 

microenvironment. Integrin adhesion shows characteristics of catch bonds. It usually remains 

in an inactive conformation in unstimulated cells. Upon cell stimulation, there is cytoskeletal 

rearrangement which triggers integrin activation through inside-out signalling. Activated 

integrin binds to ECM components with much stronger affinity (b). Similarly, leukocyte rolling 

on the endothelial blood vessel requires firm but dynamic interactions that are mediated by 

integrin-selectin binding. Integrin binding in this context also shows greater affinity in the 

presence of shear stress produced by blood flow (c). Leukocyte diapedesis across the 

endothelial wall involves formation of membrane protrusions called invadosome-like 

protusion (ILPs). ILPs scan for specific regions of the endothelial layer and choose to 

transmigrate across regions which provide least resistive forces (d). Immune cells do not 

necessarily confine themselves to adhesion-based migration which requires formation of 

cytoskeletal-based membrane lamellipodia. They also adopt adhesion-independent mode of 

migration which is facilitated by membrane blebbing. (Adapted from Huse M. Nat Rev 

Immunol. 2017 (219).) 

 

Immune cell function and cellular interactions:  Immune cell effector response is triggered 

by interactions with other immune cells. This interaction is characterised by active changes in 

cell mechanics. Generation of mechanical forces at the cellular synapse and alterations in 

interacting membrane mechanical properties have been shown to govern effector responses 

(233).  

Studies have shown that B cell maturation and antibody-mediated effector response requires 

efficient extraction of presented antigens from the surface of APCs (234). Naïve B cells bind 

foreign antigens on APCs which triggers BCR clustering, synapse formation followed by rapid 

internalisation of antigens from the APC surface (234). These internalised antigens are 

processed and presented by the B cells on their surface to T cells in germinal centres, where 

they go through essential processes like affinity maturation and class switching. Mounting 
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experimental evidence have shown that B cells tend to physically extract the APC surface-

bound antigen by exerting substantial mechanical force on the synapse (234). DNA-based 

molecular force sensors have shown that antigen extraction was crucially dependent on the 

substrate mechanical properties (235). Follicular dendritic cells (FDCs) were found to be 

mechanically stiffer than other APCs and hence, presented a better surface for efficient 

antigen extraction by B cells (235,236). Synthetic substrates that were stiffer allowed better force 

generation through myosin-mediated contractions at the synapse and hence, allowed better 

antigen extraction by B cells. Interestingly, substrate stiffness also regulates efficient antigen 

discrimination by B cells (237) (Fig. 3-5-2). Generation of antigen-specific high affinity 

antibodies requires B cell interaction with high affinity antigens presented on APCs. Only 

interactions between high affinity foreign antigens on APCs and BCR clusters on B cells enough 

generate contractile forces high enough to facilitate antigen extraction from the APC 

membrane, and subsequent internalisation by B cells. Thus, mechanical forces generated at 

B cell-APC synapse enables affinity-based screening of antigens and downstream clonal B cell 

effector response (237,238).  Origin of these contractile forces were found to be attributed to F-

actin and myosin IIa foci generated at sites of antigen-BCR clusters (238).  
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Figure 3-5-2. Mechanoregulation of B lymphocyte function. Mechanical tension facilitates 

antigen discrimination by B lymphocyte. Varying substrate stiffness provides altered 

mechanical cues for B cell antigen extraction. Upon antigen binding, B cell receptors (BCRs) 

form microclusters which are subjected to mechanical tension generated from myosin-

mediated contractile forces on stiff but elastic substrates. High affinity antigen-BCR 

interactions survive external force and are successfully endocytosed (B Lymphocytes, A).  

Softer substrates do not exert considerable force. Hence, selection on the basis of antigen 

affinity is less rigorous (B Lymphocytes, B). On rigid substrates, antigen extraction and 

subsequent endocytosis is not driven by mechanical forces, but rather through enzymatic 

reactions (B Lymphocytes, C) (Adapted from Pierobon et.al. J Cell Biol. 2017. (237)) 

 

Similar observations were found when antigen presentation to T cells by DCs and B cells were 

studied. Single force spectroscopy measurements found that forces generated at T cell-DC 

synapse were higher as compared to T cell-B cell synapse, which could account for DCs greater 

capacity to activate T cells compared to B cells (233). Forces generated at the T cell-DC synapse 

peaked at ≈1.5nN while those at T cell-B cell synapse plateaued at ≈0.3nN (239). Using DCs that 

express range of peptides of varying affinities for transgenic TCRs expressed on CD8+ T cells, 
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it was observed that only DCs expressing antigens of highest affinity produced forces on T cell 

contact that were sufficient to induce T cell activation (240). Atomic force microscopy was used 

to determine affinity-dependent force generation between T cells and DCs loaded with 

varying peptides. DC properties have been shown to be modulated by application of external 

mechanical strain (241). DCs subjected to a cyclic strain of a certain magnitude showed 

heightened expression of MHC II molecules and costimulatory molecules like CD86 and CD40 

consistent with DC maturation. Moreover, mechanically strained DCs were more adept at 

allo-stimulation of T cells thus, confirming their mechanoresponsive property. It has been 

recently shown that DC activation is strongly correlated with tissue stiffness (242). DCs grown 

on stiffer substrates show enhanced activation and metabolism favouring glycolytic pathways 

(Fig. 3-5-3). Bone-marrow derived DCs grown under high mechanical stress produce higher 

amounts of inflammatory cytokines and were more adept at priming anti-tumor response in 

mice.  
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Figure 3-5-3.  Mechanoregulation of dendritic cell function. Dendritic cells undergo 

enhanced metabolism in the presence of mechanical cues provided by stiffer substrates. 

Mechanical force drives upregulation of dendritic cell proinflammatory activity like secretion 

of IL-6 and TNFα. Dendritic cells undergo increased proliferation while preferentially 

switching to glucose-dependent metabolic pathways on stiffer tissue environments. 

Mechanotransduction in dendritic cells is mediated through YAP/TAZ transcriptional 

signalling. (Adapted from Chakraborty et. al. Cel Rep. 2021 (242).) 

 

Tissue infiltrating monocytes and macrophages have been shown to exhibit a certain degree 

of mechanosensitivity in some studies (Fig. 3-5-4). Tissue infiltration of monocytes involves 

various degrees of monocyte mechanical deformation through attachments and movement 

through the extracellular matrix (243). Studies have shown that tissue-infiltrating macrophages 

or monocytes show differential transcriptional upregulation when subjected to cyclical 

mechanical strain, which includes activation of tissue matrix metalloproteinases in the 

presence of phorbol myristate acetate (243). Deformation triggered activation of early 

transcription factors like c-jun and c-fos as well as activation factors that induce monocyte 

differentiation (243). Thus, environmental mechanical cues trigger transcriptional 

programming of monocytes that facilitate their tissue infiltrating capacity as well their 

differentiation. This finding had interesting implications in the study of the role of 

macrophages in atherosclerosis. Hypertension is one of the significant risk factors associated 

with atherosclerosis. Macrophages show active tissue infiltration and accumulation in 

coronary artery plaques (244). A study has shown that macrophages are subjected to 

considerable mechanical strain in these hypertensive conditions which triggers expression of 

a particular scavenger receptor, cytokines and other ECM-degrading proteins that enhance 

tissue degradation, monocyte infiltration/differentiation, plaque formation and rupture 
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during atherogenesis (244). Monocytes have also shown to be responsive to mechanical shear 

stress. Mechanical compression triggers them to adopt a more proinflammatory phenotype 

through differential regulation of nitric oxide synthase 2 (NOS 2) and IL12B-mediated 

signalling (245). Another study shows cyclical force-mediated induction proinflammatory 

programming in monocytes occurs through activation of c-Jun and Endothelin 1 (EDN1), that 

trigger HIF1α-mediated downstream transcriptional reprogramming (246). Pulmonary 

infections produce significant changes in the lungs’ hydrostatic pressure. This triggers 

proinflammatory activity of monocytes and downstream neutrophil recruitment, thereby 

facilitating a robust immune response against invading pathogens (246). Mechanosensitivity 

might also play a crucial role in the exacerbated activity of these cells in diseases, that involve 

active remodelling of the surrounding lung tissue environment like in pulmonary cystic 

fibrosis.  
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Figure 3-5-4. Mechanoregulation of macrophage function. Macrophage M1/M2 polarisation 

is regulated by physical properties of the environment. When cultured on substrates with 

smaller pore size, that provides spatially confined environment, macrophages preferentially 

adopt anti-inflammatory M2 phenotype. Shear stress and cell stretching, on the other hand, 

enhances proinflammatory M2 response of macrophages. Macrophages grown on less stiffer 

substrates also show enhanced phagocytic activity (a). Varying stiffness of different tissue 
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microenvironments provide altered mechanical cues which drive activation of alternate 

signalling pathways and consequent macrophage phenotype (b). (Adapted from Jain et.al.  

Annu Rev Biomed Eng. 2019 (247).) 

 

Reports have also shown that neutrophil function is affected by biophysical cues. An effective 

and controlled neutrophil response requires active transitions between quiescent and active 

states, a process which is dependent on its ability to sensing mechanical signals (248). It has 

been reported that neutrophil priming is dependent on mechanical perturbations in the cell 

during adhesion and extravasation, while constant physical cues tend to downregulate 

neutrophil activity so as to maintain homeostasis. This is crucial in order to achieve efficient 

neutrophil recruitment and function in damaged sites, while at the same time preventing 

exaggerated uncontrolled response (248).  

Immune receptor activity: Numerous studies have shown that immune receptors like the T 

cell receptor, B cell receptor, innate immune receptors like Toll-like receptors and C-type 

Lectin receptors are responsive to mechanical cues.  

B cell activation requires efficient recognition of antigens by the BCR. BCR recognition and 

downstream signalling is dependent of a number of antigenic parameters like antigen density, 

affinity as well as the mechanical stiffness of the antigen-presenting substrate (235,236). Thus, 

BCRs actively tune their activation and response to both physical and chemical properties of 

the antigen. DNA-based tension guage tether techniques have shown that different BCRs 

show unique sensitivity to mechanical cues (249). BCRs of the IgM type show acute sensitivity 

to a wide range of magnitude of mechanical forces while those of the IgG and IgE isotypes 

show a lower threshold force for their activation, thus enabling their rapid response to 
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antigenic cues. While lower forces ranging between 12-43pN triggered weak to moderate IgM 

activation, forces >50pN triggered strong IgM-BCR response. Low forces seem to act through 

integrin-mediated signalling, while high magnitude forces seemed to act through myosin IIA 

or focal adhesion kinase (FAK) -mediated downstream mechanism to tune B cell responses 

(249). Lower mechanical force activation thresholds for IgE or IgG BCRs that are usually highly 

expressed on plasma cells or memory cells might account for their ability to respond rapidly 

to antigen recall stimulus. The varying threshold for force-based activation was attributed to 

levels of phosphatidylinositol (PI) (4,5)-biphosphate (PI(4,5)P2) in the cytoplasmic tails of BCRs 

(250). The cytoplasmic tail of the IgG heavy chain is highly rich in PI(4,5)P2 which lowers 

mechanical force threshold of BCR activation. PI(4,5)P2 enriched microdomains may facilitate 

efficient BCR clustering in the immune synapse in response to low forces and also increase 

recruitment of PI(4,5)P2-binding signalling proteins. Altering PI(4,5)P2 content of the BCR 

cytoplasmic tail resulted in modification of threshold force sensitivity (250).  

Immature DCs grown on synthetic substrates of varying stiffness show altered expression of 

C-type lectin receptors which result in their altered ability to internalise antigens and 

differentiate into mature phenotypes (251). Substrate stiffness also affects integrin-mediate 

adhesive behaviour of DCs and CCR7-dependent motility (251). A recent study has delved into 

the role of mechanical forces in natural killer cell activity. They found that a small population 

of natural killer cells are responsive to mechanical cues from their environment and this small 

group of mechanosensitive cells accounts for significant activation of NK cell response (252,253). 

NK cell activity is affected by substrate stiffness where peak activity is achieved at an optimal 

substrate stiffness beyond which activity is impaired (252). Clustering of NK cell receptor, 

NKG2D and costimulatory adaptor protein, DAP10, and downstream cytotoxic activity also 

showed similar bell-shaped dependence on substrate stiffness. Using ligand-coated 
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nanowires, it was observed that NK cells exert centripetal forces to nanowires thus alluding 

to their ability to probe its microenvironment through force-sensing mechanisms (253). NK cell 

cytotoxic activity was also found to be dependent on forces generated from actomyosin flow 

through modulation of interaction between actin and SHP-1 (SH2-domain-containing protein 

tyrosine phosphatase-1) (253).  Detailed studies are however, required to elucidate 

mechanisms of mechanotransduction in these cells.  

A recent study has shown that mechanical forces aid in Dectin-1-mediated phagocytosis of 

fungal pathogens (254). Dectin-1 is an innate immune receptor (PRR, pathogen recognition 

receptor) expressed on a variety of innate cells like neutrophils, macrophages and DCs (255). 

Its stimulation with glycan polymers leads to generation of mechanical force through Rho-

ROCK mediated stress fibre formation. Generated forces greatly enable phagocytosis of 

fungal pathogens. Interestingly, few reports have also studied the influence of mechanical 

forces in the inflammasome pathway (254). One study has reported that cyclical forces activate 

the NLRP3 inflammasome through ROS generation in mouse alveolar macrophages, which 

could account for lung inflammation during mechanical ventilation (256). Other reports have 

found that while cyclical forces increase NLRP3 and capsae-1 expression, it may also act to 

inhibit IL-1β production through inhibition of the AMPK pathway (257). Further studies should 

be conducted to resolve these conflicting findings. Nevertheless, these studies show that 

mechanical forces have a ubiquitous importance in immunity.   

The T cell receptor activity has also shown to be critically affected by mechanical forces in 

numerous studies (258). T cell function is widely governed by external mechanical forces and 

mechanical properties of its microenvironment. Many studies have established the TCR 

complex as the mechanosensor that senses mechanical cues, and transduces them into 



83 | P a g e  
 

phenotypic or functional changes. We will delve into the mechanobiology of T cells in the 

following chapter.  
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Chapter 3.6. Mechanobiology of T lymphocytes 

Role of mechanical forces in T cell function and phenotype has been an area of active research 

since the last decade. There are abundant reports that inarguably validate the central role of 

mechanotransduction in this immune cell subset. Based on the functional and physiological 

aspects, role of mechanotransduction in T cells can be studied into the following categories- 

TCR triggering, T cell antigen recognition, T cell thymic selection and T cell effector functions. 

The following section will also describe the evolution of studies in the area of T cell 

mechanobiology and development of the T cell mechanosensor model. 

3.6.1 Development of the T cell mechanosensing model of TCR 

triggering 

For many decades, researchers have tried to resolve the events that lead to TCR triggering 

downstream of peptide-MHC and TCR complex binding. Binding of specific peptide-MHC 

complexes on APCs to TCRs lead to downstream signal transduction through modifications in 

the cytoplasmic domains of the CD3 complex, that ultimately result in T cell activation (259). 

TCR triggering can broadly be defined as the molecular events underlying the passage from 

the initial TCR-pMHC recognition to signal transduction through biochemical changes in the 

TCR-CD3 cytoplasmic regions that result in T cell activation. There are certain attributes of 

TCR-pMHC recognition event that may pose as a considerable challenge while forming a 

precise model for TCR triggering (259).  

a. Sensitivity: Each T cell expresses a specific repertoire of TCRs that is capable of binding 

foreign pMHC molecules limited by a confined range of specificities and affinities (259). APCs 

however, express pMHC complexes of varying affinities and specificities for the TCRs. For 
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efficient TCR triggering, each T cell expressing a specific TCR must respond to even a single 

molecule of agonist peptide-MHC complex on the interacting APC among a sea of non-

stimulatory peptide-MHC complexes (259,260).  

b. Self versus non-self discrimination: APCs and target cells abundantly express self pMHC 

complexes as compared to scarce expression of agonist foreign pMHC complexes (259). During 

T cell development, T cells expressing TCRs capable of binding self-pMHC complexes with 

low/moderate affinity are positively selected (32). So, all T cells are capable of binding self-

pMHC complexes. Continued interaction with low affinity self-pMHC is also required for 

generation of survival signals for peripheral T cells (261). T cells with very high affinity for self-

pMHC complexes are removed by a process termed as negative selection so as to prevent 

autoreactivity (32). Since TCRs can bind both to self and foreign pMHCs, how do T cells 

discriminate between the two so that they can efficiently act against foreign pMHCs while 

preserving tolerance towards self-antigens? Varying ligand affinities for TCRs may not serve 

as a sound parameter that will ensure T cells’ selective response towards foreign peptides. 

Studies with transgenic mice have shown that increasing a ligand’s affinity for a specific TCR 

by a very small margin results in its negative selection instead of positive selection (259,262). 

This shows that the threshold affinity of ligands that will define its status as ‘foreign’ or ‘self’ 

is extremely narrow. Also, the far greater abundance of self-pMHCs on the APC or target cell 

makes it even more difficult for the rarer foreign pMHCs to be recognised by the TCRs (259).  

c. Versatility and Diversity: Efficient TCR triggering also necessitates the ability of TCRs to 

recognise multiple ligands of varying affinities and respond differentially to each of them. For 

example, mature peripheral T cells need constant interaction with low-affinity self pMHCs to 

generate survival signals, whereas high-affinity foreign pMHCs should result in their activation 
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(261). Moreover, it has been seen that the TCR-pMHC interacting interface shows immense 

structural diversity despite presence of considerable conserved residues (262). This feature 

allows mounting of efficient T cell response against a wide spectrum of foreign agents. Hence, 

the TCR triggering process must also account for this structural diversity.  

The TCR complex displays very high specificity towards foreign antigens and is capable of 

distinguishing between peptides differing in as much as a single amino acid (263). How the TCR 

complex is able to achieve such a remarkable degree of specificity has been the subject of 

intense research.  

Interestingly, it has been shown that binding affinity between a TCR and a cognate pMHC is 

very weak lying within the range of 1-5µM (265). TCR-pMHC interactions of dissociation 

constant (KD, measure of TCR affinity for specific ligand) within this range produced optimal T 

cell activation, as measured by magnitude of Ca2+ influx, secretion of cytokines and T cell 

cytotoxicity. Using engineered TCRs that show varying affinities for their cognate ligands (as 

measured by their respective KD), it was found that beyond a certain threshold, increasing 

TCR-peptide ligand affinity strongly attenuates signalling (265). This is contradictory to what is 

expected of an efficient TCR triggering mechanism in response to scarce foreign antigens on 

APC or target cells. Moreover, TCR binding to cognate pMHCs also displays a high dissociation 

rate as measured by 3D measurements using surface plasmon resonance in free solutions 

(266). The weak affinity of TCR-pMHC binding can thus, be attributed to a slow association rate 

along with faster dissociation rate. This was contrary to the TCR occupancy model of T cell 

activation which proposed that magnitude of TCR triggering was dependent on the duration 

of TCR occupancy (266). pMHCs that were capable of binding to TCRs for sufficiently longer 

durations were capable of inducing downstream signalling that led to T cell activation.  
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Hence, the TCR triggering model must encompass these seemingly conflicting attributes of 

TCR-pMHC recognition and must account for the highly sensitive yet specific nature of TCR 

activation in response to foreign ligands. A number of models have been proposed over the 

past few decades that sought to explain the high efficiency of TCR triggering and downstream 

T cell activation which will be briefly discussed below.  

Models of TCR Triggering 

A. The Serial Triggering model: As explained before, APCs and target cells express very low 

amounts of foreign pMHCs in comparison to hugely abundant self-pMHCs (260). In order to 

account for efficient yet specific TCR triggering in response to rare agonist foreign pMHCs, the 

serial triggering model proposes that a single agonist pMHC molecule on an APC or target cell 

is reused through multiple cycles of binding and engaging different TCRs on the antigen-

specific T cells (267). TCR activation is known to be associated with endocytosis of activated 

TCRs, resulting in its downregulation. Using different peptide concentrations, they measured 

the stoichiometry of TCR and pMHC interactions. They used radioactively labelled peptides 

that enabled quantification of the number of peptide-MHC complexes on APCs at each 

peptide dose. Using fluorescently labelled antibodies against TCR-CD3 complex, the extent of 

TCR downregulation at various pMHC concentrations was measured. It was found that few 

pMHC complexes on APCs triggered downregulation of a substantially large population of 

cognate TCRs on the T cell surface. In order to ensure that pMHCs binding to TCRs triggered 

downregulation of cognate TCRs only, T cell clones bearing αβ receptors of dual specificity 

were designed. These T cell clones were incubated with peptides that bound to either of those 

αβ receptors and it was found that specific TCRs were downregulated only when they 

interacted with cognate peptide-MHC complexes while the other αβ receptor remained 
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unaffected. Also, the extent of cytokine production by T cells showed significant correlation 

with the extent of TCR downregulation (267). Thus, this study concluded each pMHC complex 

on the APC must engage and trigger multiple cognate TCRs, whose cumulative effect will 

cause significant signal amplification and result in optimal T cell activation (267,268) (Fig. 3-6-1).  

Advantages: The serial triggering model seemed to provide logical explanations for certain 

features of TCR-pMHC triggering. For example, for a single pMHC complex to bind to a number 

of cognate TCRs, it would be necessary that the TCR-pMHC interaction should have a higher 

dissociation rate and lower affinity, and TCR-pMHC binding will have fast kinetics all of which 

had substantial experimental evidence as described before. This model also explains how a 

few cognate pMHC complex on the APC or target cell can trigger productive interactions with 

cognate TCRs that will result in optimal T cell activation.  

Disadvantages: There are however, a number of caveats in this model. This model did not 

measure TCR-pMHC interaction by direct visualisation methods or in a time kinetics 

dependent manner. Instead, they assumed that the extent of TCR downregulation can be 

used as an index for TCR-pMHC binding stoichiometry. Studies have shown that TCR 

downregulation can occur as a bystander effect, with non-engaged TCRs also undergoing 

concomitant internalisation (269). According to this study, TCR downregulation can occur by 

two mechanisms: i. by direct TCR-pMHC binding leading to downregulation of engaged TCRs 

ii. Intracellular signalling involving tyrosine kinases that lead to downregulation of unbound 

bystander TCRs. Thus, one cannot accurately measure TCR engagement as extent of TCR 

downregulation. Another drawback of this model is that it failed to consider the possibility of 

TCR crosslinking or physical association and co-regulation of bound and unbound TCRs. The 
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authors suggest that at low cognate peptide densities, co-regulation of non-engaged TCRs can 

enable ‘signal spreading’ and amplification (269).  

 

Figure 3-6-1. The serial triggering model of TCR activation. This model proposes an 

explanation for optimal TCR activation in response few TCR-specific cognate antigens on 

APCs. The model proposes that a single peptide-MHC (pMHC) complex is goes through 

multiple cycles of reuse, thereby binding to and triggering multiple TCRs simultaneously. 

(Adapted from Liu & Ganguly. Crit Rev Immunol. 2019.) 

 

B. The Kinetic Segregation Model: This model proposes that efficient TCR triggering requires 

close and stable interaction of the TCR-pMHC complex. This is facilitated by redistribution of 

membrane components when cells interact with each other (270). It was observed that efficient 

binding of cell surface receptors with their ligands was associated with spatial segregation of 

bulky membrane components like carbohydrate-rich domains, so as to enable formation of 

small signalling domains containing interacting receptors and other signalling proteins (270). 

This model postulates that when T cells interact with APCs or target cells, there is a size-

dependent segregation of large membrane molecules, particularly tyrosine phosphatase 
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CD45 from the zone of TCR-pMHC interaction (270,271). This allows enhanced tyrosine kinase-

dependent downstream signalling and TCR activation.  

Surface proteins in resting T cells transiently and randomly associate with one another as a 

result of membrane diffusion (271). Randomly diffusing tyrosine phosphatases interact with 

and activate Src kinases. These kinases further phosphorylate tyrosine residues on ITAM 

motifs on the cytoplasmic domains of the TCR-CD3 complex. Phosphorylated ITAMs are in 

turn subjected to dephosphorylation by tyrosine phosphatases in the vicinity. Combined 

activities of phosphatases and kinases result in basal phosphorylation state of T cells that 

maintain its resting state (271). When T cells interact with APC, close apposition of the 

interacting membranes cause membrane proteins to spatially segregate because of steric 

hinderance. Bulky molecules like CD45, CD148, LFA-1 and CD43 are excluded from regions of 

contact (270,271). This enables formation of close and stable bonds between T cells and APCs 

(Fig. 3-6-2). Close proximation of T cell and APC membrane is also facilitated by other 

interacting surface proteins like CD2 (272). This enables efficient scanning of TCRs for specific 

pMHC complexes on APCs. Moreover, exclusion of phosphatases from the contact zone shifts 

the equilibrium towards higher phosphorylated ITAM levels that result in TCR triggering and 

activation. Even unbound TCRs diffusing into the zone of interaction can eventually get 

phosphorylated resulting in signal amplification. Binding of TCRs to their cognate pMHC 

prevent their diffusion out of the contact region, thereby increasing the half-lives of their 

phosphorylated states. So even a small region of contact (≈300nm) can potentially result in 

physiological T cell activation (271,272). Since the phosphorylated state of the TCR is stabilised 

by TCR-cognate pMHC interaction in contact zones, specificity of TCR triggering is maintained. 

The TCR-pMHC bond half-life will determine the stability of the phosphorylated TCRs and 
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consequent downstream signalling. This ensures that only specific antigens that will form 

stable bonds with cognate TCRs can result in TCR triggering.  

Advantages: A couple of evidence supports this model. It has been seen that CD45 is mostly 

excluded from the zone of TCR microclusters which act as hubs of T cell signalling (273). It was 

initially thought that the large extracellular domain of CD45 sterically hinders close apposition 

of T cell and APC membrane thereby affecting TCR triggering. Complete removal of CD45 was 

not feasible because its phosphatase activity is initially needed to remove the inhibitory 

phosphate residues from T cell-activating tyrosine kinases. It was thought that removal of the 

extracellular domain from CD45 should restore signalling capacity of CD45-deficient T cells by 

allowing productive interactions, while preserving its activity at the same time (274). It was 

however, seen that replacement of the large extracellular domain by a smaller extracellular 

domain of protein Thy-1 did not restore signalling capacity. This is could be due to the reason 

that the extracellular domain of CD45 is needed for its enzymatic activity (274). According to 

this model, decreasing the intermembrane distance between T cells and APC will result in 

productive interaction. So, any changes to the dimensions of the TCR-CD3 complex should 

affect TCR triggering. Although any structural changes in the TCR-CD3 complex severely 

affects its association with each other and also binding to the pMHC complex, it has been 

shown that addition of extra immunoglobulin superfamily domains in the MHC molecule led 

to severe disruption of TCR signalling without hampering TCR-pMHC binding (275). Further 

supporting evidence finds that membrane-associated TCR ligands are more efficient at TCR 

triggering as compared to their soluble counterparts (276). 

Disadvantages: The kinetic-segregation model states that TCR-triggering involves spatial 

resolution of inhibitory and activating molecules on the cell surface. But no conclusive report 
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has shown that spatial exclusion of CD45 alone is sufficient to trigger T cells. Moreover, it 

dismisses the role of other events like TCR conformational change in response to antigen 

binding or receptor clustering since it attributes TCR triggering almost exclusively to kinetic 

segregation of phosphatases. Evidences supporting this model cannot exclude other 

mechanisms. Active membrane dynamics in this model strongly points towards the role of 

biophysical forces in TCR triggering. This model also does not provide any explanation for TCR 

triggering in light of their binding affinities and kinetics.  

 

Figure 3-6-2. The kinetic segregation model of TCR triggering. In resting T lymphocytes, the 

ITAM motifs of the TCR complex are constantly phosphorylated and dephosphorylated by Lck 

kinases and CD45 phosphatases located in close proximity with the TCR complex. These two 

opposing activities maintain the TCR in an unstimulated, resting state. Upon antigen binding 

on APCs, these TCR-associated signalling domains undergo a spatial reconfiguration. This 

involves exclusion of large proteins like CD45 phosphates from the signalling synapse (kinetic 

segregation) to facilitate close interaction between TCR and pMHC on APCs. This favours 
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uninhibited Lck activity and phosphorylation of TCR signalling domains, triggering TCR 

activation. (Adapted from Chakraborty AK et.al. Nat Rev Immunol. 2010 (277)) 

 

C. The Receptor Aggregation Model: This model postulates that physical aggregation of TCR-

CD3 complexes on the T cell surface is required or TCR triggering and activation (272). 

Aggregation of TCRs increases proximity of Lck kinases associated with the TCR-CD3 

complexes. This facilitates trans-autophosphorylation of tyrosine residues in adjacent TCR-

CD3 complexes and triggers downstream signalling and activation (272). It is difficult to 

conceive of TCR aggregation considering the rare abundance of specific pMHC ligand on APC. 

Moreover, TCR can be triggered even in the presence of a single pMHC molecule. Following 

extensions to the model have been proposed to explain this conflict.  

i. Co-receptor heterodimerisation: According to this model, a single pMHC complex is capable 

of binding both TCR as well as CD4 or CD8 co-receptor (278). This brings Lck kinases associated 

with the CD4 or CD8 co-receptor in close proximity to the ITAM motifs of the TCR-CD3 

complex thus inducing its trans-phosphorylation and activation (278) (Fig. 3-6-3a). The major 

drawback of this hypothesis is that TCR triggering occurs even in the absence of co-receptors 

(278).   

ii. Pseudodimer formation: The model proposes that adjacent TCRs bind to TCR-specific 

foreign pMHC and self pMHC (278). Co-receptor associated with TCR bound to self pMHC 

simultaneously engages the foreign pMHC bound to adjacent TCR. This facilitates aggregation 

of adjacent TCRs and induces downstream trans-autophosphorylation and signal 

transduction. Since there is a far greater abundance of self pMHCs compared to foreign 

pMHCs, the probability of TCRs binding to self pMHCs is much higher (Fig. 3-6-3b). 
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Experimental studies have shown significant accumulation of self pMHC complexes at the 

immunological synapse between an interacting APC and T cell (279). It was observed that 

soluble dimers of TCR-specific foreign pMHC and endogenous pMHC were able to activate 

TCRs much more efficiently as compared to TCR-specific foreign pMHC monomers alone or 

dimers of self pMHCs (280). None of the endogenous peptides showed any TCR stimulatory 

capacity. When APCs designed to express GPI-anchored MHC molecules were used, T cell 

activation was significantly abolished. GPI-anchored MHC molecules are unable to recycle 

through endosomal compartments and fail to express surface MHC molecules that are bound 

to self-peptides (281).  

There are however, no studies that conclusively show that self pMHC and foreign pMHC exist 

as dimers that can simultaneously bind to adjacent TCRs triggering their dimerization (282). 

Also, a number of studies have shown that TCRs in resting T cells naturally exist in higher-

order multimeric forms in the absence of any antigen binding (283). There is also a lower 

probability of encountering spontaneous heterodimers of self and non-self pMHCs on the APC 

surface as compared to spontaneous TCR dimers. Thus, the possibility of pre-existing TCRs 

multimers is much higher as compared to the possibility of TCR dimerization in response to 

antigen binding to cognate TCRs (283).   
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Figure 3-6-3. The receptor aggregation model of TCR triggering. This model proposes that 

efficient TCR triggering is enabled by formation of TCR aggregates upon antigen binding. This 

increases proximity of TCR-associated Lck kinases that enhances phosphorylation of TCR-

signalling ITAMs and subsequent TCR activation. The co-receptor hetrodimerisation model 

postulates that foreign peptide-MHCs interact with both TCR and co-receptors (CD4 or CD8) 

and subsequent co-receptor association produces TCR aggregation (a). The pseudodimer 

model proposes that aggregation occurs between TCRs bound to self-pMHCs and foreign 

pMHCs. Since self-peptide MHCs show far greater abundance than foreign pMHCs, probability 

of TCR aggregation and subsequent activation increases (c). (Adapted from van der Merwe 

PA. Nat Rev Immunol. 2011 (260).) 

 

TCR microclusters in non-activated and activated T cells have been observed through total 

internal reflection microscopy (TIRFM) imaging (284,285) and have been validated by single-

molecule-localisation microscopy (SMLM) (286). These microclusters have been shown to be 

necessary for sustained TCR signalling. Recent studies have however, refuted the existence of 

pre-formed TCR microclusters on resting T cells or that their formation occur as an event 

leading to TCR triggering. These studies claim that TCR microculsters were observed as 

imaging artifacts due to limitations of the SMLM technique. Using label-density-variation 

SMLM technique that overcomes the limitation of conventional SMLM it was observed that 
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TCRs show random distribution on the membrane of resting T cells (287). TCRs were labelled 

using specific fluorescent antibodies and label-density-variation dSTORM (direct stochastic 

optical-reconstruction microscopy) was performed, which revealed that TCRs are randomly 

distributed as single molecules on the T cell membrane (287). Imaging of these cells using the 

conventional dSTORM method showed non-uniform clustered TCRs on the membrane. This 

was found to be a result of overcounting artifacts in the conventional SMLM technique. 

Random organisation of TCRs on the cell membrane was confirmed by using live-cell PALM 

(photoactivated localisation microscopy) which is more robust and precludes overcounting 

(287). The authors further suggest that random TCR distribution might have been evolutionarily 

more favourable over a clustered distribution in resting T cells. This facilitates rapid sampling 

of rare cognate antigen by the T cells. Random TCR organisation enables the cell to rapidly 

sieve out excess non-cognate pMHC interactions while allowing quick selection of rare but 

specific pMHCs (287).  

As mentioned earlier, TCR oligomerisation in response to antigen binding was stipulated to 

be the deciding event that led to TCR activation on pMHC binding. Cognate antigen-induced 

TCR clustering was however, never observed within the immunological synapse itself. TOCCSL 

(Thinning out clusters while conserving stoichiometry of labelling) failed to detect any TCR 

clustering in the presence or absence of cognate antigens (288). Latest studies using PA/FCS 

(photon arrival time analysis with fluorescence correlation spectroscopy) and FRET 

(fluorescence resonance energy transfer), it was shown that stoichiometry of TCR and ligand 

binding was 1:1 (288). Single and dual colour TOCCSL did not show any laterally diffusing TCR 

oligomers. In order to account for the probable failure of detecting short-lived protein clusters 

that may disassociate during the recovery phase after photobleaching, PA/FCS (photon 

antibunching/fluorescence correlation spectroscopy) method was used. This approach 
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confirmed that mobile TCRs are monomeric (288). FRET-based approach further confirmed that 

non-diffusing TCRs also show a non-clustered single molecular arrangement. Using FRET-

based approach it was observed that binding of cognate pMHC complexes to TCRs did not 

induce in TCR organisation into clusters (288).  

D. The TCR conformational change model:  

Many studies propose that antigen binding to the TCR produces conformational changes in 

the various domains of the TCR complex (289). Conformational changes in the TCR complexes 

enable association of downstream signalling molecules with the TCR complex that result in 

TCR activation. Following domains of the TCR complex have been shown to undergo changes 

in conformation on TCR engagement: 

TCR-pMHC bond conformation: TCR-pMHC bond conformation was determined by FRET-

based measurements (290). Briefly, site-specific fluorescent labelling of pMHC and TCR 

molecules with FRET donor and acceptor respectively was performed. pMHC-TCR bond 

distance was estimated from varying FRET efficiencies on TCR binding with pMHCs of varying 

affinities. Bond distance measured in real time provided information about dynamic TCR-

pMHC bond conformational changes (or compactness). Higher affinity pMHC complexes 

resulted in greater FRET efficiencies and reduced bond length (290). Single molecular FRET 

measured real time conformational changes of a single TCR-pMHC molecular level 

independent of antigen binding affinities or kinetics. This showed that bond conformational 

change upon TCR binding is an inherent property of the bound TCR-pMHC complex, and it 

does not depend on antigen affinity or binding kinetics of the TCR-pMHC complex (291). This 

study also showed that TCR-pMHC bond conformational change does not depend on TCR 

aggregation (290). More potent TCR ligands formed shorter and compacter bonds with the TCR 
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that led to greater detachment of the CD3 complex from the plasma membrane resulting in 

increased exposure and access of the buried ITAM motifs to phosphorylation (291). 

TCRαβ ectodomains: Using site-directed fluorescent labelling, Beddoe et.al (292), showed that 

upon binding of specific antigens to cognate TCRs, the A-B loop of the constant domain of the 

α chain (Cα) of the TCR complex undergoes a distinct conformation change (Fig. 3-6-4). 

Impairing this change in conformation by site-directed mutagenesis or using antigens of 

varying affinities for the TCR complex, resulted in diminished TCR signalling triggering upon 

antigen binding. The study showed that by altering affinities of ligands for cognate TCRs, their 

ability to induce a conformational change upon TCR binding and subsequent TCR triggering 

can be controlled. Ligands possessing higher affinities for the TCR complex induce switching 

of the aforementioned A-B loop from a ‘closed’ state to an ‘open’ state and potent TCR 

triggering (292). This study claimed that TCR conformation change occurs independent of TCR 

clustering and both may act in concert to produce efficient TCR triggering. The structure of 

the A-B loop in the α chain constant domain has however, not been resolved clearly. It is also 

not clear how this change in conformation is propagated through other TCRs and the CD3 

signalling complex in the cell. Further elucidation of the structural components is essential to 

understand the mechanism.  

CD3 cytoplasmic domains: The TCR molecule forms close non-covalent associations with the 

CD3 complex (293). The CD3 subunits are integral to TCR binding-mediated downstream 

signalling. The CD3 complex is composed of the following subunits: CD3ɛγ and CD3Ɛδ 

heterodimers and CD3ζζ homodimers (293). TCR binding triggers a series of downstream 

signalling events through the CD3 cytoplasmic domain rich in ITAMs. Since the TCR molecule 

lacks cytoplasmic tails that can relay downstream signalling, signalling upon TCR ligation is 
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conveyed through the conformational changes in the CD3 cytoplasmic domains (294). Gil et.al. 

(295) described a model to account for TCR triggering in which he described that a conserved 

proline-rich sequence (PRS) in the cytoplasmic tail of the CD3ɛ chain is crucial for TCR 

activation by relaying signal from the TCR molecule to the signalling-efficient CD3 complex 

upon antigen ligation. The model proposes that binding of specific pMHC complexes or 

antibodies to the TCR produces a change in the conformation of the TCR-CD3 complex that 

exposes the otherwise buried PRS motif and makes it accessible to Src-like adaptor proteins 

like SLAP and Nck. Mutations in the PRS motif prevented binding of the Nck through it Src 

homology 3.1 domain and thus formation of a stable immune synapse and T cell activation. 

Mingueneau et.al. (296), however, knock-in deletion of the PRS found that it is not crucial for 

activation of mature CD4+ or CD8+ T cells in response to pMHCs but rather functions crucially 

during T cell development.  

A study proposed that binding of TCR to its ligand induces a conformational change in the 

CD3ɛ cytoplasmic domain, and causes it release itself from plasma membrane binding. This 

provides ITAMs access to intracellular kinases and adaptor proteins essential for downstream 

TCR signalling (297). Xue et al. (298) corroborated this finding by in his study by performing FRET 

measurements. FRET efficiency was calculated between fluorescently tagged CD3 moiety and 

plasma membrane. FRET efficiency was higher in wild type cells but reduces dramatically in 

cells, where the basic residues of the CD3ɛ cytoplasmic tail that interact with the membrane 

were modified. This led them to propose that normally the CD3ɛ cytoplasmic tail forms close 

interactions with plasma membrane rendering the ITAMs inaccessible to kinases (safety-on 

state). Upon TCR binding, conformation change in the cytoplasmic domain releases the buried 

ITAMs allowing their phosphorylation and downstream signalling (299,300). Characteristic 

conformation change that can be attributed to TCR triggering has not been resolved. 
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Moreover, numerous studies have shown that ITAMs in the CD3 cytoplasmic domain are 

subjected to homeostatic phosphorylation and dephosphorylation under TCR-unbound 

conditions (301). Addition of tyrosine phosphatase inhibitors resulted in hyperphosphorylation 

state of the unbound TCR-CD3 complex, which confirms that the CD3 cytoplasmic domains 

have access to kinases even in the absence of antigen binding (302,303).  

CD3 ectodomains: In attempts to elucidate the mechanisms that contribute to TCR activation, 

Sun et. al. (304) studied the structure of the CD3 subunits heterodimers. Each CD3 domain 

comprises of 7 (A-G) β strands that undergo parallel sideward interaction to form two β sheets 

that are oriented anti-parallelly. The CD3ɛγ ectodomain possesses two immunoglobulin-like 

domains and hydrogen-bonded C-terminal β strands that interact hydrophobically. It was 

found that the hydrogen-bonded G strands of the CD3 ɛ and γ chains further increases the 

rigidity and stability of the CD3 complex. This paired G strand is inserted into the plasma 

membrane via a conserved proximal motif (305). The authors suggested that the rigid paired G 

strand may act as a mechanical piston, that could enable relative displacement of the CD3 

complex components upon TCR ligation, thereby facilitating exposure and activation of kinase 

signalling domains in the complex. Disrupting the insertion of the paired G strand into the 

membrane by mutating the conserved insertion motif resulted in significant abolishment of 

TCR signalling as well as T cell development (306). 
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Figure 3-6-4. The conformational change model of TCR triggering. Binding of cognate pMHCs 

on APCs triggers allosteric changes in conformation of the TCR-CD3 complex. The CD3 

domains undergo spatial reorientation relative to one another which allow trans-

phosphorylation of ITAMs (A, B). Upon antigen binding the AB loop of the TCR Cα chain 

changes from a closed, inactive conformation to an open, active conformation (C). The change 

is propagated through the CD3 signalling subunits that facilitates receptor association and 

active signalling. (Adapted from Natarajan K. Front Immunol. 2018 (307).) 

 

E. The Receptor Deformation Model: The receptor deformation model of TCR triggering (308) 

is founded on the serial triggering model. This model proposes that dissociation of the TCR-

pMHC is crucial for efficient TCR activation because it will facilitate efficient serial triggering 

of multiple TCRs with the same agonist pMHC complex. External forces on the TCR-pMHC 

bond will cause it to dissociate thereby enabling recycling and rebinding of previously bound 

cognate pMHCs on APCs to multiple TCRs on the T cell while it scans the APC surface for 

cognate antigens (Fig. 3-6-5). The study hypothesised that the TCR-pMHC bond is subjected 

to external mechanical forces which they termed as ‘rupture forces.’ They are generated from 
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within the T cell cytoskeleton and they tend to produce a pulling effect on the TCR-pMHC 

bond (308). These rupture forces also test antigen binding. Since bonds formed between non-

agonist (non-specific) antigens and TCRs are weak, they do not withstand these rupture forces 

and tend to dissociate preventing non-specific TCR triggering. Agonist antigens on the other 

hand, form strong durable interactions with the TCR complex that lasts long enough to trigger 

signalling.  

The authors explain that force-induced receptor deformation can be propagated through the 

signalling-competent CD3 subunits or the co-receptors only when TCR-pMHC interaction is 

rigid. Strong binding of the TCR and agonist pMHC enables it to resist its pre-mature 

dissociation and facilitate downstream signalling. Post-TCR triggering, release of the pMHC 

due to these forces will facilitate serial triggering as described before (308).  

 

Figure 3-6-5. The receptor deformation model of TCR triggering. The TCR-pMHC bond is 

subjected to forces generated from cytoskeletal tethering. These forces produce TCR complex 

deformations that enhances activity of signalling subunits. This model also postulates that 
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external forces may facilitate pMHC dissociation from the TCR complex, thereby facilitating 

their recycle (serial triggering). (Adapted from Liu & Ganguly. Crit. Rev. Immunol. 2019. (311)) 

 

The model seemed to be in conflict with certain aspects of TCR triggering since higher 

dissociation rate of the TCR-pMHC bond is correlated with weaker TCR signalling (309,310). 

Moreover, the author could not successfully describe the origin and nature of the forces. 

Although they claimed that the forces were generated due to T cell motility while scanning 

for antigens on the APC surface, whether these forces were enough to produce a subsequent 

change in the TCR complex conformation was not shown. Definitive structural changes in the 

TCR-pMHC complex during T cell movement on the APC surface was also not shown.  

The receptor deformation model however, introduced a relatively novel concept about the 

plausible role of mechanical forces in TCR triggering. Ma et.al. (308) were among the first to 

propose that in addition to structural and molecular events, biophysical forces and membrane 

dynamics may have a crucial role in TCR activation. Research in the past decade have 

substantiated this hypothesis with innumerable in-vitro and in-vivo experimental evidence 

and have thus, provided detailed insights into a relative unchartered domain of mechanical 

TCR signalling. Mechanical forces in biology have been found to be ubiquitous and 

indispensable in many physiological processes. In the following section we will delve into the 

recent findings about the crucial biophysical aspect of TCR triggering and signalling.  
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3.6.2 Mechanical forces in TCR activation 

Evidence of the importance of mechanical force during T cell activation dates back to research 

led by Li et.al.,2010 (312) who showed that application of external forces to the TCR-pMHC 

complex can initiate downstream TCR signalling. This group also showed that the TCR-pMHC 

complex only respond to tangential shear forces, alluding to their ability to selectively respond 

to directional forces. Reports have shown that T cell activation is dependent on the stiffness 

properties of antigen presenting substrates (313). When CD4+ and CD8+ T cells were cultured 

on TCR-crosslinking CD3 and CD28 antibodies-coated synthetic elastomers of varying 

stiffness, it was observed that softer substrates (Young’s Modulus >100kPa) were more 

efficient at stimulating IL-2 production and T cell proliferation compared to stiffer substrate 

(Young’s Modulus >2 MPa) (313). Naïve T cells showed better expansion on softer substrates, 

while T cells cultured on stiffer substrate showed a higher resemblance towards an effector 

phenotype (313). Another contemporary report showed that within a physiological stiffness 

range of 10kPa-100kPa, activation of naive CD4+ T cells showed increasing activation with 

increasing substrate rigidity (314). All these findings generated considerable interest and 

development of T cell mechanosensing domain in research.  

Generation of forces during TCR binding 

T cell interaction with cognate APCs generates significant physical forces at the interacting 

synapse (315). These forces were quantified by a number of biophysical force measurement 

techniques. The measurements also enabled identification of phases of force generation 

during T cell interaction with APCs. The study used a biomembrane force probe (BFP) setup 

in which a red blood cell (RBC) was used as a force probe (316) (Fig. 3-6-6). The RBC was coupled 

to a microbead coated with TCR crosslinking antibodies. Antibody-coated microbead acted as 
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a model antigen. When the BFP was brought close to a CD4+ T lymphocyte, 3 distinct phases 

of force generation were observed after contact. The first phase was the latent phase which 

was marked no activity in either interacting partners. This was followed by a pushing phase 

which was observed as the T cell extending membrane protrusions on the bead-coupled RBC, 

where force was measured in terms of extent of axial RBC compression. There was peak Ca2+ 

influx during this phase which corresponds to T cell activation. The final phase consisted of 

active retractions of T cell membrane protrusions (pulling phase) which was measured as RBC 

elongation, finally culminating into engulfment of microbead by the T cell. The study showed 

that these phases of active force generation were not observed when BFPs coupled with 

irrelevant antibodies were used, thus confirming TCR-specific action of forces. Abolishing 

force generation by disrupting cytoskeletal network impaired T cell signalling (316). These 3 

phases of force generation could possibly conform to the phases observed when T cells 

interact with DCs (317). The first latent phase could correspond to the T cells trying to establish 

contacts with the APCs while scanning for cognate antigens. The second phase could 

correspond to successful establishment of contact and extension of T cell membrane on APC 

surface during synapse formation and concomitant T cell signalling. The final phase can be 

associated with stabilisation of T cell-APC contacts culminating in T cell withdrawal from APC 

membrane. Atomic force microscopy (AFM) measurements yielded similar results (318) (Fig. 3-

6-7). Pulling and pushing forces were measured by quantifying AFM cantilever deflection. 

These forces were associated with concomitant Ca2+ influx in T cells and abrogation of these 

forces impeded T cell activation. Single spectroscopic force measurement technique was also 

used to quantify forces generated between interacting T cell and DC presenting a range of 

altered ligand peptides (APL) (319). It was found that only those APLs that were able to induce 

high force generation were efficient at optimal TCR triggering.  
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Figure 3-6-6. Measurement of forces during TCR interaction through biomembrane force 

probe (BFP). This approach uses an RBC probe to study forces generated during T cell 

interaction. A micropipette-aspirated RBC bound to specific pMHCs is brought into close 

contact with a specific T cell (i). After establishment of contact (ii), the cells are held in their 

fixed positions. 3 phases of T cell-APC interaction were observed – a latent phase where no 

changes were observed followed by a T cell pushing phase as visualised by RBC compression 

(iii) and a T cell pulling phase which consisted of partial T cell membrane retraction (iv). By 

measuring the extent of BFP compression/elongation and the probe stiffness value, the 

magnitude of forces generated were calculated. 
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Figure 3-6-7. Measurement of forces during TCR interaction through atomic force 

microscopy. In this approach, an AFM cantilever tip coated with biotinylated pMHC or anti-

CD3 antibodies is made to establish contact with T cells. Depending on the deflection of the 

cantilever tip, the direction and magnitude of forces generated by TCR binding can be 

calculated. A positive deflection is indicative of the target cell stiffness properties while an 

induced negative deflection can be used to estimate the binding strength. (Adapted from Liu 

& Ganguly. Crit Rev Immunol. 2019. (311)) 

 

Many initial studies designated the TCR complex as the mechanosensory that senses and 

transduces mechanical signal signals into chemical outputs. Pioneering studies led by 

Reinherz et.al. (320), showed that the TCR complex shows acts as an anisotropic 

mechanosesnor, where it senses mechanical force during its interaction with cognate APCs, 

and relays the signal to downstream signalling molecules through a change in its quaternary 

conformation. They theorise that only forces applied in a specific direction to the TCR-pMHC 

complex can initiate TCR signalling, thus designating it as an anisotropic sensor of mechanical 

force. Studies have also proposed that mechanical energy driven topological change in the 

TCR complex might lead to exposure of TCR signalling domains otherwise buried in the plasma 
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membrane like ITAM motifs (294). Moreover, it can also facilitate interaction of CD3 subunits 

with co-receptors and allow access to signalling proteins like Lck kinases (Receptor 

conformation model) (294). Moreover, force-dependent structural changes may also allow 

spatial segregation of signalling and inhibitory domains like exclusion of inhibitory CD45 

phosphatase from ITAM motifs and tyrosine kinases thereby facilitating T cell activation 

(Kinetic Segregation model) (270).  

Thus, force generation during T cell-APC interaction is crucial for downstream T cell activation. 

Abolishment of these forces either through actin-myosin cytoskeletal disruption or alteration 

of peptide geometry so as to prevent optimal force generation at the interface tend to 

abrogate T cell activation (315).  

3.6.3 Mechanical forces in efficient TCR antigen recognition 

T cells encounter a vast sea of antigens on APCs most of which are self-antigens, while the 

some are of foreign nature. A T cell bears TCRs that shows limited specificity only for a 

particular antigenic epitope. Therefore, it is crucial that TCRs effectively scan the APC surface 

for antigens and show specific response to cognate antigens only. Interesting reports have 

studied the role of mechanical forces in aiding efficient TCR discrimination between non-

specific and specific agonist TCR ligands (321). Mounting evidence shows that TCR-pMHC 

specificity is imposed by regulation of TCR-pMHC bond lifetimes by mechanical forces (322) (Fig. 

3-6-8). Studies involving BFP technique show that bonds formed between TCRs and cognate 

(agonist) pMHC molecules behave as ‘catch bonds’ (322). The lifetimes of these bonds increase 

in the presence of mechanical forces. On the other hand, bonds between TCRs and non-

agonist pMHC molecules characteristically behave as ‘slip bonds.’ These bonds tend to 

rupture under increasing mechanical load. A study reported that the lifetime of a bond 
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between agonist peptide-TCR peaked under application of 10pN external force (323).  During T 

cell-APC interaction, forces are generated due to interacting apposing membranes. These 

forces, therefore act to test the fidelity of antigen binding to its TCR. A bond between a TCR 

and its specific antigen is considerably prolonged under these mechanically loaded 

conditions. Accumulation of these long-lived TCR-pMHC catch bonds during T cell-APC 

interaction results in effective TCR triggering and downstream signalling. A non-specific bond 

between a TCR and non-agonist ligand, however fails to survive under constant mechanical 

pressure (322). These transient bonds fail to activate T cells. DNA-based nanoparticle tension 

sensors were used to create a tension map during TCR interaction (324). It was found that T 

cells exert cell-intrinsic forces ranging from 12-19pN to the TCR within immediate binding of 

pMHC molecule. These forces gauge the stability of the TCR-pMHC bond, allowing only 

specific bonds to prevail. These cell-intrinsic forces were generated due to LFA-1-mediated 

adhesion, actin polymerisation and myosin contractile activities (324). By using DNA tethers 

that apply below threshold forces or by impairing cell-intrinsic force generation, it was 

observed that TCRs lose their ability to discriminate between antigens. In attempts to find out 

about the molecular mechanisms accounting for force-based ligand discrimination, a study 

reported that physical force produces a structural change in the TCR complex that influences 

pMHC-TCR bond lifetimes. The Cβ domain of the TCRαβ heterodimer contains an FG loop. 

Mechanical force induces a structural transition in this particular FG loop, that allosterically 

affects the TCR-pMHC bond lifetimes at peptide-recognising distal variable domain which in 

turn determines TCR peptide specificity (325).  
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Figure 3-6-8. Measurement of TCR-pMHC bond lifetime using BFP. This approach was used 

to calculate bond lifetimes between agonist and non-agonist TCR-pMHC interaction. RBC 

bound to pMHCs is brought into close contact with specific TCR (i). Contact period was kept 

brief to prevent multiple TCR engagement (ii). After contact establishment, T cells were 

gradually retracted that generated increasing tensile forces on the TCR-pMHC bond (iii) and 

then was held in a fixed position till a fixed value of force is reached (clamped force). Agonists 

pMHCs are able to withstand this force and its bond lifetime is calculated as the period of 

time between clamped force and bond dissociation (iv a, v). Non-agonists pMHCs, however 

form slip bonds that rupture before reaching clamped force levels (iv b). 

 

3.6.4 Mechanical forces in T lymphocyte thymic selection  

Thymocytes bearing TCRs of a particular antigenic specificity are subjected to a rigorous 

process of positive and negative selection, which ensure an effective yet specific response to 
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invading pathogens. Existing models propose that thymic T cell selection is determined by TCR 

affinity for the pMHC molecule (326). TCR binding kinetics and affinity regulate stable 

interactions with self pMHC complexes expressed on thymic stromal cells. Thymocytes 

expressing TCRs that fail to interact with any self pMHC molecules do not receive survival 

signals and undergo apoptosis. TCRs that show very strong affinity for self pMHC complexes 

either undergo receptor editing or apoptosis so as to prevent formation of self-reactive T cells, 

through a process known as negative selection. Only thymocytes bearing TCRs of moderate 

affinity for self pMHC complexes undergo positive selection by receiving appropriate survival 

signals through low affinity interactions with self pMHC molecules on thymic cells (41,326). 

These cells form the pool of circulating mature naïve T cells. These processes ensure that the 

T cell repertoire consists of cells that can effectively respond to pathogenic insult, while 

maintaining tolerance to self-antigens.  Studies based on TCR binding kinetics show that 

positive selection is a result of dynamic accumulation of moderate affinity interactions whose 

cumulative effect results in prolonged stable TCR-pMHC interactions, leading to generation 

of T cell survival signals. Negative selection on the other hand, can be induced even in the 

presence of few but high affinity strong interactions, thus ensuring tight scrutiny of potential 

autoreactivity. This model of T cell selection proposes that the selection process is dependent 

on the formation of stable TCR-pMHC bonds, which in turn, is dependent on accumulation of 

weak signals or generation of few strong signals. The model, however fails to account for the 

fact that TCR-pMHC bond lifetimes are not solely dependent on affinity-regulated interaction 

frequency. As mentioned earlier, TCR-pMHC bonds show distinct behaviour under the 

influence of physiological levels of mechanical forces. Exertion of physical forces tend to 

extend lifetimes of bonds between agonist pMHC and its cognate TCR (catch bonds) while 

causing dissociation of non-agonists pMHC and TCR bonds (slip bonds). A recent study led by 
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Zhu et.al. (327) described the potential role of physical forces in governing affinity-based TCR-

pMHC bond lifetimes and consequent selection. Double-positive (DP) thymocytes were 

allowed to interact with BFP coated with ligands, that induce either positive or negative 

selection. It was observed that high-affinity peptides that induce negative selection formed 

strong TCR-pMHC interactions along with the CD8 co-receptor. Trimolecular interactions 

involving TCR-pMHC-CD8 behaved as ‘catch bonds’ in the presence of low forces, generated 

by thymocytes during interaction with ligand-expressing BFP. On the other hand, TCR binding 

to low affinity ligands that induce positive selection, triggered generation of low-level forces 

and behaved characteristically as slip bonds between TCR-pMHC and pMHC-CD8 co-receptor.  

Force-dependent catch bonds formed due to high affinity pMHC-CD8 interaction with the 

TCR-CD3 complex, which resulted in a cis heterodimer formation capable of signalling. The 

ability of a ligand to form CD8-dependent catch bonds with the TCR determines its fate as a 

negative selection ligand (327). The study also showed that physical force facilitated 

thymocytes to efficiently and accurately discriminate between positive and negative-

selection ligands. Thus, mechanical forces serve to effectively amplify kinetic differences in 

affinity-based TCR-pMHC bond lifetimes and facilitate appropriate selection outcomes (327,328). 

Further studies are however, needed to elucidate the mechanisms mediating force-

dependent T cell selection outcomes.  

3.6.5 Mechanical forces in T cell effector functions 

Mechanical properties of the T cell microenvironment have a crucial effect on their effector 

properties. T cells are subjected to an extensive array of physical cues during its lifetime from 

its development in the thymus, circulation in blood and migration to peripheral lymph nodes 

and tissues (258). Each of these locations display characteristically different mechanical 
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properties (Fig. 3-6-9). Tissues like thymus and bone marrow fall under the category of soft 

sites, while skeletal tissues are hard sites (329). It has been shown that mechanical properties 

of tissues undergo significant changes during inflammation and disease pathogenesis (330). 

Inflammation is associated with significant increase in tissue stiffness. These mechanical 

changes also affect phenotype and function of infiltrating and resident immune cells. It is 

observed that the mechanical properties of immune cells themselves undergo changes during 

inflammation (330). Immune precursor cells have been shown to alter their viscoelastic 

properties during differentiation so as to adopt mechanical characteristics more suited their 

function (331). For example, differentiated myeloid cells show a 50% decrease in their viscosity 

so as to optimise their migration through small blood vessel pores and tissues (332). Myeloid 

antigen presenting cells like monocytes, dendritic cells and macrophages have distinct 

mechanical stiffness values that undergo changes during inflammation (330). The mechanical 

properties of APC were regulated by F-actin content and myosin IIA activity. APC mechanical 

rigidity values ranges between 0.2 kPa to 1.5 kPa depending on inflammation and 

differentiation (330). T cell function show characteristic differences depending on mechanical 

properties of substrate. T cells showed faster and sustained migration on stiffer substrates (in 

the range of 100 kPa) as compared to softer ones (0.5 kPa to 6.4 kPa) (329). Stiffer substrates 

also induced pronounced T cell membrane protrusions and cell spreading. RNA microanalysis 

of T cells grown on artificial substrates of varying stiffness revealed activation of distinct gene 

sets depending on substrate rigidity. Differential transcriptional activation was not achieved 

in the absence of TCR activation. Expression of cytokines like TNFα, IL17, IFNG, IL22 increased 

with increasing stiffness. T cell surface markers like ICOS, CD69, CD40LG also showed 

significant substrate stiffness-dependent changes (329). Stiffness properties also seemed to 

have an effect on T cell polarisation as evident by enhanced expression of lineage-specific 
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transcriptional markers like TBX21 and FOXP3 on stiffer substrates (329). Other genes that 

showed enhanced expression in response to stiffness included, proliferation activator Myc 

and glycolysis inducing factor HIF1α. These results suggest that mechanical stiffness of tissues 

can cause transcriptional reprogramming of T cells to facilitate certain effector functions. This 

report showed that genes involved in metabolic regulation in glycolysis, oxidative 

phosphorylation and mitochondrial biogenesis show selective upregulation in stiffer 

substrates (329). Genes involved with T cell activation, differentiation, cell cycle, apoptosis also 

showed strong associations with substrate stiffness. Gene expression analysis in a murine 

hypertrophic scar model (HTS) was performed to screen for mechanoresponsive genes during 

wound formation. The analysis revealed a group of genes associated with T cell signalling. T 

cells in wounds showed mechanical upregulation of IL4 and IL13-dependent TH2 pathway and 

MCP-1 signalling (333). Mice lacking T cells showed considerable reduction of scar formation 

and this was attributed to dampened mechanoresponsive T cell-mediated recruitment of 

inflammatory monocytes and fibroblast precursors (333). Thus, T cell mechanotransduction 

plays an important role in wound healing mechanisms.  
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Figure 3-6-9. Mechanical attributes of T lymphocyte tissue microenvironment. T 

lymphocytes encounter diverse tissue microenvironment with varying mechanical properties 

during their lifetime. Its development begins in the bone marrow and continues in the thymus 

after which mature T lymphocytes are released into peripheral blood circulation and 

lymphoid organs. All these tissue sites vary in their physical properties and ECM composition 

which affect T lymphocyte phenotype and function. Trafficking through different tissue sites 

subjects T lymphocytes to shear force, deformations and cell contacts. These events provide 

vastly different mechanical cues that regulate T cell function and fate. (Adapted from Harrison 

et.al. Front Physio. 2019 (315.)) 

 

Mechanical cues also play an indispensable role in the function of cytotoxic T lymphocytes 

(CTLs) (334). CTLs bind to target cells and locally release perforins and granzymes-containing 

lytic granules into the synaptic region. Formation of a secure immune synapse is therefore, 

essential for killing of target cells while reducing bystander damage. Immune synapse 

formation is driven by PI3K activity-mediated F-actin polymerisation (335). Disruption of 

immune synapse formation impairs targeted cytotoxic function of CTLs. PI3K activity is 
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facilitated by Dedicator of cytokinesis 2 (DOCK2) which recruits DOCK2 to the membrane. PI3K 

activity is however inhibited by a lipid phosphatase, Phosphatase and tensin homolog (PTEN) 

(335). DOCK2-deficient cells were impaired in their cytotoxic ability and measurements showed 

low force generation at the synapse of these cells with target (334). Cells lacking PTEN however, 

showed considerable increase in force generation at the immune synapse. Direct inhibition 

of PI3K interfered with actin-myosin activity and abrogated force generation at the synapse. 

Abolishment of forces severely impaired CTL function. By artificially manipulating membrane 

tension of the target cell, it was observed that increasing target cell membrane tension 

enhanced formation of perforin pores in the target membrane facilitating its lysis (334). Thus, 

mechanical forces at the immune synapse acted to increase membrane tension of the target 

cell, that potentiated its killing by CTLs (Fig. 3-6-10). This study was validated by recent 

findings which studied immune synapse formation between CTLs and target cells in three-

dimensional culture. CTLs grown on micropillar arrays extend membrane protrusions that 

exert force as measured by micropillar deflection (336). Release of lytic granules actively 

occurred in areas of deflecting micropillars. Detailed analysis found that these force exerting 

areas were actin-rich membrane protrusions whose formation was driven by cytoskeletal 

WASp and Arp2/3 actin nucleation proteins (336). These protrusions were essential for force-

mediated target cell killing. Force-mediated deformation of target cells also facilitated 

deposition of perforins and granzymes and subsequent lysis (336).   
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Figure 3-6-10. Mechanoregulation of cytotoxic T lymphocyte (CTL) function. The 

immunological synapse formed between CTL and target cell is characterised by generation of 

strong mechanical forces. Force exertion across the synapse is essential for efficient CTL 

killing. Contractile forces generated due to CTL actin cytoskeletal activity increases membrane 

tension of the target cell, thereby facilitating deposition of cell-killing machinery (perforins 

and granzymes). (Adapted from Basu et.al. Cell. 2016 (334).) 

 

T cell function requires active migration from blood to peripheral lymph nodes and inflamed 

tissues. T cell infiltration to the LN consists of a series of mechanically regulated steps of 

rolling along the endothelial wall, arrest and adhesion on sites of high endothelial venules 

(HEVs), followed by their transmigration across these sites to the LN (219,315) (Fig. 3-6-11). 

Rolling and subsequent arrest on the endothelial wall is mediated by adhesion proteins like 

selectins and integrins. These proteins respond to mechanical shear stress generated from 

blood flow (337). Shear stress induces conformational changes of these selectin and integrin 

proteins and reinforce their binding to their respective ligands through inside-out signalling 

(338,339). Force-driven stable interactions between T lymphocytes and the endothelial wall 
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facilitates extravasation of these cells to the LN or damaged tissues. In these compartments, 

T cells migratory behaviour is significantly regulated by the mechanical properties of the 

tissue. T cells undergo durotaxis where they migrate preferentially to stiffer sites like inflamed 

tissues (340). T cells like all immune cells generate forces which aid cell migration. The forces 

are generated from the actomyosin cytoskeletal network (231,341). Migrating immune cells 

extend actin-myosin rich membrane protrusions that exert traction forces against the 

substrate. Traction forces also serve to locally activate integrins and facilitate ICAM adhesion-

based migration through tissues (340). Chemotaxis is a crucial process which enables 

directional movement of immune cells along chemokine gradient. Directional movement is 

maintained by inducing cell polarity (342). Moving T cells are exposed to various topographical 

cues and experience significant membrane stress. Membrane stress has been associated with 

driving F-actin based cell polarity and directional migration (343). Immune cells have also been 

shown to sample its 3D environment for mechanical cues. It has been shown that leukocytes 

use their nucleus to gauge mechanical resistance in 3D environments and actively change 

their nuclear position in order to adopt the path of least resistance (344). Mechanotransduction 

during T cell motility is a developing area and needs further studies to analyse underlying 

mechanisms.   
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Figure 3-6-11. Mechanoregulation of T lymphocyte motility. Migration of T lymphocytes is a 

multi-step process involving crawling, rolling and adhesion followed by transmigration across 

the endothelial wall. Shear stress, generated from blood flow, plays an essential role in 

mediating T lymphocyte crawling and adhesion to the endothelial layer of blood vessels. 

Rolling along endothelial layer is driven by selectin-integrin binding. Strength of integrin-

selectin binding is enhanced by shear force, thus displaying properties of a ‘catch bond’ (A).  

Diapedesis across the endothelial layer requires lymphocyte arrest and firm adhesion to HEV 

(high endothelial venule) regions. This interaction is facilitated by ICAM-LFA-1 integrin binding 

which is also regulated by shear forces (B). (Adapted from Rossy J. et.al. Front. Immuno. 2018. 

(340).) 

 

Since mechanotransduction plays such an integral role in T cell physiology and function, 

numerous attempts have been made to exploit its mechanotransduction property to activate 

or alter its behaviour in diseased states. Adoptive transfer of in-vitro activated T cells is being 
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considered as a promising strategy in infectious diseases and cancer (345). T cells are being 

engineered so as to enhance its antigen binding ability and responsiveness. T cells expressing 

chimeric antigen receptors are being developed towards this end (346). These engineered T 

cells, however require ex-vivo expansion and activation to its full potential before being 

adoptively transferred. Since TCRs show considerable mechanosensitivity, activation surfaces 

with different mechanical properties including stiffness, ligand spatial arrangements are being 

designed so as to achieve optimal T cell activation (347). The use of CAR T cells in cancer 

immunotherapy seems to have promising benefits. A major caveat in this method is its failure 

to act against soluble tumour antigens. CAR T cells, however show robust response against 

membrane-bound antigens thus alluding towards a potential role of membrane 

mechanotransduction in their behaviour (347). An interesting study reported that soluble 

immunosuppressive TGFβ can activate anti-TGFβ CAR T cells towards immunostimulatory 

phenotype. It was shown that TGFβ induced actin-driven TCR clustering of CAR T cells that led 

to generation of active tensile forces (348). Dampening force generation in these cells by 

extending TCR extracellular spacer regions and disrupting mechanical interactions between 

ligand binding and signalling domains, severely impaired T cell activation in response to 

appropriate ligands (348). Exploiting T cell mechanosensitivity in immune therapy, however 

requires further detailed elucidation of mechanotransduction pathways involved in their 

phenotype, activation and function. The knowledge will considerably enhance scope for T cell 

engineering in ways that will allow their selective and optimal activation in mechanically 

altered inflamed tissue sites.  
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3.6.6 Identification of potential mechanosensors 

The process of mechanotransduction requires candidate proteins that can sense mechanical 

forces and modulate their activity so as to convert mechanical cues into biochemical 

signalling. Extensive research in this field has led to the identification of various proteins, that 

have the ability to respond directly to mechanical cues through either change in conformation 

or activation status. A review by Chen et.al., (2017) (349), describes that the process of cellular 

mechanotransduction can be divided into 4 stages. The first stage where the cell is exposed 

to mechanical cues is known as ‘mechanopresentation’. This stage is followed by 

‘mechanoreception’ where the mechanoreceptor senses mechanical cues and undergoes a 

change in its structural or activation behaviour. The stage of ‘mechanotransmission’ requires 

propagation of mechanical signals from the mechanoreceptor to downstream signalling 

molecules. The final stage, ‘mechanotransduction’ requires all the above events to culminate 

into a biochemical signal that affects changes in cell activity. In the following section, I will 

briefly describe few potential mechanosensors that play crucial roles in a number of cellular 

processes.  

Adhesion proteins: Cells and tissues experience considerable mechanical stress at their 

interacting surface. Focal adhesion (FA) sites are considered to be the primary hotspot for 

force generation and sensing as a result of tissue interaction with the ECM (350). Proteins 

involved in FA like integrins, focal adhesion kinases (FAKs), etc., display significant attributes 

of a mechanosensor (351,352). Integrins form intense connections between the ECM and cell 

interior. It has been shown that its affinity for ECM ligands is modulated by mechanical cues 

which can be either external cues or cell-intrinsic. Integrin activity is modulated by ECM 

composition controlled mechanical stiffness (351). Moreover, due its strong interactions with 
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the cell cytoskeletal components, cell-intrinsic force generation as a result of cytoskeletal 

activity produces a change in integrin conformation and increase in ligand affinity through a 

mechanism of inside-out signalling (351). Thus, integrins are highly sensitive to mechanical cues 

and play a significant role in mechanical force-regulated processes like cellular migration, 

cancer cell metastasis, surface-receptor-mediated signalling etc. Studies have shown that 

recruitment of FAKs to FA is dependent on mechanical signals (352). Its autophosphorylation-

dependent activation is regulated by mechanical forces and mechanical manipulation like 

stretching, increasing rigidity of substrate tends to enhance its activation. FAK activity and 

cytoskeletal force generation shows strong feedback regulation (352). Other adaptor proteins 

like talin, vinculin and paxillin that are involved in establishing cytoskeletal contacts with cell 

surface receptors also show immense sensitivity to mechanical cues (353). Their ability to bind 

to target proteins, undergo conformational changes and activation are strongly regulated 

through mechanical forces. They play crucial role in mechanotransduction from the cell 

surface to the cell interior.   

Cytoskeletal network: The cell cytoskeleton consists of actin filaments, microtubules, 

intermediate filaments and their interacting proteins. The cellular cytoskeletal network 

undergoes dynamic changes depending on cell morphology, movement and activation. 

Cytoskeletal activity is broadly regulated through transduction of external mechanical cues 

(354). Cytoskeletal network also acts as source of contractile force generation (354). Cytoskeletal 

tension level serves as a meter that regulates quality of mechanotransduction of external 

forces while generation of intracellular forces. F-actin polymerisation and their contraction 

through myosin motor movement determine their tension and contractility. Activity of the 

actomyosin network is regulated by proteins like Arp2/3 nucleation factor, Rho-ROCK 
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signalling proteins, etc (354). Disruption of cytoskeletal network by impairing activity of any one 

of these components, affects cytoskeletal tension, force propagation and generation.  

Nucleus: Recent reports have attempted to study the potential mechanosensing capacity of 

nucleus in cells. These reports show that the nucleus is highly responsive to mechanical cues 

(355). Mechanical forces trigger changes in its membrane and laminar structure and 

composition, while also affecting chromatin organisation and consequent gene expression 

patterns. Forces are transmitted from the cytoskeleton to the nucleus through the LINC (linker 

of nucleoskeleton and cytoskeleton complex) proteins (355). The nucleus also responds to 

mechanical forces by spatial reorganisation of its chromatin that can lead to selective 

activation or silencing of genes (126). Genes displaced towards the nucleus boundary generally 

tend to undergo silencing while those centrally placed generally undergo activation. Nuclear 

deformation due to physical forces produces chromatin decondensation thereby affecting the 

epigenetic state of chromatin. External force application also produces chromatin stretching 

and activation of transcription. Certain models also show that the NPC (Nuclear pore complex) 

undergoes conformation changes in response to external mechanical forces, thereby 

regulating import and export of transcription activation/inhibitory factors across the nucleus 

(356).  More studies are needed to decode the process of nucleus mechanosensation.  

Cell -surface receptors: Many cells require membrane proteins act as mechanoreceptors by 

sensing physical cues at the cell surface, like shear stress or forces generated during 

membrane interactions. Platelet adhesion and aggregation at sites of vascular injury is a 

process tightly regulated my mechanical forces (357). Platelet adhesion to the vascular 

subendothelium occurs through binding of glycoprotein (GP) Ib complex subendothelium via 

the ligand von Willebrand’s Factor (VWF). GPIb-IX binding to VWF is initially weak and is 
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strengthened by shear-force mediated structural changes in the GPIb-binding A1 domain of 

VWF (357). Moreover, the GPIb protein has a mechanosensory domain that unfolds in response 

to external mechanical force. This causes platelet activation with release of intracellular Ca2+, 

integrin activation leading to subsequent adhesion and aggregation. Thus, GPIb acts as a 

mechanoreceptor whose activity triggers platelet-mediated clotting process (357). The 

endothelial proteoglycan-glycoprotein layer (glycocalyx; GCX) has been shown to act as 

mechanosensors that regulate vascular tone and permeability (358). The GCX primarily 

composed of glycoproteins that consists of oligosaccharide chains containing salicylic acid 

residues, and proteoglycans with glycosaminoglycans side chains (358). It has been shown that 

mechanical shear stress stemming from circulating blood is responsible for maintaining 

vascular tone (358). The GCX components have been implicated in shear stress-mediated 

release of nitric oxide and subsequent triggering of signalling that causes vasodilation. GCX 

components, therefore act as mechanosensors that sense and respond to shear stress (358). 

Also, endothelial cells tend to align in along the direction of shear stress during angiogenesis, 

process that is dependent of GCX-mediated mechanotransduction (358). Transient receptor 

potential (TRP) channels comprise a group of proteins that respond to mechanical stimuli (359). 

They sense mechanical cues including changes in osmotic pressure (360). These ion channels 

respond to membrane stretch causing influx of extracellular Ca2+ leading to induction of 

downstream signalling pathways. Their mechanosensation property has been implicated in 

various physiological processes like, stretch-induced muscle damage, Duchenne muscular 

dystrophy, regulation of vascular tone in response to blood pressure, etc (359). The TRPV 

(transient receptor potential vanilloid) mechanoreceptor family also plays a similar role in 

regulating cell volume by sensing changes in the osmotic pressure of cells. They are widely 

expressed in osmosensory neurons, smooth muscle cells of blood vessels and epithelial cells 
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(359). This family of mechanoreceptors sense mechanical membrane stretch in response to 

osmotic swelling or shrinkage and participates in regulation of cell morphology and function.  
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3.6.7 Putative T cell mechanosensors 

Since mechanotransduction is central to T cell function, numerous studies have reported 

potential mechanoreceptors that can sense and respond to mechanical stimuli (Fig. 3-6-12). 

As already discussed earlier, the TCR complex has been designated as an anisotropic T cell 

mechanosensor, due to its ability to functionally respond to mechanical forces (361). The FG 

loop in Cβ domain of the TCRαβ has been shown to be the transducer of mechanical forces 

through changes in its conformation and induction of signalling (361). Application of external 

forces of ≈50pN to the TCR complex resulted in downstream TCR triggering induced Ca2+ 

influx. Forces that did not act through the TCR complex failed to induce TCR activation. 

Directionality of force application also seems relevant since some studies have reported that 

application of shear-like tangential forces to the TCR complex were more efficient in triggering 

a TCR response (362). These reports led to the development of the TCR complex as a highly 

probable candidate or mechanosensation. Many reports have also considered integrin 

adhesion receptors as potential mechanosensors in TCR signalling. As aforementioned, 

integrin activity is strongly regulated by mechanical forces (363). Their affinity to extracellular 

ligands and subsequent activation is subjected to a positive feedback loop mechanism of 

inside-out signalling triggered by mechanical forces.  Initial TCR binding to cognate antigens 

triggers downstream signalling activity which includes local actin cytoskeletal rearrangement 

at the TCR-APC contact region. Contractile actomyosin activity exerts pulling forces on the 

LFA-1 integrin molecule tethered to the membrane (364). These forces induce a conformational 

change in the LFA-1 molecule which increases its ligand-binding capacity, subsequently 

strengthening LFA-1 and ICAM-1 adhesion to APCs (363). This enhances interaction between 

interacting partners, strengthening TCR triggering and downstream signalling. A recent report 
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delved into the modes of T cell mechanosensing depending on the choice of 

mechanoreceptor. When T cells were allowed to adhere to substrates of varying stiffness only 

by means of TCR-antigen interactions, T cells responded to stiffness in a biphasic manner (365). 

It showed peak T cell activity, as measured by extent of cell spreading, only at optimal 

substrate stiffness below and beyond which T cell spreading was suboptimal. This optimal 

value of substrate rigidity was comparable to physiological stiffness values of APCs. If T cells 

were allowed to adhere to substrates by means of more interactions like LFA-1 integrin 

binding in addition to TCR-mediated binding, this bimodal mechanoresponse was abolished. 

Instead, cell spreading continued to increase with increasing substrate stiffness till it reached 

saturation (365). This differential response is brought into effect through downstream 

engagement of cytoskeletal actin networks and requires further clarification. T cell binding to 

cognate antigens on APCs involves extensive cytoskeletal rearrangement at the developing 

synapse. It involves active movement of TCR microclusters towards the immune synapse 

which is essential of sustained yet regulated TCR signalling (366). It has been reported that Cas-

L protein is highly expressed in T cells and acts as a mechanosensor during the formation of T 

cell-APC immune synapse (367). Cas-L is recruited to developing immune synapse where it 

senses mechanical force generated from actin polymerisation (368) and myosin-driven 

contractility, where it subsequently gets activated through Lck-dependent phosphorylation 

(369). Activated Cas-L promotes integrin activation through inside-out signalling and facilitates 

stronger T cell-APC adhesion (370,371). Activated Cas-L associates with TCR microclusters and 

signalling proteins while causing stabilisation of the immune synapse between T cells and 

APCs so as to facilitate sustained TCR signalling (370,371).  

While the above findings suggest many probable mechanoreceptor candidates for T cell 

signalling, it is however, necessary to formulate a T cell mechanotransduction model with an 
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appropriate mechanosensor protein. A model T cell mechanosensor must have the capacity 

to sense mechanical cues at surface during the initial preceding stages that lead to TCR 

triggering.  Although these candidate proteins show strong sensitivity to mechanical cues by 

responding structurally and/or functionally to mechanical forces, none of them show any 

intrinsic mechanosensitivity. Their activity is not exclusively regulated by mechanical forces 

and they more than often need to interact with signalling-potent partners to execute their 

function in response to external forces. For example, while the activity of the TCR complex 

can be modulated by mechanical forces, it cannot be activated solely by mechanical forces. 

Numerous studies have shown that the TCR complex cannot be triggered solely by the 

application of non-specific mechanical forces (361, 362). TCR crosslinking by TCR-specific antigen-

MHC complex is indispensable in the process of T cell activation through 

mechanotransduction. Other candidates like integrins and Cas-L, show activation 

downstream of initial TCR activation and hence, cannot serve as the mechanoreceptor that 

gather initial mechanical cues responsible for TCR activation. This necessitates the 

identification of other proteins that are dedicated mechanosensors, and are singularly and 

independently activated in response to mechanical forces that trigger TCR signalling.  
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Figure 3-6-12. Putative T cell mechanosensors. The αβ TCR was proposed to be an anisotropic 

mechanosensor since it was shown to undergo changes in conformation in response to 

mechanical forces. The FG loop of the Cβ domain was shown to be the transducer of 

mechanical force to downstream signalling molecules (A). Integrin binding to ECM 

components is dependent of internal forces. Contractile forces generated by cytoskeletal 

activity exerts tension on the tethered integrin molecule which undergoes structural change 

and enhanced binding capacity to ECM components (B). T lymphocyte LFA-1 binding to ICAM 

triggers activation of Src family kinases (SFK) which promotes phosphorylation of c-Cbl. 

Phosphorylated c-Cbl recruits PI3K which subsequently activates Rho-GTPase-dependent 

actin polymerisation. F-actin exerts contractile forces on CasL causing it to transition to an 

‘open’ state where its phosphorylated by Src kinases. Phosphorylated CasL subsequently 

recruits a number of T cell signalling proteins that determine T cell function in response to 

force (C). [ Adapted from Reinherz EL. Nature. 2019 (A) (361), Janoštiak R. et.al. Eur J Cell Biol. 

2014 (B) (370), Roy NH. Et.al. Sci Signal. 2018 (C) (371).] 
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Chapter 4. Piezo mechanosensors 

Piezo proteins belong to a class of evolutionarily conserved ion channels that are gated by 

mechanical force (372). Their activation by mechanical forces allows passage of extracellular 

cations like Ca2+, Mg2+ and Na+ into the cell. Hence, these channels can be effectively blocked 

by cation channel inhibitors like ruthenium red (373). There are two homologs of this protein: 

Piezo1 and Piezo2 coded by FAM38 and FAM38B respectively (373). Piezo1 proteins are widely 

expressed in mechanically active tissue compartments like red blood cells, endothelial cells, 

epithelial lining, skeletal tissues, etc. Piezo2 is primarily associated with tactile sensation in 

neuronal cells (374). The identity of a dedicated mechanosensor in vertebrates remained 

elusive until Coste et.al (373) identified Piezo1 and Piezo2 channels as sensors of mechanical 

force. They performed a microarray profiling of Neuro 2A mouse cell line that show rapidly 

adapting mechanically activated (MA) currents when mechanical force was applied externally 

on the surface by means of piezo-electrically driven probe. Electrical currents were measured 

by the patch-clamp method. Enriched transcripts that were detected by microarray were the 

downregulated by siRNAs and their effect was observed on the generation of these MA 

currents. Downregulation of FAM38A gene (coding of Piezo1) caused a significant reduction 

of MA currents. Overexpression of Piezo1 and its homolog Piezo2 in other cells led to 

generation of large currents in response to mechanical stimuli (373). 

4.1 Structure of mammalian Piezo channels 

The structure of Piezo1 was elucidated through cryo-electron microscopic studies of mouse 

Piezo1 protein (375,376). It has a homo trimeric structure consisting of 3 curved blades, arranged 

in a propeller-like fashion around a central ion-conducting transmembrane pore, that is 
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attached to a cap-like domain which forms the C-terminal extracellular domain (CED) (Fig. 4-

1). Topology modelling through bioinformatics-based predictions claims that each blade 

possesses 38 transmembrane segments (377,378) (Fig. 4-1-2). Each blade in the trimeric 

structure consists of 6-9 repeating units of transmembrane helices known as piezo-repeats. 

The extracellular blades are highly flexible and their position in the plasma membrane induces 

local membrane curvature (379). 3D mapping has revealed various motion-based orientations 

of these blades (380). Their alignment with respect to the cell membrane and their structural 

flexibility may enable them to act as effective sensors of mechanical force on the cell surface. 

Piezo1 proteins also contains 3 rod-like domains that interacts with the intracellular region of 

each blade and connects to the central pore via an anchor region and also to the C-terminal 

domain (CTD) (376,378). Since this intracellular beam region is accurately positioned between 

the force-sensing extracellular blades and the ion-conducting central pore, it is an ideal 

structure to transmit mechanically-induced conformational changes of the extracellular and 

peripheral transmembrane domains to the central pore (377,378). Thus, it acts as potential 

transducers of mechanical force and regulates channel activity. The CED which forms a cap-

like structure topping the central pore (376). Experimental evidence shows that this region is 

likely to determine ion-conducting properties of this channel. Deleting the cap domain that is 

positioned above the transmembrane core or mutating its acidic residues altered the ion-

permeation property of this channel suggesting that it allows selective passage of cations over 

anions (381). The C-terminal domain mostly located in the central pore has been found to 

interfere with channel conductance, ion sensitivity and RR-mediated inhibition. Mutations of 

the E2133 glutamate residue in this region that neutralised, reduced side chain length or 

replaced its charge with a positive residue have been shown to affect conductance capacity 
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and ion preference (377). The extracellular cap domain also contains 3 subdomains that have 

been shown to regulate inactivation kinetics of Piezo1 proteins post-stimulation (376).   

 

Figure 4-1-1. Architecture of mammalian Piezo1 channel. Piezo1 channel has a trimeric 

structure. It has a ‘cap’ domain that covers the central ion-conducting pore. The extracellular 

domain of the 3 subunits were arranged in a propeller blade-like fashion. The ‘beam’ domain 

serves to anchor the extracellular blades with the central pore. The image represents the 

cryo-electron map at a resolution of 3.97 Å (a). The images are cartoon model representative 

of the same with the blade regions removed to allow better viewing of the orientation of the 

transmembrane helices forming the protein subunits (b). (Adapted from Zhao et.al. Nature. 

2018. (380))  
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Figure 4-1-2. Configuration of the repetitive transmembrane helical units (THUs) forming 

the Piezo1 channel. The Piezo1 channel is a homotrimeric protein with each subunit 

consisting of 38 transmembrane helices ™. Representative cartoon image of the arrangement 

of THUs forming individual domains of each subunit (a). Resolved 38-TM model with 

individual THUs attributed to each domain and function (b). (Adapted from Zhao et.al. FEBS J. 

2019. (324)) 

 

It was assumed that Piezo2 structure will be highly close to that of Piezo1 due to similarity in 

pore-domain sequence, overall size and topology modelling. A recent study by Wang et.al., 

(383) resolved the structure of Piezo2 through cyro-electron microscopy. The study revealed a 

similar trimeric architecture where each blade consists of 38 transmembrane helices. The 3 

extracellular blades curve to form a dome-like structure that guards the central ion-

conducting pore. The entire structure is capped by a cap-like domain similar to Piezo1. The 
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ion-conducting pore has transmembrane and cytoplasmic have constriction sites that may 

regulate its gating mechanism (384). It has been observed that sensory neurons express a wide 

range of spliced isoforms of Piezo2, while those non-sensory cells usually express a single 

spliced variant (385). By analysing exon sequences frequently subjected to splicing, it was found 

that certain sequences mapped to the intracellular loop regions of this protein. Cryo-electron 

microscopic structures did not provide enough resolution to determine loop positions but 

because it is placed near the C-terminus region it might be involved in interactions with 

central pore. These spliced variants were cell-specific and show altered mechanical 

sensitivity, with some showing faster inactivation rates of the channel further supporting the 

role of these loop domains in tuning channel sensitivity (385). 

4.2 Gating of Piezo channels 

2 general models have been described to explain the gating mechanism of channels that are 

activated in response to mechanical force.  

The force-from-lipid principle (386) of mechanical gating explains that unlike moving soluble 

molecules that are subjected to uniform forces from interactions with neighbouring 

molecules, molecules in a lipid bilayer are subjected to constant anisotropic forces. These 

forces are inherently generated during assembly of the lipid bilayer, and are constantly 

exerted during maintenance of the lipid bilayer integrity. These forces are analogous to 

surface tension that is generated in a water-oil interface and are mainly concentrated at 

polar-nonpolar junctions in the bilayer. Membrane lipid molecules tend to assemble into 

compact sheet forms in order to reduce surface tension. Surrounding water molecules 

interact with polar head groups of the lipid layer, while non-polar chains are sequestered. 

This creates a strong lateral force that is balanced by intermolecular repulsion between 
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hydrocarbon tails and polar heads. Thus, in equilibrium, force is uniformly distributed 

throughout the bilayer. Therefore, proteins that are inserted within the lipid bilayer are 

subjected to directional forces. Application of external force or chemical modifications to the 

lipid membrane that produce membrane deformations or membrane strain, can alter the 

direction of these internal forces, causing the inserted protein to change their conformation 

and consequently affecting their function. A classic example of this gating principle is bacterial 

mechanosensitive channels MscL and MscS (387). These channels are gated in response to 

mechanical forces that produces a change in resting membrane tension. Experiments in which 

these channels have been reconstituted into artificial lipid bilayers have shown that 

membrane stretch alone is sufficient to open these channels. Presence of other proteins or 

cytoskeletal components is not needed for channel activity (387). Eukaryotic two-pore domain 

potassium channels (K2p) also fall under this category of mechanical gating (388). In this model, 

modification of the resting tension of the lipid bilayer is sufficient to transduce alterations in 

lipid-protein interaction thereby leading to channel activation (Fig. 4-2-1a.). 

The force-from-filament or the tether model of mechanical gating proposes that 

mechanosensitive channels are gated through force-dependent changes in their interaction 

with other proteins (389) (Fig. 4-2-1b). These mechanosensitive channels are tethered to 

intracellular cytoskeletal components. Cytoskeletal remodelling or changes in ECM 

interactions exerts mechanical strain on tethered mechanosensitive channels that might lead 

to conformation changed-mediated channel activation. The NOMPC channel belonging to the 

family of transient receptor potential channel (TRPC) protein is a classic example of tether 

model (390). The cytoplasmic N terminus region of this protein is enriched in ankyrin repeats 

(AR) that associate with microtubules. This association is required for gating of the channel. 

By using deletional mutants of this channel in which AR were sequentially deleted, it was 
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shown that these repeats are essential for mechanical gating of these channels (390). 

Amplitude of current generated from wild type and mutated channels were compared and it 

was observed that deletional mutants were impaired in their ability to respond to mechanical 

force. By inducing microtubule-depolymerising, similar impairment in mechanogating was 

observed thus providing evidence that force for gating is generated from cytoskeletal 

filaments (390). This study, however, did not delve into the possibility of this mechanoreceptor 

interacting with adjacent lipid bilayer or whether any force is transduced through it. Integrin 

adhesion receptors are examples of this mechanism of mechanical gating. As discussed 

before, changes in cytoskeletal generated forces induces activation of tethered integrins 

through structural changes (363,364).   

 

 

Figure 4-2-1. Gating strategies of mechanosensors. Two main models have been proposed 

to explain the gating mechanism of mechanosensitive channel. The force-from-lipid model 

postulates that changes in the lipid bilayer resting tension triggers opening of the channel (a). 

The force-from filament model states that external forces originating due to interaction with 

the ECM components or cell-intrinsic forces generated due to cytoskeletal tethering causes 

gating of the mechanosensitive channel (b). (Adapted from Ridone P. et.al. Biophys Rev. 2019 

(378).) 

 

4.2.1 Gating of Piezo channels through lipid bilayer tension 
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A report by Syeda et.al. (391) showed that Piezo1 channels are inherently mechanosensitive. 

They can be activated by changes in lateral membrane tension only and do not require any 

additional cellular components for gating. Purified Piezo1 proteins were reconstituted in 

artificial lipid bilayers and channel activity was recorded in response to mechanical stimuli 

generated by subjecting the lipid vesicle to an osmotic gradient. An osmotic gradient will 

produce changes in the droplet volume and concomitant asymmetric changes in membrane 

tension across the lipid bilayer. Since these lipid droplets were devoid of any cytoskeletal 

components or membrane proteins, this study proves that Piezo1 channels are gated through 

sensing of lateral membrane tension only. Disrupting cytoskeletal network through impairing 

actin or microtubule polymerisation did not impede Piezo1 activation.  Piezo1 was also 

stimulated when cell membranes were mechanically stretched through patch clamping 

techniques. Piezo1 activity is measured by measuring Piezo1-activated currents, that are 

generated due to ion passage across the channel on activation. Application of positive and 

negative pressure to cell membrane patches induced local membrane curvature. Negative 

pressure applied to cell-attached patches produced convex curvature of the membrane, while 

positive pressure produced concave curvature. Membrane curvature induced Piezo1 

activation and generation of Piezo1 currents (392,393). Application of increasing positive 

pressure to the membrane patch generated Piezo1 currents of increasing amplitude. 

According to Laplace’s law, pressure-induced changes in surface curvature is directly related 

to lateral tension (T = R.∆p/2; where T is the lateral tension; ∆p is changes in applied pressure; 

R is the radius of curvature of the surface) (394). Hence, pressure-induced changes in 

membrane curvature produces changes in the lateral membrane that leads to activation of 

Piezo1.  
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Gating of mechanosensitive MscL channel involves in-plane expansion of pore area (395). Piezo 

channels, however, have low ion conductivity (100 times lesser than MscL) and are cation-

selective (396). Both these properties are inconsistent with a large pore diameter. It has been 

observed that Piezo1 reconstitution into lipid droplets induces a local membrane curvature 

(397).  Any lateral membrane tension that will trigger membrane flattening will lead to channel 

opening with expansion of the channel-membrane system, without actually increasing pore 

diameter (397). This model is primarily based on the fact that piezo channel conformation is 

incompatible with planar membranes and electron microscopic images reveal local 

membrane curvature in Piezo occupied areas in lipid vesicles. But further studies about the 

natural state of Piezo channels in resting membranes in cells need to be elucidated. Cry-

electron imaging of Piezo1 showed that it tends to adopt different degrees of curvature when 

reconstituted in lipid vesicles depending on the size and hence, curvature of lipid vesicles. 

Application of mechanical force causes flattening of Piezo1 with concomitant expansion of 

Piezo1 area consistent with open channel configuration (397). Hence, changes in the lateral 

membrane tension can cause reversible changes in the Piezo1 conformation leading to its in-

plane flattening and channel opening (395, 397) (Fig. 4-2-2).  
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Figure 4-2-2. Gating of Piezo1 channels. Piezo1 channels senses changes in membrane 

tension. Lateral membrane stretch is sensed by force-sensing extracellular blades which 

causes change in Piezo1 structure, leading to its flattening and subsequent opening of the 

central pore. The blue model represents closed state of the channel while the orange model 

represents the open state (a). While the blades serve as force sensors, the beam region act 

as transducers of force through a lever-like mechanism. Upon exertion of external force on 

the distal blades, the beam (specifically amino acid residues, Ll1342 and Ll1345) acts as a 

fulcrum and transduces the force to the central pore which increases its diameter causing the 

channel to open (b). (Figure adapted from Fang et.al. Cell Biosci. 2021(376).) 

 

4.2.2 Effect of cytoskeletal and ECM interactions on Piezo gating 

Although the above reports conclusively show Piezo1 can be gated solely through changes in 

the lipid bilayer tension profile, there are many reports that show Piezo1 activity is regulated 

and modified through its interactions with cytoskeletal and ECM components (398). During 

curvature-induced Piezo activation, different patch clamp configuration was applied to induce 

opposite curvatures (394). It was observed that although Piezo1 was activated during both type 

curvature formation, its activity varied significantly in terms of current amplitude and 

threshold sensitivity. Concave and convex-curved membrane employ different degrees of 

cytoskeletal tethering on account of their differential geometry. Threshold forces required to 

activate Piezo1 differed between cell-attached versus inside-out configurations of patch 

clamp (398). Since the cytoskeletal content associated with these configurations also varied, it 

is very likely that cytoskeletal contacts tune Piezo1 activity. Report by Cox et.al. (399) showed 

that Piezo1 proteins reconstituted in HEK293 membrane blebs devoid of any cytoskeleton 

were activated by membrane tension, confirming Piezo1 gating in response to lipid bilayer 

tension. But forces required for Piezo1 gating in cytoskeleton-free membrane bleb were 
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lower in magnitude as compared to that required for gating in whole cells. This increased 

sensitivity of Piezo1 to mechanical forces in the absence of cytoskeleton shows that 

cytoskeletal interactions tune Piezo1 responsiveness to tension. The cortical cytoskeleton 

confers a degree of ‘mechanoprotection’ to the cell by resisting changes in membrane 

deformation in response to mechanical stimuli thereby maintaining structural integrity (400). 

Hence, presence of cytoskeletal interactions increases the threshold force required for Piezo1 

gating. Piezo1 channels in whole cell is characterised by rapid inactivation post-stimulation. 

However, Piezo1 channels in artificial lipid membrane do not display such inactivation 

kinetics, suggesting that other proteins and cytoskeletal interactions regulate its activity 

(399,400). Thus, although cytoskeletal interactions are not needed for force-induced Piezo1 

gating, cytoskeletal tethering does influence gating kinetics and force sensitivity (Fig. 4.2.2).   

Piezo activity is also regulated by interactions with the ECM (Fig. 4-2-3). Studies have shown 

their preferential localisation in regions of cell contact with the ECM (401). Piezo channels 

localised to these contact regions show considerable increase in force sensitivity, as evident 

by lower magnitude forces needed to activate them in these sites (401-403). AFM cantilever was 

used to apply pushing and pulling force to Piezo1 overexpressing cells and fluorescence -

based Ca2+ detection was performed to measure Piezo1 response (404). The AFM cantilever 

were coated with various ECM proteins to mimic Piezo1-ECM interaction. Piezo1 activation in 

response to pushing forces was unaffected by ECM coating suggesting that pushing force-

mediated Piezo1 response was independent of ECM interactions (404). When Piezo1 was 

subjected to pulling forces by means of ECM-coated cantilever, threshold force required for 

stimulation was well below threshold pushing forces required for the same (404). Thus, this 

study suggests that ECM interaction along with directionality of applied forces may modulate 

Piezo1 response. Modulation of Piezo1 activity through ECM interactions was mainly 
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mediated through Collagen IV component of the ECM (404). It has been shown that Piezo1 

activity is regulated by ECM interactions in aggressive gliomas (405). Piezo1 tends to localise in 

focal adhesion sites of ECM contact, where they enhance ECM stiffness through interactions 

with ECM components and positive feedback signalling.  

 

Figure 4-2-3. Influence of cytoskeletal tethering and ECM interaction on Piezo1 gating. ECM 

components like E-cadherin interact with the cap domain of Piezo1, thus tethering Piezo1 to 

the ECM. The cytosolic domain of the Piezo1 subunit interact with actin cytoskeleton through 

adaptors β-catenin and vinculin. This interaction with the ECM and cytoskeletal components 

regulates threshold sensitivity of Piezo1 to mechanical force, thus modulating its gating 

capacity. (Adapted from Yang et.al. bioRxiv 2020.05.12.092148 (401)) 

 

Piezo1 gating studies with intact cytoskeletal and ECM interactions is a closer simulation of 

physiological conditions and thus can provide a better understanding of channel mechanics. 
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It was also shown that STOML3 which is required of touch sensation, significantly modulates 

Piezo1 activity in rat sensory neurons (406). By means of elastomeric pillar arrays, mechanical 

stimulus was applied to a defined area of the cell by deflecting a single pilus. Piezo channels 

showed acute sensitivity at substrate-cell interface. This significant sensitisation of Piezo 

channels by STOML3 ensures that stimuli applied on the skin surface maintains sufficient 

threshold values despite considerable attenuation by the time they reach nerve endings in 

the deeper skin layers (406).  In yet another studies, it was found that depletion of plasma 

membrane phosphoinositides, PI(4,5)P2 and PI(4)P that occurs downstream of TRPV1 

activation results in Piezo channel inhibition (407). Moreover, it has been shown that Piezo1 

signalling leads to alterations in the composition of the lipid-protein bilayer of the cell 

membrane which in turn affects Piezo1 activity (408). Piezo1 activity is also dependent on 

cholesterol-dependent formation of Piezo1 clusters (409). Cholesterol depletion using methyl-

β-cyclodextrin increases threshold forces required for activation. These findings suggest that 

a despite its inherent mechanosensitive property, a number of membrane and cellular 

components modulate Piezo channel activity.  
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4.3 Physiological roles of Piezo channels 

Piezo-mediated mechanotransduction has been implicated in a wide range of physiological 

and cellular processes (Fig. 4-3). Abnormal Piezo signalling has been associated with 

pathogenesis in various disease conditions. Role of Piezo mechanotransduction in 

physiological processes and disease pathogenesis has been briefly described in the following 

section.  

Regulation of stem cell differentiation 

Stem cells are sensitive to numerous chemical, biological and biophysical cues from their 

microenvironment. The stem cell niche consists of various soluble or surface bound signalling 

molecules, an interactive network of a heterogenous of population of cells, the ECM and the 

mechanical microenvironment (410). The biophysical cues in the stem cell niche play an 

indispensable role in determining stem cell fate (411). Piezo1 mediated mechanostransduction 

has been found to play a crucial role in directing the fate of a number of stem cells. Human 

neural stem/progenitor cells (hNSPCs) highly express Piezo1 (412). hNSPCs are highly sensitive 

to stiffness properties of the ECM (412). These cells generate stiffness-dependent traction 

forces on the substrate which is sensed by Piezo1. Piezo1 activation on rigid substrates favour 

neurogenesis, while inhibition of Piezo1 directs the stem cell fate towards astrocytes 

formation. Nuclear translocation of transcriptional coactivators Yap/Taz downstream of 

Piezo1 activation was shown to affect lineage determination of these cells (412). Similarly, 

Piezo1 activation also favours osteoblast differentiation over adipocyte differentiation of 

bone-marrow derived mesenchymal stem cells (413). Studies have shown that bone mass is 

strongly correlated with physical activity, or in other words a mechanically stimulated 

microenvironment favours bone generation (414). Piezo1 activation in response to hydrostatic 
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pressure results in upregulation of the bone morphogenetic protein 2 (BMP2) that drives 

osteogenesis (413). It has recently been shown that enteroendocrine precursor cells in the 

Drosophila midgut highly express Piezo1 channels and mechanical activation of these 

channels mediates proliferation and differentiation of these precursors to enteroendocrine 

(EE) cells (415). These EE cells are involved in a number of intestinal functions. Piezo1 mediates 

differentiation of these precursors to EE by Ca2+-dependent inhibition of Notch signalling, 

while mediating proliferation of these cells through Ca2+-dependent phosphorylation of ERK 

(415). The gastrointestinal tract provides a mechanically stimulated environment that induces 

differentiation of cell types that regulate intestinal functions.  

Regulation of vascular structure and function 

Piezo1 channels mediate shear stress response in endothelial cells (416). Piezo1-/- was 

embryonically lethal and embryos were characterised by severely under developed vascular 

structures with very few fully formed blood vessels. Endothelial cell migration in response to 

vascular endothelial growth factor (VEGF) was driven by Piezo1 activity.  Piezo1 activity in 

response to shear stress was also found to trigger Ca2+-dependent calpain 2 activation, that 

is involved in endothelial cells alignment by modulating actin cytoskeleton and focal adhesion 

turnover (416). Maintenance of blood vessel tone in response to blood flow is essential for 

controlling arterial blood pressure. A number of factors that mediate blood vessel 

vasodilation in response blood flow shear stress are released by endothelial cells (417). One of 

the major vasoactive factors released from endothelial cells in response to shear stress is 

nitric oxide (eNOS). It has recently been demonstrated that Piezo1 mediated sensing of shear 

stress leads to ATP release that activates purinergic receptors that results in downstream 



145 | P a g e  
 

activation of Akt pathway and phosphorylated eNOS production (418). Thus, Piezo1 activity is 

required for maintaining blood pressure homeostasis.  

Piezo1 is highly expressed in smooth muscle cells lining small-diameter resistance arteries 

particularly caudal and cerebral artery (419). Resistance arteries undergo intense remodelling 

of the smooth muscle cells lining the blood vessel lumen in response to hypertension so as to 

maintain normal blood pressure (420). Although loss of Piezo1 did not affect basal myogenic 

tone of these blood vessels, these channels mediated arterial remodelling under hypertensive 

conditions. Piezo1 activation under these conditions resulted in downstream activation of 

Ca2+-dependent transglutaminases (TG) that is involved in structural remodelling of small 

arteries in response to high blood pressure (419). Removal of the mechanoprotective influence 

of the cytoskeleton by specifically deleting the smooth muscle actin crosslinking filamin A, 

(smFlnA) increased the number of Piezo1 channels that were activated in small arteries in the 

absence of hypertension. The extent of arterial wall thickening significantly correlated with 

increased Piezo1 channel activity which was reversed when either of the Piezo1 alleles were 

deleted along with FlnA (419). These findings indicate that mechanotransduction by Piezo1 

channels play a crucial role in maintaining vascular structure and function in response to 

blood flow and pressure.  

Chondrocyte mechanotransduction 

Chondrocytes are subjected to considerable mechanical strain. It is known that post traumatic 

injury can lead to chondrocyte death that may culminate in debilitating osteoarthritis. Lee 

at.al. (421) showed that inhibiting Piezo channels with GsMTx4 leads to significant protection 

from mechanical injury triggered cell death. Inhibition of dynamin GTPase significantly 

strengthened GsMtx4 inhibition possibly by affecting membrane curvature and enhancing 
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insertion of GsMTx4. Both Piezo1 and Piezo2 mediate mechanically activated currents in 

chondrocytes and is believed to confer mechanosensitivity to these cells (421). Further 

molecular details of the mechanotransduction pathway need to be elucidated. This finding 

could generate new therapeutic targets for treating degeneration of cartilage post injury and 

controlling posttraumatic arthritis.  

Maintenance of epithelial cell homeostasis 

Piezo1 activity has been shown to regulate epithelial cell density (422). In cell-sparse areas cells 

tend to stretch, which activates these channels downstream of which, cell proliferation is 

triggered. In regions of cell crowding Piezo1 activation, however, induces extrusion of cells 

that will be destined for apoptosis (423). This distinct response could be attributed to the ability 

of these channels to sense differential tension in these situations by localizing to different 

subcellular compartments. In regions of low cell density low levels of Piezo1 mainly resides in 

the nuclear envelope and accumulates over time. At higher densities they localise to the 

plasma membrane and endoplasmic reticulum where they mediate cell proliferation. At cell 

crowding stage they form large cytoplasmic aggregates (423). More work has to be done to 

elucidate the differential response depending on kinds of the membrane tension these 

channels encounter.  

Regulation of red blood cell (RBC) volume 

Gain-of-function mutations of Piezo1 results in severely dehydrated RBCs, a condition termed 

as dehydrated hereditary stomatocytosis (DHS) associated with mild hemolysis (424). RBCs are 

subjected to significant mechanical forces in circulation. Piezo1 mediated influx of Ca2+ in 

response to these forces, activate KCa3.1 or Gardos channels that allow efflux of K+ and H2O 

resulting in RBC dehydration or volume reduction (425). This Piezo1-mediated regulation of cell 
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volume aids a number of physiological process including facilitating movement of RBCs 

through narrow capillaries or concentration of haemoglobin in the cell periphery, that 

accelerate release of oxygen from haemoglobin. Loss of Piezo1 function in RBCs leads to 

overhydrated and osmotically fragile RBCs (425). Interestingly, gain-of-function Piezo1 

conferred resistance to malarial infection in mice (426). RBC dehydration was primarily 

responsible for attenuated parasite growth and protection against cerebral malaria in these 

mice. Remarkably, about one-third of African population carry a gain-of-function Piezo1 

mutation, E756del (426). This mutant allele shows a high allelic frequency of 9%-23% in 

individuals of African origin. RBCs isolated from donors carrying this mutation displayed 

morphologies similar to those as hereditary xerocytosis as described earlier. These RBCs also 

showed significantly lower parasite load when infected with Plasmodium falciparum in 

comparison to RBCs isolated from non-carriers. These findings suggest that is gain-of-function 

Piezo1 mutant allele is under strong positive selection in African populations regions since 

malaria is highly prevalent in this region (426). Although genome-wide association studies could 

not detect this mutant Piezo1 locus among the genetic loci responsible for conferring malarial 

resistance, this study provides strong experimental evidence and this Piezo1 locus can be 

further analysed in endemic malarial populations. Similar loss or gain-of-function Piezo1 

mutations can be examined for their association with other disease phenotypes, that will 

provide critical understanding of the role of general mechanotransduction in physiological 

processes.  

Light touch sensation and nociception 

Piezo2 has been shown to mediate light touch sensation (427). The merkel cell-neurite complex 

in the skin is a receptor for gentle touch (428). Merkel cell and the afferent nerve fibres that 
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innervate them form synapses, that transmit gentle touch sensation in skin. Piezo2 is highly 

expressed in Merkel cells and synaptic nerve fibres (429). Deletion of epidermal Piezo2 

drastically reduced the ability of these cells to mediate slowly adapting currents in response 

to mechanical touch. Gentle touch is sensed by these cells that produces sustained 

depolarization which ultimately triggers firing of slowly adapting currents in the afferent 

nerve fibres.  Piezo2 deletion reduced the frequency and rates of firing in the afferent nerves 

in response to light touch or low mechanical forces (429,430). Mice with skin-specific Piezo2 

deletion were less responsive to light touch triggered behavioural tests (428). These findings 

suggest that Piezo2 enabled mechanotransduction in these Merkel cell-neurite complexes 

significantly contribute to the ability these skin complexes to respond to finer spatial and 

textural details like surface, edge and curvature of objects (429). Since loss of Merkel cells-

specific Piezo2 function did not completely abrogate touch responses this suggested whether 

similar process of mechanotransduction occurs in other touch receptors like LTMRs (low-

threshold mechanoreceptors) and nociceptors. Neural crest cells derived from human 

embryonic stem cells are can be differentiated to sensory neurons in vitro. These neurons 

express genes characteristics of LTMRs and thus facilitates exploring the mechanosensory 

properties of these cells (431). Differentiation of these progenitor cells into LTMRs is 

characterized by distinct upregulation of Piezo2 expression (432). Piezo2-/- neurons failed to 

show any mechanically activated currents while Piezo2+/- showed intermediate levels of 

mechanically-induced currents (432). These findings indicate that Piezo2 mechanotransduction 

is widespread in a number of touch receptors. The molecular mechanisms downstream of 

Piezo2 activation in light touch sensation in LTMRs will need to be elucidated. Mechanical 

allodynia is a condition characterised by overt painful sensitivity to innocuous touch (433). 

Overexpression of Piezo2 in LTMRs induce painful behavioural response in mice in response 
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to light stimulus (433). Capsaicin-mediated activation of nociceptive TRPV1 channels increases 

sensitivity of neurons to peripheral touch and induces mechanical allodynia. Capsaicin-

treated wild-type mice exhibited painful behaviour in response to gentle stroke but Piezo2-

deficient mice did not exhibit any such response (434). Nerve injury-dependent similar painful 

responses to light stimulus was also abolished in Piezo2-deficient mice. Nociceptors are high-

threshold receptors that sense harmful mechanical stimuli. Loss of Piezo2 resulted in partial 

attenuation of nociceptive responses in mice (435). These findings imply that Piezo2 plays an 

important role in mechanical allodynia in LTMRs and nociception in nociceptors.  Thus, Piezo2 

can prove to be viable target in treating abnormal painful responses to mechanical stimulus. 

Proprioception 

Proprioception is the ability to sense the position of our body in the environment and is 

required for basic functions like walking, maintaining equilibrium or limb movements (436). 

Proprioception is mediated by a specialized group of sensory neurons that innervate muscle 

spindle fibres where they sense muscle stretch and Golgi tendon organs where they sense 

muscle tone (436). Piezo2 has been found to be highly expressed in the nerve endings of these 

proprioceptive neurons (437). These neurons mostly exhibited rapidly activating (RA) 

mechanical currents similar to Piezo2. Although loss of Piezo2 function in adult mice did not 

drastically affect proprioception, it was possible that deletion of Piezo2 from birth would 

result in severe impairment of proprioceptive abilities. Indeed, postnatal mice with Piezo2 

knockout (KO) in parvalbumin-expressing proprioceptive neurons showed severe defects in 

limb positioning and coordinated limb movements (438). These KO mice did not show any 

considerable structural or numerical changes in the sensory neurons suggesting that these 

neurons were functionally unable to sense and transduce information. Piezo2-deficient 
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neurons elicited low levels of RA currents in response to mechanical stimulus and consequent 

action potential was generated in only a small subset of these neurons. Also, only a small 

percentage of muscle fibres afferent nerves showed firing in response to mechanical stretch 

in Piezo2 KO condition (437,438). These findings suggest that mechanotransduction by Piezo2 is 

critical for proprioception mice. Although Piezo2 function in human proprioception has not 

been explored Piezo2 mutations were found to be associated with distal arthrogryposis type 

5 (439) and Marden-Walker syndrome (440). These syndromes are characterised by severe 

defects in muscle joints, myopathy, progressive scoliosis, severely impaired proprioception 

and sensory ataxia (440).  These findings indicate that Piezo2 may play a similar role in human 

proprioception the mechanistic details of which need to delineated. 
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Figure 4-3. Role of Piezo channels in physiological processes. Piezo1 mechanotransduction 

is required for development of endothelial blood vessels. Piezo1 responds to shear stress and 

regulates alignment of the endothelial cells during blood vessel formation (Aa). Piezo1 also 

regulates blood vessel tone through nitric oxide (NO) signalling in response to shear stress. 

This is critical for regulation of blood pressure (Aa). Piezo1 also regulates remodelling of the 

smooth muscle cell lining of the blood vessels. In doing so, it helps regulate blood pressure, 

especially during conditions of hypertension when arterial wall thickening is observed (Ab). 

Red blood cells (RBCs) experience significant mechanical stress in circulation. Piezo1 has been 

shown to regulate RBC volume in response to external stress. In response to force, activated 

Piezo1 channels allow influx of extracellular cations while driving downstream efflux of 
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potassium ions and water, thus regulating its volume according to physical cues (Ac). Piezo1 

channels have been mostly implicated in regulation of touch sensitivity, proprioception and 

respiration. They are highly expressed by Merkel cells in the dorsal root ganglion of the spinal 

cord which mediate low-threshold touch sensitivity (Ba). They are also expressed highly in 

nerve endings of skeletal muscle fibres where they help regulate position and equilibrium of 

limbs by sensing muscle stretch (Bb). Sensory neurons that innervate lung cells also express 

Piezo2 which senses muscle stretch and relay the signal to the central nervous system, thus, 

regulating respiration (Bc). (Adapted from Murthy et.al. Nat Rev Mol Cel Biol. 2017 (441)) 

 

Role of Piezo channels in disease pathogenesis 

A recent study by Zhao et.al. (442) found that Piezo1 played a significant role in regulation of 

adipocyte function in development of insulin resistance in obesity. Adipocytes show immense 

plasticity by undergoing changes in volume and size especially during obesity. Piezo1 

expression adipocytes was shown to regulate adipocyte activity by suppression of 

proinflammatory response in obesity. Loss of Piezo1 signalling led to accelerated 

development of insulin resistance, heightened proinflammation and lipolysis in high fat diet-

induced obese mouse models. Suppression of adipocyte inflammation by Piezo1 during 

obesity is suspected to be mediated through Piezo1-dependent inhibition of proinflammatory 

TLR4 pathway (442). Adipocyte Piezo1 upregulation during obesity can be considered to be an 

adaptive response to cope with increased inflammation.     

Role of Piezo mechanotransduction in cancer progression has been a subject of intensive 

study considering the importance of changing mechanical environment during tumour 

formation and progression. Increased expression of Piezo1 and Piezo2 correlated with better 

prognosis and survival in non-small cell lung carcinoma (NSCL) (443). Analysis of human NSCL 

tissues showed increased Piezo1 deletion rates while Piezo2 showed higher mutation 
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frequencies. Elucidation of mechanisms involving Piezo-mediated inhibition of NSCL is needed 

to develop diagnostic or therapeutic strategies. It has also been found that when cancer cells 

are subjected to cyclical stretch, they undergo apoptosis through Piezo1-activated signalling. 

Ca2+ downstream of Piezo1 activation triggers calpain protease activation and downstream 

mitochondrial apoptosis (444). Other studies have also reported that dysregulated Piezo1 and 

Piezo2 activity is associated with aggravated forms of cancer (445).  

Gain-of-function mutations in Piezo1 has been associated with protection from cerebral 

malaria in mice through inhibiting growth of Plasmodium falciparum in RBCs (426). Gain-of-

function Piezo1 E756del allele is highly enriched in African populations, suggesting their 

selection in malaria-infested populations. A recent study found a positive correlation between 

Piezo1 E756del allelic frequency and protection against cerebral malaria in a cohort of 

Gabonese children (446). The RBCs of individuals expressing this Piezo1 allele displayed normal 

RBC morphology, although infected cells expressed reduced levels of P. falciparum virulence 

protein, PfEMP-1 (446). Hence, Piezo1 expression levels and allelic type strongly influence 

susceptibility to malarial infections.  

Thus, Piezo channels play a dominant role in mediating mechanotransduction in various 

physiological processes and have also been associated with altered or diseased states.  
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Chapter 5: Role of Piezo 1 mechanosensors in T cell activation 

 

Piezo1 activity in RBCs was particularly intriguing, and led us to think whether these 

mechanosensors played a similar role in T cells which also belonged to the hematopoietic 

lineage. BIOGPS database showed that Piezo1 channels are highly expressed in the human 

immune cell compartment particularly in CD4+ and CD8+ T lymphocytes (Fig. 5-1 A) while 

Piezo2 channels show reduced expression (Fig. 5-1 B). For my thesis, I aimed to study the role 

of Piezo1 channels in T cell mechanotransduction. The following sections will describe the 

role of Piezo1 activity in two aspects of T cell function where mechanotransduction-mediated 

signalling is crucial – T cell activation and migration.  

 

Figure 5-1. BIOGPS gene expression/activity chart of human Piezo1 and Piezo2. This graph 

represents human tissue-specific Piezo1 (A) and Piezo2 (B) mRNA distribution. The graph 
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shows high expression of Piezo1 channels in immune cell subsets, particularly, CD4+ and CD8+ 

T lymphocytes (A) as compared to Piezo2 channels (B). (Adapted from biogps.org) 
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5.1 Generation of mechanical forces during T cell activation 

T cells bind APCs through TCR and cognate pMHC interactions. A productive TCR-pMHC 

interaction results in TCR triggering, leading to TCR activation and induction of downstream 

signalling pathways, that bring about T cell effector phenotype and function (311). Efficient TCR 

triggering requires close T cell-APC interaction which is facilitated through formation of a 

stable immunological synapse (311). The immunological synapse serves as the hub of 

information exchange between cellular partners, and also acts as the centre of TCR activation-

induced signalling. The immunological synapse consists of distinct signalling zones arranged 

in a concentric manner. These zones are called supramolecular activation clusters (SMACS) 

and each comprises a distinct composition of signalling protein components (311,447) (Fig. 5-2-

A). The central SMAC (cSMAC) primarily consists of TCR molecules and co-stimulatory proteins 

like CD28, signalling partners like Lck kinases. The cSMAC is surrounded by peripheral SMAC 

(pSMAC) that mainly contains adhesion proteins like integrins. The outward most zone, the 

distal SMAC (dSMAC) mainly contains bulky proteins with large ectodomains like CD45 

tyrosine phosphatase and CD43. The dSMAC also consists of a ring of polymerised F-actin 

network. The immunological synapse is a dynamic structure that undergoes constant 

rearrangement. Active actin polymerisation at the dSMAC along with myosin-mediated 

contraction drives retrograde actin flow which triggers mobilisation of TCR microclusters and 

integrin receptors towards the centre of the synapse (447). T cells also extend membrane-

cytoskeletal protrusions towards APC surface or target cells in the process of antigen scanning 

or target cell killing (311,447). Extension and retraction of membrane extensions are facilitated 

by actin-cytoskeletal rearrangement and membrane stretching. Target cell lysis during CTL 

activity requires directed release of lytic granules across the synapse. This is facilitated by 
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cortical actin remodelling at the synapse (334). All these events leading to the formation, and 

maintenance of an active synapse results in generation of considerable mechanical forces that 

regulate signalling components activity which will be discussed in the following section (223,311). 

Disrupting cytoskeletal activity through inhibition of actin nucleation factor Arp2/3 or myosin 

light chain kinase activity, or promoting actin depolymerisation shows a dramatic reduction 

of forces measured at the immunological synapse (Fig. 5-2-B). Abolishment of mechanical 

forces severely impairs TCR activation and downstream signalling (223,311). The cortical 

cytoskeleton is maintained in a steady state level of tension because of mechanical activity. 

Since the T cell membrane is tightly tethered to the actomyosin network, any change in their 

state will produce consequent changes in the T cell membrane tension (448). T cells can sense 

APC surface rigidity and responds changes in mechanical stiffness. Interacting T cells and APCs 

experience shear stress in circulation and these forces have been shown to regulate binding 

affinity of adhesion receptors (223,331). T cells scan the APC surface for specific antigenic cues 

through extending tiny microvilli projections on the APC surface. A study reported that 

antigen scanning is facilitated by unconventional myosin 1g (Myo1g) motor-mediated 

generation of membrane tension that increases meandering ability of T cells (449). Improved T 

cell meandering and interactions with APC accentuates T cells capacity to search of cognate 

antigens. On encounter with cognate pMHC complex, they bind through TCR-pMHC 

interaction. This process of antigen searching and binding involves close interaction of 

apposing membrane and it produces significant changes in the T cell membrane tension, a 

cue which can be sensed by the T cell and guide its response. Thus, T lymphocytes are 

subjected to diverse external or cell-intrinsic mechanical cues that are somehow guide T cells 

to optimal activation and signalling.  Abolishment of mechanical forces impairs optimal T cell 

activation (223,311). Since no dedicated mechanosensor has been identified for T cell activation 
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through mechanotransduction, the aim of my research was to study the plausible role of 

Piezo1 mechanosensors in T cell activation. 

 

 

Figure 5-2. Formation of the T cell-APC immunological synapse. T cell-APC interaction is 

characterised by the formation of a signalling-proficient region known as the immunological 

synapse.  The immunological synapse can be divided into 3 distinct regions arranged in a 

concentric manner. They are called supramolecular activation clusters (SMACs) (A). The 

central region (cSMAC) comprises antigen-bound TCR clusters, associated co-stimulatory 

molecules and signalling kinases. cSMAC is surrounded by peripheral region (pSMAC) formed 

by adhesion molecules like integrins. The outermost concentric ring or the distal SMAC 

(dSMAC) consists of bulky moieties like CD45 and CD44. These proteins provide steric 

hinderance during T cell-APC adhesion and thus excluded from the signalling hub (A). Spatial 
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distribution of T cell signalling components and formation of these distinct signalling domains 

is driven by actomyosin cytoskeletal activity. Pushing forces generated by actin 

polymerisation in response to TCR stimulation concentrates TCR clusters from the periphery 

to the cSMAC region. Activity of myosin and myosin-associated motor proteins like dynein 

triggers actin retrograde flow which produces significant mechanical forces at the 

immunological synapse (B). (Figure adapted from Liu & Ganguly. Crit. Rev. Immunol. 2019 (311))  
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Chapter 6. Piezo1 is highly expressed in human T lymphocytes 

6.1 Introduction 

Numerous reports confirm the significance of mechanotransduction in T cell activation, 

downstream signalling and effector functions. The identity of a dedicated mechanosensor in 

T cell mechanotransduction has remained tenuous at best. Since Piezo channels have been 

widely implicated in numerous mechanical force-regulated cellular processes, including red 

blood cells, we speculated the potential role of these mechanosensors in T cell activation.  

6.2 Methods 

Isolation of human T lymphocytes 

PBMC isolation: 10ml blood was taken from healthy volunteers through informed consent 

according to ethical guidelines. Human peripheral blood mononuclear cells (PBMCs) were 

isolated from fresh blood using ficoll-gradient centrifugation. Briefly, blood was diluted at 1:1 

ratio in 1X PBS and gently layered onto ficoll (HiSep LSM 1077, Himedia) layer followed by 

centrifugation at 2500rpm, 25˚C at minimum acceleration and break. After centrifugation, the 

PBMC layer appeared in between topmost plasma layer and lower ficoll layer. PBMCs were 

collected after the topmost layer consisting of plasma and platelets was discarded. PBMCs 

were washed with 1X PBS. Contaminating RBCs were removed by incubation in RBC lysis 

buffer for 10 minutes at room temperature. Lysis was stopped by adding excess 1X PBS 

followed by centrifugation at 1500rpm, 5mins, 4˚C.  

Magnetic activated cell sorting (MACS): CD4+ and CD8+ T lymphocytes were isolated through 

magnetic immunoselection using CD4+ and CD8+-specific microbeads according to 

manufacturer’s protocol. Briefly, PBMC pellet was resuspended in 500µL of MACS buffer and 
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appropriate volume of CD4+ or CD8+ microbeads (Miltenyi Biotec) was added to the cell 

suspension followed by incubation at 4˚C for 20 mins under rotating conditions. After 

incubation, excess unbound beads were washed by adding excess MACS buffer and 

centrifugation at 1500rpm, 5mins, 4˚C. Bead-bound cells were passed through LS (large-sized) 

magnetic columns followed by washing with excess cell-free MACS buffer. CD4+ and CD8+ T 

lymphocytes were isolated through plunging of the column-bound positive fraction. Isolated 

T lymphocytes were cultured in RPMI+10% FBS at 37˚C, 5% CO2.  

Real-time quantitative PCR studies 

RNA isolation: For quantitation of Piezo1 and Piezo2 expression in CD4+ and CD8+ T cells, RNA 

was extracted from these subsets using TRIzol method. Briefly, cells were resuspended in 

800µL of TRIzol reagent (RNAiso Plus, Takara). 200µL of chloroform was added and mixed 

thoroughly followed by room temperature, 15 minutes incubation and centrifugation at 

13500rpm, 4˚C, 15 minutes to allow separation of RNA-containing aqueous layer. RNA was 

precipitated by adding equal volume of isopropanol to the aqueous layer and 15-minutes 

incubation at room temperature followed by centrifugation at 13500rpm, 15 minutes, 4˚C. 

Excess salts were removed by washing with 70% ethanol. After drying of ethanol, RNA pellet 

was resuspended using appropriate volume of nuclease-free water. 

cDNA preparation: cDNA was prepared using reverse transcriptase-based cDNA synthesis kit 

(Thermo scientific fisher).  
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Quantitative PCR analysis: Primers against FAM38A (Piezo1) and FAM38B (Piezo2) were 

designed using NCBI PRIMER-BLAST tool. SyBr green-based quantitative PCR was 

subsequently performed on Quantstudio 3 and relative gene expression was measured using 

18S as a housekeeping standard gene.  

Confocal microscopy 

 In order to check distribution of Piezo1 proteins in CD4+ T cells, human CD4+ T cells were 

isolated from blood. Coverslips were coated with 2mg/ml poly-L-lysine at room temperature 

for 1 hour followed by washing with 1X PBS and drying. CD4+ T cells were allowed to attached 

to poly-lysine coated coverslips for 2 hours at 37˚C. Unbound cells were removed by washing 

gently with 1X PBS twice. Duration of each 1X PBS wash was 1 minute.  Cells were fixed with 

4% paraformaldehyde at room temperature for 15 mins. PFA was removed by washing with 

1X PBS three times followed by permeabilization with acetone for 2 minutes at room 

temperature. Cells were subsequently washed thrice with 1X PBS. Blocking was performed 

with 3% Bovine-serum albumin in 1X PBS for 1 hour at room temperature followed by washing 

thrice with 1X PBS. Goat anti-human Piezo1 antibody was added at a concentration of 1:25 

(stock dilution) in 1X PBS and allowed to bind for 1 hour at room temperature in a moist 

chamber. Unbound antibody was removed by gently washing three times with 1X PBS. This 

was followed by addition of alexa-647 conjugated anti-goat IgG secondary antibody and PE-

conjugated anti-CD4 antibody (1:25 dilution). This was allowed to incubate for 1 hour at room 
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temperature in a moist chamber followed by washing three times with 1X PBS. After antibody 

incubation, DAPI was added at a concentration of 1ug/ml in 1X PBS and was allowed to stain 

for no more than 1 minute. Excess DAPI was removed by washing extensively with 1X PBS. 

Stained coverslips were mounted on microscopy slides containing Vectashield mounting 

medium. Images were acquired on Leica TCS SP8 confocal microscope.  

6.3 Results 

Piezo1 is highly expressed in human T lymphocytes: qPCR analysis of human CD4+ and CD8+ T 

lymphocytes showed that Piezo1 is highly expressed while Piezo2 expression is negligible (Fig. 

6-A). This confirms reports by public databases like BIOGPS portals. Piezo1 distribution in CD4+ 

T lymphocytes was assessed through confocal microscopy and it was found that resting CD4+ 

T cells showed Piezo1 residing in both cytoplasmic vesicles as well the plasma membrane (Fig. 

6-B). Thus, Piezo1 is uniformly distributed between cytoplasmic, nuclear and membrane 

compartments in resting CD4+ T cells. 

 



164 | P a g e  
 

Figure 6. Piezo1 is highly expressed in human T lymphocytes. (A) Quantitative PCR analysis 

showed that human CD4+ and CD8+ T lymphocytes show high expression levels of Piezo1 but 

not that of Piezo2. n= 3. (B) Confocal imaging of human CD4+ T cells shows that Piezo1 is 

uniformly distributed in cytoplasmic and membrane compartments of resting T cells. Paired 

t-test was performed to calculate statistical significance. (Adapted from Liu et.al. J Immunol. 

2018. (311)) 

6.4 Discussion 

Quantitative PCR studies confirmed high expression of Piezo1 mechanosensors in human 

CD4+ and CD8+ T lymphocytes. T lymphocytes, however lacked Piezo2 expression. Confocal 

imaging showed distinct cellular distribution of Piezo1 mechanosensors in CD4+ T 

lymphocytes, thus, making it a highly probable candidate that drives T cell activation by 

sensing mechanical cues during T cell interaction with cognate APCs.  
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Chapter 7. Optimal T cell receptor (TCR) activation requires Piezo1 

7.1 Introduction 

The T cell receptor (TCR) complex consists of the heterodimeric TCR molecule (αβ or ƴƍ) and 

associated CD3 subunits (Ɛƴ, Ɛƍ, ζ ζ) (450). The TCR molecule recognises cognate antigen-MHC 

complexes on APCs. Owing to their short cytoplasmic tail, they are unable to transduce 

downstream signalling. CD3 complex has a short N-terminus extracellular region followed by 

transmembrane domain and long cytoplasmic tails that contain ITAM (immunoreceptor 

tyrosine activation) motifs (53,451). Antigen recognition by the TCR molecule induces changes 

to the signalling-competent CD3 subunits that initiates downstream signalling pathways 

specific to TCR activation. TCR ligation with cognate pMHC induces auto and trans-

phosphorylation of ITAM motifs in the CD3 cytoplasmic tails mediated by protein tyrosine 

kinases like Lck and Fyn. Phosphorylated tyrosine in ITAMs serve as docking sites for signalling 

proteins like kinases and adaptor proteins that has the SH2 domain (Src homology 2 domain). 

ZAP-70 protein, a member of the Syk kinase family is one the earliest protein to be recruited 

to phosphorylated ITAMs. Bound ZAP-70 undergoes phosphorylation to form phosphorylated 

ZAP-70 (pZAP70), one of the earliest markers of TCR activation. pZAP70 phosphorylates 

adaptor proteins like transmembrane LAT (linker of activated T cell) and cytosolic SLP-76 (SH2 

domain containing leukocyte phosphoprotein) enabling formation of a T cell signalosome 

(53,451). The T cell signalosome recruits effector molecules like phospholipase Cγ-1, 

phosphoinositide 3-kinase (PI3K), and the adapters growth factor receptor-bound protein 2 

(GRB2), etc. These molecules trigger downstream signalling pathways like Ca2+ influx and 

subsequent activation of effectors like mitogen-activated protein (MAP) kinases, protein 

kinase C (PKC) and calcineurin. These signalling pathways lead to activation and nuclear 
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translocation of key transcription factors like NFAT, NF-κB and AP-1-dependent pathways that 

regulate T cell effector response like proliferation, cytokine production, migration etc (53,451). 

T cell activation can be quantified by measuring levels of T cell activation markers. As 

mentioned before, pZAP70 serves as one of the earliest markers of TCR crosslinking and 

activation (452). Other activation markers include surface expressed CD69, a type II C-lectin 

receptor (453). CD69 is expressed within 24 hours of TCR stimulation although its mRNA is 

observed as early as within 1-2 hours of stimulation. CD69 expression regulates many aspects 

of T cell activation including T cell differentiation, cytokine production, T cell retention in 

inflamed tissues or lymph nodes (453), etc. The IL-2 receptor α chain, CD25 is another marker 

of T cell activation (454). Its expression is upregulated between 24-48 hours of TCR stimulation. 

Its upregulation allows T cells to express high affinity form of the IL2 receptor consisting of α, 

β and ƴ chains which facilitates high-affinity binding to IL-2 cytokine that induces T cell 

proliferation and its clonal expansion (454). Finally, extent of T cell proliferation also determines 

levels of T cell activation. The following section will delve into the plausible role of Piezo1 

mechanosensors in optimal T cell activation. Using siRNA-mediated downregulation of 

Piezo1, I checked whether human T cell activation by means of TCR crosslinking was affected 

on Piezo1 knockdown. I performed real-time and flow cytometric based quantification of T 

cell activation markers on TCR crosslinking after Piezo1 downregulation.  

7.2 Methods 

siRNA-mediated Piezo1 knockdown 

Human Piezo1-specific esiRNAs (pool of siRNAs) was used to downregulate Piezo1 activity in 

human CD4+ and CD8+ T lymphocytes.  150nM of Piezo1 esiRNA was electroporated into 3-4 

million CD4+ and CD8+ T cells in a final volume of 100ul of RPMI without FBS, using Bio-rad 
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Gene Pulser XL. The cells were electroporated using an exponential decay pulse of 250V and 

950µF resistance in a 2mm cuvette. As control, 150nM of EGFP siRNA (siRNA targeting GFP) 

was similarly electroporated in control cells. The cells were incubated in complete RPMI for 3 

days to allow sufficient Piezo1 knockdown before activation studies.  

Culture and activation of human T lymphocytes 

Approximately 200,000 cells/well were cultured in a 96-well flat-bottomed plate. Human 

CD4+ and CD8+ T lymphocytes were activated in two ways – a) T cells were activated using 

TCR-crosslinking anti-CD3 and anti-CD28 soluble antibodies to mimic T cell activation in the 

absence of mechanical force b) They were activated using anti-CD3/CD28 coated dynabeads. 

These dynabeads consists of inert, superparamagnetic beads, approximately 4.5µm in 

diameter. These beads are covalently coupled to anti-CD3 and CD28 antibodies. These beads 

resemble APCs due to their similar sizes and expression of TCR-crosslinking ligands. Activation 

of T cells using bead-immobilised antibodies will exert mechanical forces on the T cells in 

addition to facilitating TCR crosslinking due to bead size and rigidity. T cells were stimulated 

with 2µg/ml each of anti-CD3 and CD28 soluble antibodies or with bead-immobilised 

CD3/CD28 antibodies in a cell: bead ratio of 1:1. T lymphocytes were stimulated under these 

conditions for different time durations depending on expression kinetics of activation 

markers. 

Real-time quantitative PCR studies 

To measure levels of Piezo1 downregulation, control-transfected T cells (designated as wild-

type, WT T cells, henceforth) and Piezo1 siRNA-transfected T cells were collected on day 3 

post-transfection. RNA was isolated followed by cDNA preparation and qPCR was performed 

using human Piezo1-specific primers. Data was analysed to measure relative expression of 



168 | P a g e  
 

Piezo1 using 18S as housekeeping standard. Piezo1 knockdown efficiency was expressed as 

fold knockdown of Piezo1 - 

 

For measurement of CD69 upregulation in response to TCR stimulation, ≈200,000 CD4+ and 

CD8+ T cells (both WT and Piezo1-deificient) were stimulated with soluble or bead-

immobilised anti-CD3/CD28 for 1.5 hours. Cells were collected in TRIzol and qPCR using 

human CD69-specific primer was performed.  

Flow cytometric-based quantification of T cell activation markers 

For measuring T cell activation markers, ≈200,000 human CD4+ and CD8+ T cells (control and 

knockdown cells) were stimulated with soluble αCD3/CD28 antibodies or bead-immobilised 

αCD3/CD28 antibodies and collected at different time-points depending on the expression 

kinetics of concerned activation marker. CD69 surface upregulation was measured at 18 hours 

post TCR stimulation while CD25 surface expression was measured 36 hours post TCR 

stimulation. 

Intracellular staining of pZAP70: For measurement of phosphorylated ZAP70 (pZAP70) levels, 

cells were collected 1hour post TCR stimulation in 0.5% paraformaldehyde (PFA). Cells were 

washed at 1500rpm, 5mins, 4˚C. Cell permeabilization was performed by incubating cells in 

0.1% saponin + FACS buffer (permeabilization) for 10 minutes on ice. Cells were subsequently 

washed with excess permeabilization buffer at 2400rpm, 5mins, 4˚C. Cells were incubated 

with PE-conjugated anti-phospho ZAP70 antibody (BD Bioscience) in 50µL permeabilization 

buffer for 20 minutes on ice. Excess antibody was removed by washing with excess 
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permeabilization buffer followed by excess FACS buffer. Cells were fixed in 1% PFA and 

acquired on BD LSR Fortessa II. 

Staining of surface activation markers: For CD69 and CD25 surface staining, TCR-stimulated 

control and Piezo1-deficient cells were collected 18 hours and 36 hours respectively post TCR 

stimulation. Collected cells were washed in FACS buffer at 1500rpm, 4˚C for 5mins. They were 

incubated with anti-CD69-PE or anti-CD25-APC antibodies ((BD Bioscience) for 20 minutes on 

ice. This was followed by washing with excess FACS buffer and fixation in 1% PFA. Stained 

samples were acquired on BD LSR Fortessa II.  

T cell proliferation assay 

In order to quantify T cell expansion, control and Piezo1 siRNA-transfected CD4+ and CD8+ T 

cells were stained with cell trace dyes - Carboxyfluorescein succinimidyl ester (CFSE) or cell 

trace violet (CTV, Thermo Scientific Fischer). Cell trace dyes are cell permeant fluorescent dyes 

that bind to amine groups in intracellular cytosolic proteins. On cell proliferation, due to 

division of cell matter, these dyes tend to get diluted with subsequent cell divisions. Hence, 

reduction of fluorescent intensity can be used to measure extent of cell proliferation.  

Briefly, 3.5nM of dye was added to 1.5-2 million control and Piezo1 siRNA-transfected cells 

resuspended in 1.5-2.0 ml of 1X PBS. Cells were thoroughly resuspended and incubated in 

dark at room temperature for 20 minutes with intermittent shaking to allow uniform staining. 

After 20 minutes, excess complete RPMI was added and cells were washed at 1500rpm, 4˚C 

for 5 minutes. Stained transfected cells cultured in complete RPMI and were stimulated with 

soluble αCD3/CD28 or bead-immobilised αCD3/CD28. Cells were collected on day 4 post-

stimulation. The extent of dye dilution (reduced fluorescent intensity) as a result of cell 

proliferation was measured on BD LSR flow cytometer.  
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7.3 Results 

Piezo1 is essential for optimal TCR triggering: As described in the previous chapters, T cell 

activation requires efficient generation and sensing of mechanical forces. In order to find out 

whether Piezo1 mechanosensors which are highly expressed in human T lymphocytes, play 

any role in T cell activation, we downregulated Piezo1 protein through Piezo1-specific siRNA-

mediated knockdown. Isolated CD4+ and CD8+ T cells were transfected with either control 

siRNA or Piezo1-specific siRNA. Control and Piezo1-downregulated cells were then stimulated 

with either soluble forms of TCR-crosslinking antibodies or bead-immobilised forms of TCR-

crosslinking antibodies, αCD3/CD28. Using bead-immobilised antibodies to crosslink and 

activate TCR mimics TCR activation by ligands presented on APCs since beads bound to T cell 

surface exert considerable mechanical force on the T cell surface (Refer to section 7.2). T cell 

activation in response to different forms of TCR crosslinking was measured by quantifying 

expression of activation markers at different time-points post-stimulation. T cell activation in 

control and Piezo1-deficient T cells was measured by quantifying early activation markers like 

phosphor-ZAP70 and CD69 expression levels and late activation markers like CD25 and 

cellular proliferation. As expected, bead-immobilised TCR crosslinking antibodies were much 

more efficient at TCR activation as compared to TCR crosslinking by soluble αCD3/CD28 

antibodies (Fig. 7-A-G). This provides further validation to previous studies that bead-bound 

or surface immobilised TCR crosslinking antibodies are much more efficient than soluble 

antibodies at TCR triggering and downstream activation due to generation of mechanical 

forces during TCR interaction with the former. Downregulation of Piezo1 led to significant 

reduction of TCR activation in response to bead-immobilised TCR crosslinking antibodies. 

Piezo1-deficient T cells showed reduced levels of phosphorylation of ZAP70 (pZAP70) 
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downstream of TCR-crosslinking (Fig. 7-A). Interestingly, when we compared reduction of 

pZAP70 induction in Piezo1-deficient T cells relative to control cells, there was strong positive 

linear correlation between reduction of pZAP70 levels and Piezo1 knockdown efficiency (Fig. 

7-B). Cells with higher Piezo1 downregulation levels showed greater abrogation optimal TCR 

activation in terms of pZAP70 induction. In order to assess effects of Piezo1-downregulation 

on TCR activation, we only used those experiments for analysis where Piezo1-knockdown 

efficiency was more than 40% (Fig. 7-G). Piezo1 downregulation also strongly impaired 

upregulation of CD69 mRNA and surface expression (Fig. 7-C and 7-D) in response to TCR 

crosslinking by bead-immobilised αCD3/CD28. Piezo1-deficient CD4+ and CD8+ T cells also 

showed markedly reduced proliferation capacity in response to TCR triggering as measured 

by reduction in high-affinity IL-2 receptor, CD25 upregulation (Fig. 7-E) and cell proliferation 

(Fig. 7-F). These results show that Piezo1 activity is crucial for human TCR activation. Loss of 

Piezo1 impairs T cells’ capacity to optimally respond to TCR stimulation.  
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Figure 7-A. Loss of Piezo1 impairs upregulation of phospho-ZAP70 in response to TCR 

triggering. Human CD4+ and CD8+ T cells were transfected with control and Piezo1-specific 

siRNA and stimulated with soluble TCR crosslinking αCD3/CD28 antibodies or bead-

immobilised αCD3/CD28 antibodies. Phosho-ZAP70 levels were measured 1hour post TCR 

stimulation. Bead-immobilised αCD3/CD28 triggered greater levels of phosphorylation of 

ZAP70 (pZAP70) on TCR activation as compared to soluble αCD3/CD28. There is significant 

reduction in pZAP70 induction in response to immobilised TCR antibody crosslinking in 

Piezo1-deficient CD4+ (left panel) and CD8+ (middle panel) T lymphocytes as compared to 

control cells. Right panel: Representative histograms of pZAP70 expression levels in CD4+ and 

CD8+ T lymphocytes in response to αCD3/CD28 dynabeads (Black outline: control cells; grey-

shaded area: Piezo1 knockdown cells). Paired t-test was performed to calculate statistical 

significance. (Adapted from Liu et.al. J Immunol. 2018. (311)) 

 

 Figure 7-B. Correlation between extent of Piezo1 downregulation by siRNA-mediated 

knockdown and reduction in phosphor-ZAP70 levels. Piezo1 knockdown efficiency was 

calculated by measuring percentage reduction in Piezo1 mRNA relative expression in Piezo1 
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siRNA-transfected cells as compared to control siRNA-transfected cells. Similarly, reduction in 

pZAP70 induction was calculated as percent decrease in pZAP70 levels in Piezo1-deficient T 

cells as compared to control T cells, in response to TCR triggering by bead-immobilised TCR 

crosslinking antibodies. Reduction in pZAP70 induction in response to TCR activation showed 

strong positive linear correlation with Piezo1 knockdown efficiency. Spearman’s Rank 

Correlation was performed to calculate correlation coefficient and p-value. (Adapted from Liu 

et.al. J Immunol. 2018. (311)) 

 

Figure 7- C & D. Piezo1-deficient human CD4+ and CD8+ T lymphocytes showed reduced 

CD69 upregulation response to TCR triggering. Bead-immobilised αCD3/CD28 induced more 

proficient CD69 upregulation as compared to soluble counterparts. siRNA-mediated Piezo1 
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knockdown however, significantly reduced CD69 mRNA (C) and CD69 surface (D) activation 

marker expression as measured 1 hour and 18 hours post stimulation with αCD3/CD28 

dynabeads, respectively. Lower right panel: Representative histograms of CD69 surface 

expression levels in CD4+ and CD8+ T lymphocytes in response to αCD3/CD28 dynabeads 

(Black outline: control cells; grey-shaded area: Piezo1 knockdown cells). Paired t-test was 

performed to calculate statistical significance. (Adapted from Liu et.al. J Immunol. 2018. (311)) 

 

Figure 7-E & F. Loss of Piezo1 impairs proliferative capacity of human CD4+ and CD8+ T 

lymphocytes. Piezo1-deficient CD4+ (E, left panel) and CD8+ (E, middle panel) T cells showed 

distinct reduction in the upregulation of the proliferative cytokine IL-2 high-affinity receptor, 

CD25 surface marker in response to TCR crosslinking by αCD3/CD28 dynabeads. CD25 surface 

expression was measured 36 hours after T cell stimulation. Moreover, we also see a significant 
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reduction of CD4+ (F, left panel) and CD8+ (F, middle panel) T lymphocyte proliferation on day 

4 of stimulation of αCD3/CD28 dynabeads under conditions of reduced Piezo1 activity. Right 

panel: Representative flow cytometry histogram plots of CD25 surface expression (E, right 

panel) and T cell proliferation (F, right panel) in response to TCR triggering by αCD3/CD28 

dynabeads (Black outline: control cells; grey-shaded area: Piezo1 knockdown cells). Paired t-

test was performed to calculate statistical significance. (Adapted from Liu et.al. J Immunol. 

2018. (311)) 

 

 

Figure 7-G. Piezo1 knockdown efficiency in human CD4+ and CD8+ T lymphocytes. Piezo1 was 

downregulated through siRNA-mediated knockdown in both CD4+ and CD8+ T lymphocytes. 

Knockdown efficiency was calculated through fold knockdown of Piezo1 (section 7.2). 

Experiments which showed at least 40% Piezo1 knockdown were considered for further 

activation or functional studies. (Adapted from Liu et.al. J Immunol. 2018. (311)) 

7.4 Discussion 

Hence, these results confirm that Piezo1 activity is absolutely crucial for TCR activation in 

response to TCR-crosslinking antibodies. As expected TCR activation by αCD3/CD28 

dynabeads achieved significantly stronger T cell activation as compared to TCR activation with 
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soluble αCD3/CD28. This finding is consistent with earlier reports where immobilised TCR 

ligands were more potent activators of T cells as compared to soluble TCR ligands. When T 

cells are presented with TCR-binding ligands bound to rigid surfaces like magnetic beads or 

plastic surfaces or synthetic matrices, there is considerable mechanical interactions between 

the T cell surface and ligand-bound surface. As reviewed and proved extensively in previous 

studies, these mechanical interactions are crucial for T cell activation. When generation of 

mechanical forces and tension are abrogated, T cells fail to achieve optimal activation. The 

above experiments show that Piezo1 activity is essential for optimal activation of T cells in 

response to TCR triggering.   
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Chapter 8. Piezo1 is essential for efficient antigen priming of human 

T lymphocytes by APCs. 

8.1 Introduction 

T cell activation requires efficient presentation of TCR-cognate antigens coupled with MHC 

molecules on APCs. As described earlier, T cell interaction with cognate APC is characterised 

by dynamic changes in membrane tension and generation of mechanical forces that are 

essential for T cell response (331). We tried to study the role of Piezo1 mechanosensors in T 

cell priming by APCs by culturing T cells with allogeneic and autologous monocyte-derived 

dendritic cells (moDCs) that act as APCs.  

Allogeneic stimulation of T lymphocytes involves co-culturing T cells with target cells or 

monocyte-derived dendritic cells from a different donor (455). The process of thymic T cell 

positive selection creates a repertoire of self-MHC restricted T cells that recognise antigens 

complexed with self-MHC molecules. This process of antigen recognition by T cells underlies 

conventional T cell-mediated immune response. T cell alloreactivity is however, a remarkable 

exception to this process (456). Alloreactive T cells are capable of recognising foreign peptide – 

foreign MHC complexes. They respond to peptides complexed with allogenic MHC molecules 

that were not present at the time of development. Thus, alloreactive T cells break the barrier 

of self-MHC restriction during antigen presentation by target cells. It has been suggested that 

since there is no active process that selects or eliminates T cells on the basis of their ability to 

interact with non-self MHC molecules; T cell alloreactivity could stem from TCR’s inherent 

affinity for the MHC surface. T cell stimulation in response to allogeneic APCs can be explained 

on the basis of recognition of alloantigens like MHC molecules or other minor antigens on 
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donor cells. Naïve T cells can directly recognise foreign MHC antigens on allogeneic DCs 

through a process known as direct allorecognition. Unlike conventional T cell stimulation, 

direct allostimulation leads to polyclonal activation of T cells. Direct recognition of allogeneic 

MHC antigens can be facilitated due to abundant expression and polymorphism of MHC 

antigens on donor DCs that may enable their direct, peptide-independent and low affinity 

binding to many T cells of ranging specificities (457). Another theory that explains 

allostimulation of T cells states that T cells can recognise defined peptides bound to allo-MHC 

molecules on donor cells. Allostimulation of T cells can also be facilitated through indirect 

allorecognition in which alloantigens on donor cells can be taken up and processed by self-

APCs such that they are presented as complexes with self-MHC molecules (457). This form of 

antigen recognition is evident in transplant rejection and graft-versus-host disease (457). There 

is also increasing evidence of semi-direct form of allorecognition in which exchange of MHC 

class I and class II molecules between donor and recipient DCs (MHC cross-dressing) may 

enable T cell activation by allogeneic DCs leading to transplant rejection (456,457). Allogeneic T 

cell stimulation requires T cell culture with APCs derived from a different donor. T cell 

activation is thus, mediated through direct recognition of alloantigens.  

Autologous stimulation of T cells involves culturing of T cells with APCs derived from the same 

donor (458). Isolated APCs are primed with specific antigens during which they take up antigens 

and present antigenic epitopes on their surface after antigen processing. Primed APCs are co-

cultured with autologous T cells. T cells specific for the antigen will get activated in response 

to peptide-MHC complexes on APCs and undergo subsequent proliferation. This technique is 

used to study the conventional self-MHC restricted T cell response.   
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We used these two forms of T cell activation through interaction with APCs to study the role 

of Piezo1 mechanosensors in T cell priming by APCs. 

8.2 Methods 

Generation of monocyte-derived dendritic cells (moDCs) 

Human monocytes are able to rapidly differentiate into DCs in the presence of GM-CSF and 

IL-4. These moDCs can trigger significant T cells expansion when primed with exogenous 

antigens. Hence, in-vitro generated moDCs can act as efficient APCs. Human monocytes were 

isolated from blood of healthy volunteers using monocyte-specific CD14 microbeads through 

magnetic immunoselection. ≈ 500,000 CD14+ monocytes were cultured in each well of a 24-

well plate in RPMI + 10% FBS. 50ng/ml each of recombinant human GM-CSF (ebioscience) and 

IL-4 (Tonbo Bioscience) were added to each well and cells were cultured for 4 days. moDCs 

were collected after 4 days of culture and washed with 1X PBS. Pellet was resuspended in 

appropriate volume of RPMI + 10% FBS.  

Allogenic T cell stimulation 

Human CD4+ and CD8+ T cells were isolated from a different donor and electroporated with 

EGFP control siRNA or Piezo1-specific siRNA. On day 3 post-transfection, transfected CD4+ and 

CD8+ T cells were collected and stained with cell trace dyes (CFSE or CTV) using the same 

protocol as described in section 3.2.2.  moDCs (collected after 4 days of monocyte 

stimulation) were co-cultured with control or Piezo1 siRNA-transfected allogeneic T cells 

(loaded with cell trace dyes) in a ratio of 1:5 (moDC/T cell). Proliferation of transfected T cells 

in response to allogeneic moDC stimulation was measured after 4 days of co-culture through 

flow cytometry-based detection of cell trace dye dilution.  
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Autologous T cell stimulation 

moDCs were generated from CD14-expressing monocytes isolated from tetanus-immunized 

donors 7-10 days post-vaccination. Generated moDCs were primed with 2IU/ml of tetanus 

toxoid (Serum Institute of India) for 24 hours before their co-culture with autologous effector 

T cells. Human effector CD4+ T lymphocytes were isolated from the same tetanus-vaccinated 

donor which ensured presence of tetanus-specific effector T cells. Briefly, isolated CD4+ T cells 

were further incubated with CD45RA+ microbeads. Excess unbound CD45RA+ microbeads 

were washed and cells were subsequently passaged through MS (medium-sized) magnetic 

columns. CD4+ effector T cells were collected as the CD45RA-negative cell fraction (flow-

through). CD45RA-negative effector CD4+ T lymphocytes were electroporated with EGFP 

control siRNA or Piezo1-specific siRNA. On day 3 post-transfection, transfected effector CD4+ 

T cells were collected and stained with cell trace dyes (CFSE or CTV). Tetanus toxoid-primed 

moDCs were co-cultured with control or Piezo1 siRNA-transfected autologous effector CD4+ 

T cells (loaded with cell trace dyes) in a ratio of 1:5 and 1:10 (moDC:T cell). Co-culture of 

autologous effector T cells with unprimed moDC was used as a negative control during 

measurement of T cell proliferation. Proliferation of transfected effector CD4+ T cells specific 

for tetanus toxoid in response to primed moDC stimulation was measured after 4 days of co-

culture through flow cytometric detection of cell trace dye dilution.  

8.3 Results 

Piezo1 downregulation causes significant attenuation of T cell priming by APCs: moDCs 

triggered efficient proliferation of allogenic CD4+ T lymphocytes on co-culture. Piezo1 

knockdown however, severely impaired T cell proliferation in response to stimulation by 

allogeneic APCs (Fig. 8.3-A). Similar results were observed when effector CD4+ T cells were 
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primed by autologous APCs bearing tetanus toxoid antigen. moDCs isolated from tetanus-

vaccinated donors were primed by tetanus toxoid. Primed moDCs were subsequently co-

cultured with CD45 RA-negative effector CD4+ T cells isolated from the same immunised 

donor which allowed specific antigen presentation and proliferation of tetanus toxoid-specific 

effector CD4+ T cells. CD4+ effector T cells showed efficient proliferation in response to 

tetanus toxoid-primed moDCs as compared to unprimed moDCs (Fig. 8.3-B). CD4+ effector T 

cell proliferation also showed graded response with higher moDC : T cell ratios showing 

greater T cell proliferation outcomes. Loss of Piezo1 activity through Piezo1 downregulation 

resulted in drastic decrease in T cell priming and subsequent proliferation in response to 

autologous antigen presentation (Fig. 8.3-B). Thus, T cell priming by APCs require efficient 

Piezo1 activity.  
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Figure 8-A, B. Loss of Piezo1 abolishes T cell priming by APCs. Piezo1-deficient CD4+ (A, left 

panel) and CD8+ (A, middle panel) T lymphocytes showed drastic reduction in proliferation in 

response to stimulation by allogeneic moDCs as measured by flow cytometry after 4 days of 

co-culture. Right panel: Representative histograms of T cell proliferation in response to 

allogeneic moDCs as measured by reduction in Cell trace MFI (Black outline: control cells; 

grey-shaded area: Piezo1 knockdown cells). Downregulation of Piezo1 also interfered with 

priming of effector CD4+ T cells in response to autologous moDCs loaded with tetanus toxoid. 

Piezo1-downregulated CD4+ effector T cells showed significant impairment of cell 

proliferation in response to autologous stimulation as measured by flow cytometry (B, right 

panel). Control and Piezo1 siRNA transfected CD4+ effector T cells were cultured with 
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autologous moDCs at ratios of 1:5 and 1:10 (moDC/T cell) and cell proliferation was assessed 

after 4 days of co-culture. Right panel: Representative histograms of T cell proliferation in 

response to autologous moDCs (1:5 co-culture) as measured by reduction in Cell trace MFI 

(Black outline: control cells; grey-shaded area: Piezo1 knockdown cells). Paired t-test was 

performed to calculate statistical significance. (Adapted from Liu et.al. J Immunol. 2018. (311)) 

8.4 Discussion 

T cell activation response to APC priming by means of in-vitro T cell-APC co-culture is a closer 

representation of physiological activation of T cells in response to binding cognate pMHC 

complexes on APCs. We attempted to study T cell responses under more physiological 

conditions by co-culturing human T lymphocytes with allogeneic or autologous in-vitro 

generated moDCs that act as efficient APCs. Under these conditions, we found that Piezo1 is 

essential for T cell activation through efficient antigen priming by APCs. Loss of Piezo1 activity 

through Piezo1 downregulation significantly attenuated T cell proliferation in response to 

antigen presentation by APCs.  

  



184 | P a g e  
 

Chapter 9. Piezo1 agonist strengthens TCR activation by TCR 

crosslinking. 

9.1 Introduction 

As discussed previously, it is well known that TCR activation by antibody-mediated TCR 

crosslinking is much more potent when TCR crosslinking antibodies are presented to the T 

cells in immobilised forms compared to their presentation in soluble forms (311). TCR-

crosslinking antibodies can be immobilised either on culture dish surfaces (surface coated 

αCD3/CD28) or on inert beads (αCD3/CD28-coated dynabeads). The difference in T cell 

activation potency by these two forms of antibody presentation can be attributed to the 

involvement of mechanical forces when immobilised TCR-crosslinking antibodies are used. 

Upon binding, surface or bead-coated antibodies exert a certain degree of drag forces on the 

T cell surface similar to those exerted by the APCs when they interact with T cells. Soluble 

TCR-crosslinking antibodies, on the other hand, fail to evoke such mechanical force-mediated 

response (311). In order to analyse the role of Piezo1 mechanosensors in a gain-of-function 

context, we measured T cell activation response in the presence of the Piezo1 agonist, Yoda1. 

Since T cells do not achieve optimal activation in response to soluble αCD3/CD28, we checked 

if Piezo1 activation through addition of Yoda1 can potentiate TCR activation under these 

conditions of suboptimal TCR triggering. 

Yoda1 

Yoda1 is a chemical agonist of Piezo1 (459). It can activate Piezo1 in the absence of any external 

mechanical force and can hence, be used for Piezo1 gain-of-function studies. Yoda1 was 

discovered by Syeda et.al. (459) when a large number of low-molecular weight compounds 



185 | P a g e  
 

were screened for their ability to trigger influx of extracellular Ca2+ in Piezo1-overexpressed 

HEK293 cells. HEK293 cells show very little Piezo1 activity unless Piezo1 is overexpressed. 

Yoda1 was able to induce influx of extracellular Ca2+ in Piezo1-overexpressed HEK293 cells but 

not in vector-transfected cells. Chelation of extracellular Ca2+ but not intracellular Ca2+ 

abolished Yoda1 activity, further confirming that it activates Piezo1 and causes passage of 

extracellular Ca2+ (Fig. 9-1-A). Yoda1 also showed selectivity for Piezo1 channels and did not 

activate overexpressed Piezo2 channels (459).  

 

Figure 9-1-A. Yoda1 is a chemical agonist of Piezo1. HEK293 cells were either transfected 

with mPiezo1 expressing construct or control vector, pcDNA3.1. Addition of 25µM Yoda1 to 

mPiezo1-transfected cell produced influx of extracellular Ca2+ as measured by increase in 

fluorescence of Ca2+-binding dye (blue line). When extracellular Ca2+ was chelated by EGTA, 

Yoda1 failed to induce Ca2+ influx (red line). Control vector-transfected HEK293 did not 

respond to Yoda1. (Adapted from Syeda et.al. Elife. 2015. (459)) 

Yoda1 structure can be divided into 3 moieties (Fig. 9-1-B). It has a 2,6 dichlorophenyl ring 

which has been shown to be necessary for its activity (460). Any change in this moiety results 
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in loss of Yoda1 activity. The other two moieties consist of a pyrazine ring and a thiadiazole 

group (460). In order to decipher Yoda1-mediated gating of Piezo1 channels, chimeric mouse 

Piezo1 proteins were synthesised (461). Piezo1 chimeras consisted of wild-type subunits that 

could bind Yoda1 and mutant subunits that were insensitive to Yoda1. It was observed that 

presence of even a single Yoda1 responsive wild-type subunits led to Piezo1-derived signals 

similar to wild-type Piezo1 channels (461). This means that productive Yoda1 binding to a single 

subunit could relay the signal to other Piezo1 subunits causing it to open. A recent study based 

on electrophysiology, Ca2+ fluorescent imaging and all-atom molecular dynamic simulation 

showed that Yoda1 binds to a small hydrophobic pocket domain which is situated at an 

approximate distance of 40Å from the central ion-conducting pore (462). Yoda1 binding led to 

tension-induced allosteric conformational changes in Piezo1 subunits. This produces drastic 

reduction in the magnitude of threshold force required for Piezo1 activation. Yoda1 binding 

produces a wedge-like effect that causes gating of Piezo1 channels (462) (Fig. 9-1-C).   
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Figure 9-1-B, C. Structure and gating mechanism of Piezo1 agonist Yoda1. (B) Yoda1 consists 

of 3 main groups – 2,6 dichlorophenyl ring, a pyrazine ring and thiadiazole group. (C) Under 

resting conditions, each Piezo1 arm is flexed according to membrane curvature (a). 

Application of suboptimal mechanical force and subsequent slight membrane stretching 

cause the Piezo1 arms to extend to a certain degree but does not open the channel (b). 

Binding of Yoda1 causes tension-induced allosteric modification of subunit arrangement and 

which causes complete flattening of subunit arms and channel opening (c). (Fig. B-Adapted 

from Evans et.al. Br J Pharmacol. 2018 (B). (460) & Fig. C-Lacroix et.al. Nat Commun. 2018 (C). 

(461)) 

9.2 Methods 

Synthesis of Yoda1: Yoda1 was synthesised by Dr. Barnali Paul under the guidance of Dr. 

Arindam Talukdar from the department of Organic and Medicinal Chemistry, CSIR-IICB, 

Kolkata. A brief schematic of Yoda1 synthesis has been given below (Fig. 9-2-A-D).  
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Figure 9-2. Schematic for Yoda1 synthesis. (A) Yoda1 synthesis reaction steps. (B) Purity 

check of synthesised Yoda1 by 1H NMR (Nuclear magnetic resonance) in CDCl3. (C) 13H NMR 

in CDCl3. (D) EI-HRMS (Electron ionization- high resolution mass spectrometry). (Done by Dr. 

Barnali Paul.) (Adapted from Liu et.al. J Immunol. 2018. (311)) 
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Yoda1 reconstitution 

Yoda1 was reconstituted in 0.22µm-filtered DMSO at a stock concentration of 25µM. 

Reconstituted Yoda1 solution was stored in 4˚C. Working dilutions were made in 1X PBS. 

Molecular weight of Yoda1: 355.27 

Activation of T lymphocytes with Yoda1 

Isolated CD4+ and CD8+ T lymphocytes were seeded at a density of 200,000 cells per well in a 

final volume of 100µL of complete RPM1. 2µg/ml each of soluble anti-CD3 (eBioscience) and 

anti-CD28 (eBioscience) were added to the cells in the presence or absence of 15µM of Yoda1. 

Cells were treated for 1 hour after which they were harvested and checked for expression of 

phospho-ZAP70 and CD69 mRNA. Staining of phosphor-ZAP70 and PCR quantification of CD69 

mRNA were carried as described in the previous sections. Untreated cells were used as 

control. Briefly, CD4+ and CD8+ T lymphocytes were permeabilised in FACS buffer + 0.1% 

saponin and stained with anti-phosphoZAP70 antibody for 20 minutes on ice, followed by 

washing and fixation in 0.1% paraformaldehyde. For CD69 mRNA quantification, RNA was 

isolated by TriZOL-based method. After cDNA synthesis, SyBr green-based quantitative PCR 

was performed with human CD69 primers using 18S as relative control.   

Specificity of Yoda1-mediated T cell activation 

CD4+ T lymphocytes were electroporated with control and Piezo1-specific siRNA. Transfected 

cells were collected on day 3 post-transfection and stimulated with 2µg/ml of anti—CD3 and 

anti-CD28 antibodies with and without 15µM Yoda1. Cells for stimulated for 1 hour after 
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which they were collected in TRIzol and CD69 mRNA induction was measured by quantitative 

PCR.  

9.3 Results 

Piezo1 activation by Yoda1 significantly potentiates TCR activation: Downregulation of Piezo1 

expression strongly impaired TCR activation in response to immobilised TCR crosslinking 

antibodies. We wanted to check if activation of Piezo1 in the absence of external mechanical 

forces would increase TCR activation in response to suboptimal triggering. We used Yoda1, a 

chemical agonist of Piezo1 to activate Piezo1 in the absence of any mechanical cues. TCR-

crosslinking by soluble αCD3 and αCD28 antibodies produces weak TCR activation. Addition 

of Piezo1 agonist, Yoda1, to CD4+ and CD8+ T lymphocytes significantly increased T cell 

activation in response to suboptimal triggering by soluble αCD3 and αCD28. CD4+ and CD8+ T 

lymphocytes showed significant upregulation of phosphorylated ZAP70 (Fig. 9-3-A) and CD69 

mRNA (Fig. 9-3-B) when T cells were activated in response to soluble αCD3 and αCD28 

supplement with Yoda1.  

In order to check specificity of Yoda1-mediated T cell activation, control and Piezo1 siRNA-

transfected CD4+ T cells were stimulated with soluble anti-CD3 and anti-CD28 antibodies in 

the presence or absence of Yoda1. CD69 upregulation in response to Yoda1 potentiation of 

TCR triggering was only observed in control cells. Piezo1 downregulation led to significant 

reduction of Yoda1-mediated CD69 activation thus confirming that Yoda1 enhances TCR 

triggering through activation of Piezo1 (Fig. 9-3-C). Yoda1 alone failed to induce CD4+ T cell 

activation showing that Piezo1 activation in the absence of specific TCR triggering will not 

activate T cells.  
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Figure 9-3-A, B. Piezo1 agonist enhances TCR activation. Isolated human CD4+ and CD8+ T 

lymphocytes were stimulated with soluble αCD3 and αCD28 antibodies in the presence or 

absence of 15µM Yoda1. (A) Addition of Yoda1 significantly increased levels of 

phosphorylated ZAP70 in response to TCR activation by soluble αCD3 and αCD28 antibodies. 

(B) Addition of Yoda1 significantly upregulated induction of CD69 mRNA expression in 

response to TCR activation by soluble αCD3 and αCD28 antibodies. Paired t-test was 

performed to calculate statistical significance. (Adapted from Liu et.al. J Immunol. 2018. (311)) 
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Figure 9-3-C. Specificity of Yoda1-mediated TCR activation. Control and Piezo1 siRNA-

transfected CD4+ T cells were stimulated with soluble anti-CD3 and anti-CD28 antibodies in 

the presence and absence of Yoda1.  Soluble TCR crosslinking antibodies alone failed to 

upregulate CD69 expression. Addition of Yoda1 upregulated TCR activation by soluble 

antibodies which was significantly impaired on Piezo1 downregulation. Yoda1 alone failed to 

induce T cell activation in the absence of TCR triggering. (Adapted from Liu et.al. J Immunol. 

2018. (311)) 

9.4. Discussion 

It’s a widely known that in-vitro activation of CD4+ and CD8+ T lymphocytes by TCR crosslinking 

antibodies is much more efficient when these antibodies are coated on the surface of the 

culture plate or covalently immobilised on rigid microbeads. TCR crosslinking antibodies 

added to T lymphocytes in soluble form are inefficient at activating T cells. T cell interaction 

with surface-coated or microbead-bound TCR antibodies will lead to generation of mechanical 

tension or drag on the T cell membrane. This mechanical interaction is similar to what is 
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observed when T cells interact with APCs. Mounting research on the importance of 

mechanical force on T cell function suggests that this mechanical signal is essential for T cell 

activation. Since binding of soluble TCR-crosslinking antibodies fail to generate any such 

mechanical force, they are rather inept at activating T cells. Our first set of experiments 

provide strong evidence that Piezo1 mechanosensor is important for optimal T cell activation 

through microbead-bound TCR crosslinking antibody. We sought to increase soluble 

αCD3/αCD28-mediated T cell activation by chemically activating Piezo1 in the absence of any 

mechanical force. Our results show that chemical activation of Piezo1 by Yoda1 strongly 

accentuates TCR activation in the absence of mechanical force. Thus, Piezo1 agonist, Yoda1, 

can act as a strong surrogate for mechanical forces and can be used for optimal activation of 

T cells in response to TCR crosslinking where mechanical forces are not actively generated. 

Yoda1-mediated enhanced T cell activation was significantly reduced in Piezo1-deficient T 

cells, thus confirming that it acts through by specifically activating Piezo1 mechanonsensors. 

Moreover, Yoda1 in the absence of specific TCR crosslinking failed to activate T cells. Thus, 

non-specific activation of Piezo1 does not activate T cells. Piezo1 activation in the presence 

of specific TCR crosslinking is required for optimal T cell activation which is crucial for 

preventing non-specific activation of T cells in response to ubiquitous mechanical forces.  

We however, could not observe enhanced Yoda1-mediated TCR activation at later time-

points. This could be attributed to the nature of Yoda1-mediated Piezo1 activation. Piezo1 

gating shows rapid inactivation kinetics. They are inactivated within mill-seconds of gating in 

response to mechanical force so as to prevent constant influx of extracellular cations. Yoda1 

binding, however makes Piezo1 insensitive to inactivation by stabilising the open state of 

Piezo1. Thus, Yoda1 binding could render the cell toxic at latter time-points.  
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Chapter 10. TCR crosslinking by immobilised antibodies causes 

Piezo1 spatial redistribution 

10.1 Introduction 

Resting T lymphocytes show uniform distribution of Piezo1 through the entire cell. In an 

attempt to discover how Piezo1 senses mechanical forces during T cell activation, we checked 

if T cell interaction with bead-immobilised TCR crosslinking antibodies produced any effect on 

Piezo1 spatial distribution. Piezo1 in epithelial cells has been shown to undergo spatial 

redistribution depending on spatial map of mechanical cues (423). The balance between 

epithelial cell division and apoptosis has to be critically governed so as to maintain barrier 

integrity while simultaneously preventing any dysregulated cell growth (105). A report showed 

that Piezo1-mediated mechanotransduction regulated epithelial cell homeostasis (422,423). 

When epithelial cells become too crowded as a result of increased cell division, Piezo1 senses 

mechanical cues generated by overcrowding and triggers cell apoptosis. On the other, when 

cells are subconfluent, Piezo1 channels are activated by membrane stretch and triggers cell 

division. It has been observed that at low cell densities, Piezo1 channels mainly localise to the 

cell nucleus where it does not sense cell stretch. This could be owing to the reason that low 

cell density already necessitates high cell division so Piezo1 regulation is not needed. Under 

conditions of confluency, Piezo1 localises to the cell membrane in regions where cells are 

spaced out and widely spread (423). Piezo1 senses membrane stretch in these areas and 

triggers cell division. In areas where cells are very crowded Piezo1 forms large cytoplasmic 

aggregates where it triggers cell death. Hence, Piezo1 actively migrates to sites where it can 
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sense mechanical cues and trigger an appropriate response (423). We wanted to check if Piezo1 

exhibits a similar behaviour when T cells undergo activation.  

10.2 Methods 

CD4+ T lymphocyte isolation: Human CD4+ T lymphocytes were isolated from PBMCs by 

magnetic immunoselection as described before. 

Confocal microscopy  

Coating of coverslips: 13mm round glass coverslips were wiped with absolute ethanol. The 

coverslips were then coated with 150µL of 2mg/ml poly-L-lysine for 1 hour at room 

temperature. Coated coverslips were then washed thrice with 1X PBS and allowed to dry at 

37˚C.   

Cell seeding and stimulation: Approximately 200,000 CD+ T cells in 150µL of complete RPMI 

were seeded on coated coverslips. Cells were allowed to bind to coverslips at 37˚C for 2 hours. 

Microbead-coated anti-CD3/anti-CD28 antibody was added to the cells in a 1:1 cell:bead ratio. 

Antibody was allowed to bind for 30 minutes. 

Staining: After 30 minutes of stimulation with bead-immobilised anti-CD3/-anti-CD28, cells 

were washed twice with 1X PBS. 150µL of 4% paraformaldehyde was added and incubated at 

room temperature for 15 minutes. Cells were then washed thrice with 1X PBS followed by 

permeabilization with acetone for 2 minutes at room temperature. 3% Bovine-serum albumin 

in 1X PBS was subsequently added for blocking for 1 hour at room temperature. After washing 

thrice with 1X PBS, anti-human Piezo1 antibody was added at a concentration of 1:25 stock 

dilution (Santa Cruz Biotechnology). Primary antibody incubation was done for 1 hour at room 

temperature in a humidified chamber. Excess antibody was washed thrice with 1X PBS 
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followed by secondary Alexa 647-conjugated anti-goat antibody. PE-conjugated anti-CD4 was 

also added as the T cell marker at a dilution of 1:25 from stock. Secondary antibody incubation 

was done for 1 hours, followed by washing thrice with 1X PBS. 1µg/ml of DAPI in 1X PBS was 

added to the cells and stained for 1 minute after which cells were thoroughly washed 4 times 

with 1X PBS. Stained coverslips were mounted on a microscopic glass slide using 7µL of 

VECTASHIELD antifade mounting medium.   

Image acquisition: Cells were imaged on a Leica TCS SP8 microscope at a magnification of 60X 

oil immersion. Alexa-647 signal was detected using the 638nm laser. PE signal was detected 

using the 488nm laser and DAPI signal was detected using the 405nm laser.  

Analysis of Piezo1 spatial distribution: Image analysis was performed using ImageJ software. 

In order to measure Piezo1 spatial distribution, we took two circular ROIs (region-of-interests) 

of two different fixed diameters. The ROI with the larger area was used to measure mean 

Piezo1 fluorescence over the entire cell area. The ROI with the smaller area was used to 

measure mean Piezo1 fluorescence over the central area of the cell. The ratio of mean Piezo1 

fluorescence between the larger ROI and the smaller ROI was calculated which gave us a 

measure of Piezo1 distribution. A higher ratio meant that Piezo1 localised to cell peripheral 

areas while a smaller ratio meant no such preferential localisation. 

10.3 Results 

Image analysis showed that while untreated CD4+ T cells showed uniform distribution of 

Piezo1, CD4+ T cells that were bound to bead-immobilised anti-CD3/anti-CD28 antibody 

showed preferential peripheral distribution (Fig. 10-A). The peripheral distribution was 

evident due to higher intensity ratios of mean Piezo fluorescence over entire cell versus the 

central part of the cell (Fig. 10-B). In coverslips which were treated with bead-immobilised 
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anti-CD3/anti-CD28 antibody, cells which did not bind the TCR crosslinking antibodies, did not 

show any selective distribution of Piezo1 proteins (Fig. 10-B). Hence, CD4+ T lymphocytes 

actively redistribute Piezo1 proteins when they bind to immobilised TCR-crosslinking 

antibodies. Piezo1 preferentially migrates to peripheral areas of the cell.  

 

 

Figure 10. Piezo1 undergoes spatial redistribution on TCR crosslinking. TCR binding to bead-

bound αCD3/αCD28 antibodies induces Piezo1 redistribution towards peripheral regions of 

the cell. (A) Representative confocal image of human CD4+ T lymphocytes bound to bead-

bound αCD3/αCD28 antibody. Piezo1 (red) is localised to cell peripheral regions near the T 
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cell-bead synapse as indicated by white arrows. Left panel: axial view of antibody bound-T 

cell; Right panel: Side view of antibody-bound T cell. White dashed line indicated bead-bound 

αCD3/αCD28 antibodies. Green: CD4 fluorescence; Blue: DAPI fluorescence. (B) Mean 

fluorescence of Piezo1 (red) was measured over total cell area and central cell area. The mean 

fluorescence intensity ratio between total versus central cell area was calculated for 

untreated CD4+ T cells and antibody-treated CD4+ T cells that were bound and unbound to 

bead-immobilised αCD3/αCD28 respectively. CD4+ T cells bound to TCR-crosslinking antibody 

showed higher mean fluorescence intensity ratio indicating a peripheral distribution of Piezo1 

in these cells.  (Adapted from Liu et.al. J Immunol. 2018. (311)) 

10.4 Discussion 

Piezo1 is uniformly distributed between cytoplasmic vesicles and membrane regions in 

resting CD4+ T cells. When T cells bind to bead-immobilised anti-CD3/anti-CD28 antibodies, 

there is active Piezo1 mobilisation to peripheral regions of the bound cell. This Piezo1 

redistribution is necessary since it positions these mechanosensors in regions where they can 

actively sense mechanical force and transduce it to intracellular signals. Resting CD4+ T cells 

do not experience localised mechanical cues. When T cells bind to APCs expressing cognate 

antigens, there is localised force generation at the synapse. The T cell surface consequently 

experience significant membrane tension and force. Upon APC interaction, Piezo1 selective 

distribution to the peripheral regions surrounding the synapse enables it to sense mechanical 

forces generated at the cell surface and trigger a downstream signalling response. Piezo1 

mobilisation in response to mechanical cues can be a crucial aspect of its regulation of T cell 

activity.  
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Chapter 11. Piezo1 is essential for influx of Ca2+ in downstream of 

TCR crosslinking 

11.1 Introduction 

Ca2+ signalling is one of the crucial aspects of T lymphocyte activation. Ca2+ mobilisation 

downstream of TCR activation triggers signalling pathways that regulate T lymphocyte 

proliferation, metabolic activities, cytokine production and T lymphocyte differentiation (463). 

There are several channels and transporters expressed on the T cell membrane as well in 

intracellular organelles like endoplasmic reticulum, mitochondria and lysosomes that 

facilitate Ca2+ uptake and efflux (463). The activity of these channels is crucial for maintaining 

appropriate cytosolic and organellar Ca2+- levels. TCR binding to cognate peptide-MHC on 

APCs triggers phosphorylation and activation of phospholipase Cƴ1 (PLCƴ1) (463). Activated 

PLCƴ1 hydrolyses phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) into inositol-1,4,5-

trisphosphate (Ins(1,4,5)P3) and diacylglycerol (DAG). Soluble (Ins(1,4,5)P3) activates its 

cognate receptor on the endoplasmic reticulum (ER) membrane which mobilises ER Ca2+ into 

the cell cytosol. Depletion of ER Ca2+ level stimulates the plasma membrane-resident Ca2+ 

channels and transporters through a mechanism known as store-operated Ca2+ entry (SOCE) 

(463). This form of influx of extracellular Ca2+ during SOCE has been shown to occur through 

activation of CRAC (Ca2+ release-activated Ca2+) channels on the plasma membrane. Induction 

of SOCE is facilitated by ER-resident stromal interaction molecule 1 and 2 (STIM1 and STIM2). 

STIM1 and STIM2 senses Ca2+ levels in the ER. Mobilisation of ER Ca2+ into the cytosol as 

results of TCR activation reduces ER Ca2+ levels and release of bound Ca2+ from STIM proteins. 

This leads to aggregation of STIM proteins and their mobilisation to the T cell synapse where 
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they activate ORAI CRAC channel and induces SOCE (463). Other channels that mediate Ca2+ 

entry across the plasma membrane include transient receptor potential (TRP) channels, 

voltage-activated Ca2+ channels and purinergic ionotropic receptors (P2RXs). Cytosolic Ca2+ is 

rapidly distributed between various organelles like the mitochondria or endolysosomes 

where it enhances ATP production and metabolism; and vesicular trafficking of signalling 

molecules respectively (463). These events are essential in the activation and regulation of 

signalling pathways necessary to maintain T cell function.  

Piezo1 channels are mechanically gated ion channels that allow passage of extracellular non-

selective cations across the plasma membrane into the cell (374). Influx of extracellular Ca2+ 

through activated Piezo1 has been implicated in a number of physiological processes. Since 

Piezo1 activation is essential for TCR activation, we sought to check if Ca2+ influx downstream 

of TCR crosslinking is affected by Piezo1 activity.  

11.2 Methods 

Flow cytometric-based quantification of Ca2+ influx.  

Ca2+ indicators dyes: Ca2+ indicators are fluorescent dyes that show either a change in their 

fluorescence spectra or in their fluorescent intensity upon binding Ca2+. Dyes like Fluo-3 and 

Fluo-4 show approximately >100-fold increase in their fluorescent intensity upon binding 

Ca2+. Increase in cytosolic Ca2+ levels in response to appropriate trigger will cause increase in 

fluorescence intensity of cells loaded with these dyes which can detected and quantified by 

flow cytometry, immunofluorescence microscopy or through microplate reader-based assays. 

Other indicators show a shift in their excitation or emission spectra upon binding Ca2+. For 

example, the Ca2+-free form of Fura-2 shows peak excitation at ≈380nm while the Ca2+-bound 

form shows peak excitation at ≈340nm. Excitation at both these wavelengths will result in 
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decrease in emission intensity of the Ca2+-free form of the dye (at 380nm excitation) and 

simultaneous increase in emission intensity of the Ca2+-bound dye (at 340nm excitation) on 

Ca2+ influx. Ratio of fluorescence intensity over these two excitation wavelengths can be used 

to measure Ca2+ response. Similarly, Indo-1 shows dual emission range corresponding to Ca2+-

bound (405nm emission) and Ca2+-free (475nm emission) forms. The proportion of these two 

forms of dye will change upon Ca2+ influx and hence, ratio of fluorescence intensity at these 

two wavelengths will give us a measure of Ca2+ response. Combination of indicator dyes can 

also be used in order to perform a ratiometric Ca2+ response analysis. Fluo-3AM and Fluo-

4AM is sometimes used in combination with Fura-red. The Ca2+-bound form of Fluo-3/4AM 

and the Ca2+-free form of Fura-red are activated at a single excitation wavelength of 488nm. 

Upon increase in cytosolic Ca2+ levels intensity of Ca2+-bound Fluo-3/4AM will increase while 

Ca2+-free Fura-red will decrease. Ratio of emission intensities of these two dyes will give us 

an accurate measure of degree of Ca2+ response. 

Staining of CD4+ and CD8+ T lymphocytes with Ca2+-sensor dye, Fluo-3AM: In order to measure 

Ca2+ response on TCR activation, we loaded CD4+ and CD8+ T lymphocytes with the Ca-sensor 

fluorescent dye-Fluo-3AM. Fluo-3AM (1-[2-Amino-5-(2,7-dichloro-6-hydroxy-3-oxo-9-

xanthenyl)phenoxy]-2-(2-amino-5-methylphenoxy)ethane-N,N,N',N'-tetraacetic acid, 

pentaacetoxymethyl ester) is a fluorescent dye that has an excitation wavelength of 488nm. 

Upon binding of Ca2+, it shows >100-fold increase in its fluorescence intensity (Figure 11-1).  

Isolated CD4+ and CD8+ T lymphocytes were resuspended in 1X PBS + 1.2mM calcium chloride 

(CaCl2) at a concentration of 1-2 million cells/ml. 2µM of Fluo-3AM was added to the cells and 

resuspended gently. The AM (acetoxymethyl) ester of the dye renders the dye non-polar and 

hence, cell-permeable. The cells were incubated at 37˚C for 30-35 minutes during which cells 
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were taking up the dye. After incubation, cells were washed with excess 1X PBS + 1.2mM 

CaCl2 at 1500rpm, room temperature for 5 minutes. After washing, the cells were 

resuspended in appropriate volume of 1X PBS + 1.2mM CaCl2 and incubated at room 

temperature for additional 15 minutes in dark. The AM ester of Fluo-3AM facilitates passive 

uptake of the dye by the cell. But once inside the cell, the dye should be able to bind free Ca2+ 

for which the AM ester has to be cleaved off. Incubation at room temperature allows cell-

intrinsic esterases to cleave off the AM ester group thus rendering the dye capable of binding 

Ca2+.   

 

Figure 11-1. Fluo-3AM. (A) Structure of Fluo-3AM. (B) Excitation and emission curve of Ca-

bound form of Fluo-3AM. (C) Ca2+-dependent increase in emission fluorescence intensity of 

Fluo-3AM.  

(Adapted from https://www.thermofisher.com/order/catalog/product/F1241#/F1241) 
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Flow cytometric measurement of Ca2+ influx in response to Piezo1 knockodwn 

In order to study the role of Piezo1 in TCR-mediated Ca2+ response, Piezo1 expression in CD4+ 

and CD8+ T lymphocytes was downregulated through siRNA-mediated knockdown as 

described before. Control and Piezo1-siRNA transfected T lymphocytes were stained with 

Fluo-3AM and described above. Time-kinetics of Ca2+ influx was then measured in BD LSR 

fortessa. Stained transfected cells were resuspended to a density of around 200,000-300,000 

cells in 500µL of 1X PBS + 1.2mM CaCl2 buffer. Baseline fluorescence of cells was acquired for 

2 minutes followed by addition of anti-CD3/CD28 dynabeads in a ratio of 1:1. Ca2+ influx in 

response to TCR crosslinking was measured for the remaining duration. Ca2+ response was 

measured as increase in fluo-3AM fluorescence intensity versus time.  

Flow cytometric measurement of Ca2+ influx in response to Piezo1 agonist, Yoda1 

Similarly, untransfected wild-type CD4+ and CD8+ T lymphocytes were stained with Fluo-3AM 

as described above. Baseline fluorescence of cells were acquired for 2 minutes followed by 

addition of soluble 2µg/ml anti-CD3 and 2µg/ml anti-CD28 antibodies with and without 15µM 

Yoda1. Ca2+ influx was measured as increase in Fluo-3AM fluorescence intensity for the 

remaining 8 minutes.    

In order to check sourcing of Ca2+ during influx response, CD4+ T lymphocytes were incubated 

with 1mM EGTA prior to acquisition. EGTA is a Ca2+ chelator and is cell-impermeant. Hence, 

it chelates extracellular Ca2+ in the medium. It can thus, be used to check of Ca2+ response is 

due to extracellular Ca2+ sources.  

11.3 Results 
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Loss of Piezo1 impairs Ca2+ response downstream of TCR triggering. We studied the effect of 

Piezo1 on Ca2+ response downstream of TCR crosslinking by measuring Ca2+ influx in response 

to bead-immobilised anti-CD3/anti-CD28 on Piezo1 downregulation. We found that both 

human CD4+and CD8+ T lymphocytes (Fig. 11-2-A) responded to bead-immobilised anti-

CD3/anti-CD28 by showing significant Ca2+ influx. siRNA-mediated Piezo1 downregulation 

completely abolished Ca2+ influx on TCR crosslinking. 

Piezo1 agonist, Yoda1 significantly increased Ca2+ influx in response TCR crosslinking by 

soluble anti-CD3 and anti-CD28 antibodies. As expected TCR binding to soluble forms of TCR 

crosslinking antibodies failed to induce any Ca2+ influx in both CD4+ and CD8+ T lymphocytes. 

When soluble anti-CD3 and anti-CD28 were supplemented with Piezo1 agonist, Yoda1, there 

was a distinct increase in Ca2+ influx response, thus confirming that Piezo1 activity is essential 

for Ca2+ influx downstream of TCR crosslinking (Fig. 11-2-B). In order to check the specificity 

of Yoda1-mediated enhanced Ca2+ response, we measured Ca2+ influx in Piezo1-

downregulated CD4+ T cells. Yoda1-mediated accentuated Ca2+ influx in response to soluble 

anti-CD3 and anti-CD28 antibodies was abolished when Piezo1 was silenced (Fig. 11-2-C). 

Moreover, when extracellular Ca2+ chelator, EGTA was added to the cells prior to TCR 

activation, Ca2+ influx in response to Yoda1 was completely abolished thereby indicating that 

Piezo1 activation during TCR triggering causes influx of extracellular Ca2+ (Fig. 11-2-D).  
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Figure 11-2-A. Loss of Piezo1 abolishes Ca2+ influx in response to TCR activation by bead-

immobilised αCD3/αCD28 antibodies. Control and Piezo1 siRNA-transfected CD4+ and CD8+ 

T lymphocytes were stimulated with anti-CD3/CD28 dynabeads in a ratio of 1:1 at indicated 

time points (black arrow). Ca2+ influx was measured after stimulation as increase in mean 

fluorescence intensity (MFI) of Ca2+ indicator, Fluo-3AM relative to baseline fluorescence. 

Representative flow cytometry plots show complete abrogation of Ca2+ influx when Piezo1 is 

downregulated in CD4+ (upper panel) and CD8+ (lower panel) T lymphocytes. (Adapted from 

Liu et.al. J Immunol. 2018. (311)) 
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Figure 11-2-B. Yoda1 enhances Ca2+ influx response on TCR crosslinking by soluble anti-CD3 

and anti-CD28 antibodies. TCR crosslinking by soluble anti-CD3 and anti-CD28 antibodies 

failed to induce any Ca2+ influx. Addition of Piezo1 agonist, Yoda1 in addition to soluble anti-

CD3 and anti-CD28 antibodies, induced Ca2+ influx as measured by increase in Fluo-3AM mean 

fluorescence intensity (MFI) in both CD4+ (A) and CD8+ (B) T lymphocytes. Soluble anti-CD3 

and anti-CD28 antibodies with or without Yoda1 were added at indicated time-points (black 

arrow) after measurement of baseline fluorescence. (Adapted from Liu et.al. J Immunol. 2018. 

(311)) 
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Figure 11-2-C. Specificity of Yoda1-induced Ca2+ influx in response to soluble anti-CD3 and 

anti-CD28 antibodies. Control and Piezo1 siRNA-transfected human CD4+ T cells were loaded 

with Ca2+-indicator, Fluo-3AM. After measurement of baseline fluorescence, transfected cells 

were stimulated with soluble anti-CD3 and anti-CD28 antibodies supplemented with Yoda1. 

Piezo1 downregulation significantly abolished Ca2+ influx in response to Yoda1 thus 

confirming its Piezo1 specificity. Ca2+ influx in response to stimulation was measured as 

increase in Fluo-3AM mean fluorescence intensity relative to baseline fluorescence. (Adapted 

from Liu et.al. J Immunol. 2018. (311)) 

 

Figure 11-2-D. Yoda1 mediates influx of extracellular Ca2+. Piezo1 activation allows passage 

of extracellular Ca2+. Fluo-3AM-loaded CD4+ T lymphocytes were stimulated with soluble anti-

CD3 and anti-CD28 antibodies in the presence or absence of Yoda1. Yoda1 significantly 

increased Ca2+ response on TCR crosslinking. When cells were incubated with EGTA which 

chelates extracellular Ca2+, Yoda1-induced enhanced Ca2+ response was significantly 

abolished indicating that Yoda1-mediated Piezo1 activation allows influx of extracellular Ca2+. 

(Adapted from Liu et.al. J Immunol. 2018. (311)) 

11.4 Discussion 
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Mobilisation of intracellular Ca2+ and influx of extracellular Ca2+ is a crucial aspect of TCR 

signalling. When T cells bind to cognate antigens expressed on APCs, a cascade of signalling 

events are triggered that increases cytosolic Ca2+ levels through these mechanisms. Increased 

cytosolic Ca2+ is subsequently mobilised into different intracellular organelles where a 

number of metabolic and transcription pathways are triggered that govern T lymphocyte 

function. Piezo1 activation also allows passage of extracellular Ca2+ into the cell cytosol. This 

led us to wonder if Piezo1-mediated Ca2+ response contributes to TCR-mediated Ca2+ 

response. We found that Piezo1 deficiency in human CD4+ and CD8+ T lymphocytes led to 

significant abolishment of Ca2+ response on TCR stimulation by bead-bound anti-CD23/CD28. 

Similarly, addition of Piezo1 agonist, Yoda1 caused significant potentiation of Ca2+ influx in 

response to suboptimal TCR triggering by soluble anti-CD3 and anti-CD28 antibodies. Yoda1-

induced enhanced Ca2+ response is Piezo1-specific since downregulation of Piezo1 completely 

abolished Ca2+ influx. Addition of the extracellular Ca2+, chelator EGTA, also abrogated Ca2+ 

response in response to soluble TCR crosslinking antibodies supplemented with Yoda1, thus 

confirming that Ca2+ response on Piezo1 activation during TCR crosslinking is mediated 

through extracellular Ca2+ sources. Hence, Piezo1 activation during TCR triggering mediates 

influx of extracellular Ca2+ which is crucial for T cell activation.  
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Chapter 12. Piezo1 activation during TCR triggering induces 

downstream Ca2+-dependent Calpain pathway  

12.1 Introduction 

Intracellular calcium acts as a potent second messenger triggering a number of intracellular 

signalling pathways leading to activation of a range of transcription factors that regulate T cell 

effector functions. TCR crosslinking triggers a number of downstream signalling pathways 

including PKCϴ-IKK-NFκB pathway, mTOR pathway, Ras-Erk1/2-AP-1 pathway (451). Since Ca2+ 

signalling appears to play a crucial role in Piezo1-mediated TCR signalling, we decided to 

assess pathways that are directly regulated by cytosolic Ca2+. Ca2+-dependent NFAT pathway 

was one such promising candidate. The NFAT (Nuclear factor of activated T cells) family of 

proteins are transcription factors that are activated in response to intracellular Ca2+ (463). NFAT 

proteins have a highly conserved DNA-binding domain known as the REL-homology region 

(RHR). Binding of calcium to calmodulin induces calmodulin-dependent activation of 

calcineurin phosphatase. Dephosphorylation of NFAT by calcineurin triggers its activation and 

subsequent localisation to the nucleus where it binds to NFAT promoters via its RHR domain 

and induces expression of T cell activation genes like IL-2 (463).  

Ca2+ signalling is crucial during formation of a stable synapse between T cell and APC. T cells 

continuously move on the APC surface while scanning for specific antigens (463,464). Once they 

encounter cognate antigen-MHC on the APC surface, they must stop movement and form 

stable contacts so as to facilitate efficient T cell activation. Blocking increase in intracellular 

Ca2+ levels failed to achieve actin cytoskeletal reorientation in the T cell-APC contact region 

and subsequent formation of a stable immunological synapse (465). Ca2+-dependent calpain 
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pathway is essential for actin cytoskeletal reorientation (466). Calpains are Ca2+-dependent 

cysteine proteases that act on actin cytoskeletal-associated proteins (466,467). Calpains consist 

of a catalytic domain and a regulatory domain. Binding of Ca2+ induces a conformational 

change and subsequent dissociation of the regulatory subunit from the catalytic domain 

leading to its activation (467). Calpain substrates include membrane-cytoskeletal tether 

protein, talin, actin-crosslinking protein, α-actinin, actin binding protein, cortical proteins like 

spectrin and ankyrin (467). Calpain has also been shown to regulate integrin, focal adhesion 

kinase and protein kinase C activities all of which affect TCR signalling (467,468). Hence, Ca2+-

dependent activation of the calpain pathway also seemed a potential effector of Piezo1 

response in T lymphocytes.  

12.2 Methods 

Studying the role of Ca2+-dependent NFAT pathway in Piezo1-mediated T cell activation: 

Cyclosporin A is an inhibitor of calcineurin phosphatase. Addition of cyclosporin A prevents 

calcineurin-dependent dephosphorylation and activation of NFAT and its subsequent nuclear 

translocation. Thus, it can be used as an inhibitor of Ca2+-dependent NFAT pathway.  

CD4+ T lymphocyte activation 

Human CD4+ T lymphocytes were isolated from PBMCs as described earlier. Approximately 

200,000 cells were seeded in 100µl of RPMI + 10% FBS. 2µg/ml each of soluble anti-CD3 and 

anti-CD28 antibodies were added in the presence of absence of Piezo1 agonist, Yoda1. 2.5µM 

of cyclosporine A was added to the cells 1 hour prior to treatment in order to achieve efficient 

blocking of the NFAT pathway. Untreated cells were used as control. CD4+ T lymphocytes were 

collected in TRIzol after 1 hour of stimulation and relative expression of CD69 mRNA was 

measured by quantitative PCR as described before.  
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Studying the role of Ca2+-dependent calpain pathway in Piezo1-mediated T cell activation 

PD150606 

PD150606 is a non-peptide and uncompetitive inhibitor of calpain. It is cell permeable and 

binds to the calmodulin-like domain of calpain causing its inhibition. It is highly selective for 

calpain.  

CD4+ T lymphocyte activation 

Human CD4+ T lymphocytes were isolated from PBMCs as described earlier. Approximately 

200,000 cells were seeded in 100µl of RPMI + 10% FBS. 2µg/ml each of soluble anti-CD3 and 

anti-CD28 antibodies were added in the presence of absence of Piezo1 agonist, Yoda1 

(15µM). 100µM of PD150606 was added to the cells 1 hour prior to treatment in order to 

achieve efficient blocking of the NFAT pathway. Untreated cells were used as control. CD4+ T 

lymphocytes were collected and lysed in TRIzol after 1 hour of stimulation. Relative 

expression of CD69 mRNA was measured by quantitative PCR as described before.  

12.3 Results 

Ca2+-dependent calpain activation mediate Piezo1 function in T cell activation. We attempted 

to identify the signalling component activated downstream of Piezo1-mediated influx of Ca2+ 

during T cell activation. Isolated human CD4+ T lymphocytes were activated with soluble TCR 

crosslinking antibodies in the presence or absence or Piezo1 agonist, Yoda1. As expected, T 

cell achieved optimal activation on TCR crosslinking in the presence of Yoda1, measured by 

increased CD69 mRNA expression. Calcineurin inhibitor, Cyclosporin A (CsA) or calpain 

inhibitor, PD150606 was added to the cells prior to stimulation to block the Ca2+-dependent 

NFAT and calpain signalling pathway respectively. Cyclosporin A-dependent inhibition of the 
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NFAT signalling pathway did not affect Yoda1-mediated optimal T cell activation (Fig. 12-B). 

On the other hand, inhibition of the calpain pathway almost completely abolished Yoda1-

mediated heightened T cell activation (Fig. 12-A).  

 

Figure 12. Piezo1-mediated Ca2+ influx drives T cell activation through downstream calpain 

activation. Inhibition of Ca2+-dependent calpain pathway by PD150606 in CD4+ T lymphocytes 

abolished Yoda1-mediated optimal T cell activation in response to soluble anti-CD3 and anti-

CD28 antibodies (A). Inhibition of the calcineurin-NFAT signalling pathway by cyclosporin A 

(CsA) did not affect Yoda1-mediated optimal CD69 activation by soluble anti-CD3 and anti-

CD28 antibodies (B). (Adapted from Liu et.al. J Immunol. 2018. (311)) 

12.4 Discussion 

We sought to identify signalling pathways that mediate Piezo1 function during T cell 

activation. Piezo1-dependent T cell activation depends on influx of Ca2+ as observed in the 

previous section. Moreover, since downregulation of Piezo1 severely impaired T cell 



213 | P a g e  
 

activation even in early stages of TCR triggering (phospho-ZAP70 and CD69 induction), we 

decided to assess specific pathways that are activated early on during TCR triggering and 

regulated directly by intracellular Ca2+ levels. The Ca2+-dependent NFAT pathway and Ca2+-

regulated calpain signalling pathway are viable candidates since they are activated proximal 

to TCR triggering and are directly activated by cytosolic Ca2+. We inhibited each of these 

pathways and measured if optimal T cell activation as induced by Piezo1 agonist, Yoda1 under 

suboptimal TCR triggering conditions (soluble TCR crosslinking antibodies) was affected at all. 

Yoda1-mediated optimal CD69 activation was not affected if the calcineurin-NFAT pathway 

was blocked which suggested that Piezo1-mediated influx of Ca2+ probably did not trigger this 

pathway. On the other hand, inhibition of the calpain pathway resulted in a sharp reduction 

CD69 activation response to Yoda1 and TCR crosslinking. This prompted us to conclude that 

Ca2+ influx on Piezo1 activation during TCR triggering activated cytosolic calpain which led to 

optimal T cell activation.  

  



214 | P a g e  
 

Chapter 13. Piezo1-mediated activation of the calpain pathway 

triggers polymerisation and re-organisation of the actin cytoskeletal 

scaffold during T cell activation 

13.1 Introduction 

When T lymphocytes bind to APCs bearing cognate peptide-MHCs, they extend lamellipodia 

and pseudopodia-based membrane extensions towards the APC surface (469). This process of 

efficient contact formation involves extensive actin cytoskeletal rearrangement in the 

interface (469). Cytoskeletal reorganisation is characterised by heightened actin polymerisation 

along with active changes in actin-myosin contractile network. These cytoskeletal changes act 

together to recruit signalling components like TCR clusters, adaptor proteins and downstream 

signalling molecules at region of T cell-APC interface so as to form a compartmentalised 

region of active T cell activation and signalling called the immunological synapse (IS) (469). 

Formation of a stable IS is crucial for optimal and sustained T cell activation. Actin dynamics 

at the IS divides it into 3 distinct regions called the supramolecular activation clusters 

(SMACs), each with its own specific role in the T cell activation process (311,447,469). The central 

region of SMAC (cSMAC) contains TCR clusters and associated signalling molecules. cSMAC is 

surrounded by a region (peripheral or pSMAC) enriched in integrin LFA-1 and adhesion 

proteins. Proteins with large ectodomains like CD45 tyrosine phosphatses are mostly 

excluded and confined to the outermost region called the distal SMAC (dSMAC). The structure 

of the IS is tightly regulated by strength and nature of TCR-APC interaction. The IS is a dynamic 

structure where signalling components are constantly recruited or reorganised between the 

domains through actin-regulated processes. Active T cell signalling is confined to the 
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peripheral zones of the IS while the central region serves to downregulate activation by 

degrading TCR clusters and associated signalling molecules. Thus, reorganisation of the actin 

scaffold serves to form specialised membrane nanodomains that are rich in signalling 

components essential for optimal T cell activation (311,447,469). As described in the previous 

chapter, calpains are cytosolic cysteine proteases that play a crucial role in actin cytoskeletal 

remodelling downstream of TCR activation. Inhibition of calpain impairs Yoda1-mediated TCR 

activation, thus implicating the activity of these proteases downstream of Piezo1-mediated 

Ca2+ signalling. We, therefore, attempted to confirm if Piezo1-mediated activation of the 

calpain pathway plays a similar role in actin cytoskeletal remodelling during T cell activation.   

13.2 Methods 

Measurement of actin polymerisation of Filamentous actin (F-actin) content in response to 

T cell activation 

CD4+ T lymphocytes were isolated from PBMCs of healthy volunteers. Approximately 200,000 

cells were activated with soluble anti-CD3 and anti-CD28 antibodies (2µg/ml each) in the 

presence and absence of 15µM of Piezo1 agonist, Yoda1. Cells were stimulated for 30 minutes 

at 37˚C in the presence or absence of 100µM of Calpain I inhibitor, PD15606 (Cells were 

preincubated with PD15606 for 1 hour before stimulation). Effect of calpain inhibition on 

Yoda1-mediated TCR activation and actin polymerisation was analysed by measuring F-actin 

content by flow cytometry on BD LSR Fortessa II.   

Flow cytometric assessment of F-actin content 

After stimulation of CD4+ T lymphocytes as described above, cells were collected and washed 

in FACS buffer and fixed in 4% paraformaldehyde for 45 minutes at room temperature. Cells 
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were then permeabilised in FACS buffer + 0.1% saponin for 30 minutes at room temperature 

followed by addition of Alexa 532 conjugated-phalloidin (1:500, vol:vol) for 30 minutes at 

room temperature. Phalloidin binds to F-actin and fluorescence intensity can be used to 

quantify increase in F-actin content or polymerised actin after stimulation. Cells were then 

washed and analysed in BD LSR II Fortessa.  

Confocal imaging of actin polymerisation or F-actin content on T cell activation: Coverslips 

were coated with 2mg/ml poly-L-lysine for 1 hour at room temperature followed by washing 

with 1X PBS and drying. Approximately 100,000 CD4+ T lymphocytes were allowed to attach 

to coated coverslips for 2 hours at 37˚C and 5% CO2. Cells were stimulated with 2µg/ml each 

of TCR crosslinking, soluble anti-CD3 and anti-CD28 antibodies in the presence or absence of 

15µM of Yoda1 and 100µM Calpain I inhibitor, PD15606. Stimulation was carried out for 30 

minutes at 37˚C, 5% CO2. After stimulation, cells were washed with 1X PBS and fixed with 4% 

paraformaldehyde for 1 hour at room temperature. Blocking and permeabilization were 

performed with 3% Bovine-serum albumin in 0.1% Triton X-100 for 30 minutes at room 

temperature followed by washing thrice with 1X PBS. Alexa 532-conjugated phalloidin was 

added to the cells at a concentration of 1:100 in 1X PBS and incubated at room temperature 

for 30 minutes. Cells were washed thrice with 1X PBS followed by addition of 1µg/ml DAPI for 

1 minute. After washing, cells were mounted on 7µl VECTASHIELD antifade mounting media.   

Image acquisition 

Images were acquired using Olympus IX81 microscope with a Yokogawa CSU-X1 spinning disc 

system. 3D images were acquired through Z-stack imaging where each Z-step corresponded 

to 0.25µm.  
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Image analysis: Gaussian filtering was applied for 3D volume rendering and image 

construction using Imaris 7. Images were captured from multiple fields containing 

approximately 25 to 50 cells. The average surface area of F-actin was calculated in order to 

quantify F-actin content in differently stimulated cells.  

Co-localisation of polymerised F-actin scaffold and Piezo1 

13mm glass coverslips were coated with 2mg/ml poly-L-lysine for 1 hour at room temperature 

and washing thrice with 1X PBS. After drying, approximately 100,000 CD4+ T lymphocytes 

were allowed to attach to coated coverslips for 2 hours at 37˚C and 5% CO2. Anti-CD3/CD28-

coated dynabeads were then added in a ratio of 1:1 (as described by manufacturer’s protocol) 

and incubated for 30 minutes at 37˚C. Cells were washed with 1X PBS and fixed with 4% 

paraformaldehyde for 45 minutes at room temperature. Cells were washed thrice with 1X PBS 

and blocked with 3% bovine-serum albumin in 1X PBS containing 0.1% Triton X-100 for 1 hour 

at room temperature. Goat anti-human Piezo1 antibody was added at a concentration of 1:25 

(vol:vol) and incubated at room temperature for 1 hour. Cells were washed thrice with 1X 

PBS. Anti-goat alexa 594 was added at a concentration of 1µg/ml and incubated for 1 hour at 

room temperature. Alexa 532-conjugated phalloidin was added at a concentration of 1:100 

and incubated for 30 minutes at room temperature. Cells were washed thrice with 1X PBS. 

1µg/ml of DAPI was added for a minute and washed thrice thoroughly with 1X PBS. Coverslips 

were mounted on 7µl VECTASHIELD antifade mounting media.  

Image acquisition 

Images were acquired using Olympus IX81 microscope with a Yokogawa CSU-X1 spinning disc 

system.  
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Measurement of actin polymerisation of Filamentous actin (F-actin) content in response to 

T cell activation after Piezo1 downregulation 

CD4+ T lymphocytes were isolated from PBMCs of healthy volunteers. Approximately 2-3 

million cells were electroporated with control EGFP siRNA and Piezo1 siRNA. On day 3 post-

electroporation, cells were collected and approximately 200,000 cells/ well cultured and 

stimulated with bead-immobilised anti-CD3/CD28 antibodies (1:1, bead : cells) for 30 

minutes. After stimulation, cells were washed and fixed in 4% paraformaldehyde for 45 

minutes at room temperature. Cells were permeabilised in 0.1% saponin buffer for 30 

minutes and stained with alexa 532-conjugated phalloidin at a concentration of 1:100 

(volume : volume) for 30 minutes. Cells were washed and acquired in BD Fortessa LSR II.  

13.3 Results 

Piezo1 agonist stimulates calpain-mediated polymerisation of actin downstream of TCR 

crosslinking.  TCR activation triggers a cascade of signalling events which lead to 

reorganisation of the cytoskeletal actin scaffold and formation of the immune synapse. As 

observed before (Chapter 9), addition of Piezo1 agonist, Yoda1, significantly potentiates T cell 

activation in response to soluble forms of TCR crosslinking antibodies (Fig. 13-A, B). We 

measured increase in actin polymerisation through flow cytometric quantification of F-actin 

content in response to 30 minutes of TCR stimulation. TCR crosslinking by soluble anti-CD3 

and anti-CD28 antibodies triggered a marginal increase in F-actin content in comparison to 

untreated cells. Addition of Piezo1 agonist, Yoda1, on the other hand, significantly increased 

actin polymerisation in response to TCR crosslinking by soluble antibodies. Yoda1-mediated 

cytoskeletal actin polymerisation was however, abrogated in the presence of calpain I 

inhibitor, PD15606, thus confirming that the role of Piezo1 in optimal T cell activation is 
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mediated through Ca2+-dependent calpain pathway (Fig. 13-A, B). Similarly, 3D confocal 

imaging confirmed that Piezo1 activation through Yoda1 potentiates polymerisation and 

remodelling of the actin scaffold in response to TCR crosslinking as measured by increase in 

average surface area of F-actin in stimulated cells. 3-D images of the cells were constructed 

and same-intensity thresholding was applied to all the cells. The average surface area of these 

phalloidin-stained cells was then calculated.  Inhibition of calpain significantly reduced actin 

polymerisation in response to Yoda1 as measured by reduction in phalloidin-bound F-actin 

surface area, thus affirming its role downstream of Piezo1 activation (Fig. 13-C, D).  Isolated 

CD4+ T lymphocytes stimulated with bead-immobilised anti-CD3/CD28 antibodies showed a 

strong increase in F-actin content which was significantly reduced on Piezo1 downregulation 

(Fig. 13-E, F). Confocal imaging of CD4+ T lymphocytes stimulated with bead-bound anti-

CD3/CD28 antibodies showed strong co-localisation of Piezo1 and actin cytoskeleton after 30 

minutes of stimulation (Fig. 13-G).  

 

Figure 13-A-B. Piezo1 agonist Yoda1 reorganises the actin cytoskeletal scaffold during TCR 

activation. F-actin content was quantified through flow cytometric measurements after 30 
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minutes of CD4+ T cell stimulation with soluble forms of TCR crosslinking anti-CD3 and anti-

CD28 antibodies in the presence or absence of Yoda1 and preincubated Calpain I inhibitor, 

PD15606. Data is representative of at least 3 independent experiments (A). Representative 

flow cytometry plots overlay of F-actin content in response to T cell stimulation (B). (Adapted 

from Liu et.al. J Immunol. 2018. (311)) 

 

Figure 13-C-D. 3-D confocal imaging of F-actin content in CD4+ T lymphocytes. CD4+ T 

lymphocytes were stimulated with soluble TCR crosslinking antibodies for 30 minutes. Piezo1 

agonist, Yoda1 was added to determine its effect on actin polymerisation during T cell 

activation in the presence or absence of calpain I inhibitor. Cells were stained with Alexa 532-

conjugated phalloidin for F-actin quantification. Representative 3-D confocal images of F-

actin content in stimulated CD4+ T lymphocytes stained with fluorochrome-conjugated 

phalloidin (C). Statistical analysis of F-actin content measured as average sum of F-actin 

surface area of thresholded stimulated CD4+ T lymphocytes (D). (Adapted from Liu et.al. J 

Immunol. 2018. (311)) 
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Figure 13-E-F. Piezo1 downregulation abolished increase in F-actin polymerisation in 

response to TCR stimulation. CD4+ T lymphocytes were transfected with control and Piezo1-

specific siRNAs. After knockdown, transfected cells were stimulated with bead-immobilised 

anti-CD3/CD28 antibodies for 30 minutes. Bead-immobilised TCR crosslinking antibodies 

produced a strong increase in T cell F-actin signal which was significantly reduced on Piezo1 

downregulation. Data representative of at least 3 independent experiments (E). 

Representative flow cytometry plots of F-actin content in phalloidin stained CD4+ T cells 

stimulated with bead-bound anti-CD3/CD28 antibodies. Black outline: Control siRNA-

transfected cells. Grey-shaded area: Piezo1 knockdown cells. (Adapted from Liu et.al. J 

Immunol. 2018. (311)) 
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Figure 13-G. Piezo1 co-localises with actin cytoskeleton in stimulated CD4+ T cells. CD4+ T 

lymphocytes were stimulated with bead-immobilised anti-CD3/CD28 antibodies for 30 

minutes. Cells bound to bead-immobilised TCR-crosslinking antibodies showed a strong co-

localisation of Piezo1 with the actin cytoskeletal scaffold thus confirming their closely-

regulated dynamics. (Adapted from Liu et.al. J Immunol. 2018. (311)) 

13.4 Discussion 

Results from the previous section (3.8.3) confirmed that Piezo1 mediates its function through 

Ca2+-dependent calpain activation downstream of T cell stimulation. Inhibition of calpain 

abolishes the ability of Piezo1 to facilitate T cells activation under optimal stimulating 

conditions (bead-immobilised anti-CD3/CD28 antibodies as compared to weakly stimulating 

soluble anti-CD3 and anti-CD28 antibodies) as well as in the presence of Piezo1 agonist, 

Yoda1. Calpain activation has been associated with cytoskeletal actin polymerisation. 

Polymerisation and reorganisation of cortical actin is a crucial aspect of optimal T cell 

activation since it results in the formation of the active signalling-competent immunological 
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synapse between the T cell and cognate APC membrane interface. Numerous studies have 

shown that interfering with actin polymerisation through addition of inhibitors like latrunculin 

A, strongly impairs formation of the immunological synapse and abrogates optimal T cell 

activation. We attempted to identify if Piezo1-mediated calpain activation plays a similar role 

in cortical actin polymerisation during T cell activation. We measured F-actin (polymerised 

actin) content in response to various forms of TCR stimulation through flow cytometry and 3-

D confocal imaging. As expected, TCR stimulation with weakly activating soluble anti-CD3 and 

anti-CD28 antibodies produced a marginal increase in F-actin content which was drastically 

enhanced when Piezo1 was exogenously activated with its agonist, Yoda1. Yoda1-mediated 

increase in F-actin content was however, significantly reduced in the presence of calpain 

inhibition. Moreover, activation of CD4+ T lymphocytes with strongly activating bead-

immobilised anti-CD3/CD28 antibodies resulted in a strong F-actin signal which was 

significantly impaired on Piezo1 downregulation. Thus, Piezo1 activation during T cell 

stimulation under optimal conditions, triggers activation of Ca2+-dependent calpain that 

subsequently triggers actin polymerisation and remodelling of the cortical actin scaffold 

resulting in formation and stabilisation of the immune synapse. Piezo1-deficient T cells fail to 

undergo actin cytoskeletal remodelling and immune synapse stabilisation, thus, failing to 

achieve optimal T cell activation.   
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Chapter 14. Conclusion 

Interaction between T lymphocytes and APCs bearing cognate peptide-MHCs is characterised 

by the generation of mechanical forces that govern their function and fate (311). Optimal 

activation of T cells is crucially dependent on their ability to sense and respond to mechanical 

cues like alterations in membrane tension or shear stress experienced on their surface during 

interaction with APCs (311). Changes in the mechanical properties of the environment strongly 

affect T cell activation and function. Any form of external interference that abolishes 

mechanical forces during interaction with APCs, results in defective T cell activation and 

function. Although various studies have elucidated the imperativeness of mechanical cues in 

T cells activation, no dedicated mechanosensor was identified until recently (470). In the above 

study, we have identified Piezo1 channel as a T cell mechanosensor that is essential for 

optimal T cell activation. Piezo1 channels belong to a family of evolutionarily conserved ion 

channels that senses mechanical cues (311). Studies have shown that Piezo1 senses changes in 

membrane tension and gets activated in response to membrane stretch. Upon activation, 

Piezo1 opens and allows influx of extracellular cations like Ca2+ and Na+ (311). As described 

earlier, T cell interaction with cognate APCs results in generation of mechanical forces which 

leads to changes in T cell membrane tension that regulates T cell activation. In-vitro studies 

have shown that TCR crosslinking antibodies immobilised on a solid surface like inert beads 

or coated matrices are more efficient at stimulating T cells as compared to soluble forms of 

crosslinking antibodies, suggesting the importance of mechanical interactions (311). In our 

study, we used two different forms of TCR crosslinking antibodies in order to simulate altered 

mechanical dynamics on the T cell surface – a. TCR crosslinking antibodies (anti-CD3 and anti-

CD28) immobilised on beads sized approximately 4.5µm which will exert mechanical stress 
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on the T cell surface (similar to T cell interaction with APCs) and b. soluble forms of anti-CD3 

and anti-CD28 antibodies which do not exert any mechanical force on the T cell surface upon 

binding (311,470). As anticipated, bead-immobilised TCR crosslinking antibodies triggered 

efficient T cell stimulation while soluble forms of antibodies failed to optimally activate T cells 

(470). siRNA-mediated Piezo1 knockdown, however abolished the capacity of bead-

immobilised TCR crosslinking antibodies to optimally activate T cells, thus confirming that 

Piezo1-mediated mechanotransduction is crucial. T cell activation in response to allogenic or 

autologous APCs was also strongly dependent on the presence of Piezo1 channels. Gain-of-

function studies involving Piezo1 agonist, Yoda1 showed that its addition significantly 

enhanced the ability of otherwise weakly-activating soluble anti-CD3 and anti-CD28 

antibodies to trigger optimal T cell activation. Flow cytometric measurements revealed that 

Piezo1 activation during T cell stimulation results in influx of extracellular Ca2+ which triggers 

activation of downstream calpain pathway. Piezo1-mediated activation of the Ca2+-

dependent calpain pathway results in enhanced polymerisation actin and remodelling of the 

cytoskeletal actin scaffold which is characteristic of T cell activation and formation of a stable 

immunological synapse between T cells and APCs (Fig. 14) (470). Thus, this study provides first 

evidence of a T cell-committed mechanosensor, Piezo1, that plays an indispensable role in T 

cell activation. We have tried to develop a model of Piezo1-mediated T cell activation 

involving Ca2+ signalling and calpain-dependent cytoskeletal actin reorganisation (470).  Further 

mechanistic studies are required to provide a detailed evaluation of Piezo1-mediated 

signalling in T cell activation.  
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Figure 14. Proposed model for role of Piezo1 mechanotransduction in optimal human T cell 

activation. Interaction between T cell and APC results in generation of mechanical forces and 

altered T cell membrane tension. Piezo1 channels on the T cell surface are gated in response 

to altered membrane tension which allows influx of extracellular Ca2+. Increase in cytosolic 

Ca2+ level triggers calpain activation. This subsequently triggers actin polymerisation and 

remodelling of the actin cytoskeleton, characteristic of immune synapse formation and 

stabilisation thereby resulting in optimal T cell activation. (Adapted from Liu et.al. J. Immunol. 

2018. (470)) 
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Chapter 15. Mechanical aspects of T lymphocyte migration 

15.1 Role of mechanical cues in immune cell migration 

Immune cells migrate through complex tissue microenvironment during an immune 

response. An effective immune response requires directed migration towards the inflamed 

peripheral site and to secondary lymphoid organs to generate long-term adaptive immune 

response (471). Different tissue sites, diseased conditions and degree of inflammation present 

different mechanical microenvironments to migrating immune cells (90,91). Immune cells sense 

and adapt to varying mechanical cues provided by its surroundings during migration. Studies 

have shown that generation of mechanical force and subsequent transfer of momentum to 

the surroundings are essential for efficient migration (231). The dynamically changing cellular 

actomyosin contractile network during cell migration is responsible for generation of 

mechanical forces (231). Actin polymerisation at the leading edge of a moving cell forms 

membrane-based extensions like lamellipodia and pseudopodia that exerts force against the 

environment and pushes the cell forward. Myosin II-based contractions of the actin fibres 

generates contractile or traction forces at the trailing edge that pulls the cell forward thereby 

facilitating cell movement (231). Integrin-based focal adhesion complexes allow transfer of 

momentum to the surroundings (231). It has also been shown that 3D geometric confinement 

affects mode of immune cell migration (231,472). Migration on 2D surfaces requires focal 

adhesion-based anchoring (231). Migration of leukocytes on vascular endothelial cells requires 

contact-based adhesion to allow leukocyte crawling in the blood vessels while resisting shear 

stress generated by blood flow (219,231). Confined 3D migration, on the other hand is usually 

adhesion-independent, otherwise known as ameboid mode of migration (473). Nonadhesive 

mode of confined migration is facilitated by retrograde flow of actin steered by myosin II-
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based contractions. It was recently shown that adhesion-independent migration is driven 

through retrograde flow of the plasma membrane (474). This is facilitated by balanced rates of 

membrane endocytosis at the cell trailing edge followed by directed flow of membrane to the 

cell leading edge. Directional membrane flow generates tangential viscous forces in the 3D 

environment that results in cell propulsion through the environment (474). These forces have 

been shown to act through triggering RhoA activity and allowing directed migration and 

migration speeds were significantly higher than adhesion-based mode of movement (474). 

Moreover, it has been shown that leukocyte transmigration across the blood vessels is 

enabled by its capacity to scan the microenvironment and preferentially migrate through the 

path of least resistance by choosing larger pore sizes (344). Leukocytes regulate the position of 

their nucleus and associated microtubules, allowing them to assess mechanical resistance. 

Leukocyte polarity is essential to maintain directional migration. Leukocytes including T 

lymphocytes redistribute their membrane and cytoplasmic components in response to a 

chemotactic gradient, which generates cell polarity. This is crucial in directional cell 

movement (475). Mechanical parameters are a crucial consideration during generation and 

maintenance of cellular polarity (476). Cell polarity is generated by formation of a cell leading 

edge where signalling components are confined. It has been widely believed that in order to 

prevent formation of additional leading edges, the leading edge produces inhibitors that 

sequesters signalling components to the leading edge (477). These inhibitors prevent polarised 

signalling molecules from diffusing to the rest of the cell, thereby maintaining cell polarity. A 

recent study however, showed that this mechanism is not sufficient to maintain cell polarity 

during movement. It was shown that formation of a leading-edge pseudopodia results in 

doubling of membrane tension in the area, which inhibits diffusion of polarised signalling 

components like polymerised actin and Rac1 to the rest of the cell (477). When neutrophils 
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make contact with a surface, the resultant localised increase in membrane curvature at the 

region of contact triggers generation of cell polarity by breaking cell symmetry and initiation 

of actin cytoskeleton polarisation (477). Thus, mechanical parameters play a significant role in 

regulating immune cell migration (Fig. 15).  

 

Figure 15. Interplay between environmental cues and cytoskeleton scaffold during immune 

cell migration. Migrating immune cells encounter diverse mechanical cues from their tissue 

microenvironment. Migrating immune cells modulate their migratory patterns according to 

environmental mechanical properties that include tissue porosity, tissue stiffness as 

determined by ECM components, topographical cues and hydraulic pressure (a parameter 

widely important in inflamed tissues characterised by localised swelling). Migrating immune 

cells also show chemotactic behaviour by migrating along chemokine gradients. All these 
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parameters provide diverse mechanical stimulus that is mostly transduced through changes 

in the cells’ actomyosin network, resulting in cells’ migratory behaviour. Immune cell 

migration is regulated by a feedforward loop involving environmental, cell-extrinsic 

mechanical stimulus and subsequent triggering of cytoskeletal changes and generation of cell-

intrinsic forces. Moving cells generate a form of polarity triggered by Arp 2/3-mediated actin 

polymerisation at leading lamellipodia, and actin retrograde flow to the rear uropod through 

myosin contractions. This mechanism propels the cell in the forward direction. Nuclear 

positioning and mechanotransduction plays an important role in 3D migration which is also 

regulated by the actomyosin contractile network. Integrin-based contacts also facilitate 

leukocyte rolling and diapedesis across blood vessels to tissue sites. Other factors like 

chemokine gradient and degree of confinement also affect immune cell migratory modes. 

(Adapted from Moreau et.al. Trends Immunol. 2018 (231).) 

 

15.2 Role of mechanical cues in T lymphocyte migration 

It has been shown that shear stress generated by circulating blood regulate T cell migration 

along the endothelial blood vessel (338). T cell extravasation across the blood vessels through 

high endothelial venules (HEVs) primarily requires T cell firm attachment to the endothelial 

wall by resisting detachment because of high shear stress in the surroundings. This firm 

attachment is mediated through interaction between T cell integrins and endothelial 

selectins. Integrin-mediated arrest on the blood vessel is tightly regulated by forces generated 

from shear stress (338). Atomic force microscopy-based measurements characterise this 

interaction as a catch bond whose strength and stability increases with force at lower shear 

stress magnitudes (219,220). Force-triggered conformational changes in the interacting 
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integrin/selectin domains allows stable interaction. Thus, mechanical forces facilitate firm 

attachment between T cells and endothelial cells so as to enable their transmigration to 

lymph nodes or inflamed peripheral tissues (228,337).  

T cells also display a characteristic phenotype known as durotaxis which is their preference to 

migrate towards stiffer substrates (340). Altered physiological conditions like inflammation and 

tumor formation are associated with changes in the stiffness properties of the 

microenvironment. Tumor progression is characterised by changes in the mechanical 

properties of the extracellular matrix (ECM) which affect infiltration of T lymphocytes (478). 

Usually, tumor microenvironment is characterised by increase in stiffness due to ECM 

remodelling by collagen formation and crosslinking. T cell migration can be modulated by 

altering substrate stiffness with stiffer substrates allowing more efficient migration. T cells 

also exert greater traction forces on stiffer substrates (479). A recent study developed 

nanostructured devices that allowed them to study the intricate relationship between 

mechanical signals provided by the tumor microenvironment and T cell migration (480). They 

found that microtubule organisation and activity is essential for proper migration in response 

to diverse physical parameters of the tumor site. Pharmacological or genetic manipulation 

can help design cells that can optimally sense and adapt to varying mechanical properties in 

the tumor site, allowing their uniform infiltration during immunotherapy (480). Thus, 

mechanical forces play a crucial role in efficient T lymphocyte migration which led us to delve 

into the plausible role of Piezo1-mediated mechanotransduction in this process.  
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Chapter 16. Role of Piezo1 channels in 2D migration of CD4+ T 

lymphocytes 

16.1 Introduction 

An effective adaptive immune response to infection requires CD4+ T lymphocytes binding to 

target antigens present on cognate APCs. Interaction between CD4+ T lymphocytes with 

target cells is critically dependent on efficient migration to peripheral tissues as well as 

secondary lymphoid organs where long-term immune response is generated. APCs encounter 

target antigens on peripheral sites and carry them to secondary lymphoid organs where they 

activate naïve T lymphocytes (481). Activated CD4+ T lymphocytes undergo reprogramming so 

as to upregulate various receptors including those involved in migration. These cells regulate 

their migratory capacity which enable them to find APCs bearing target antigens in the 

peripheral tissues thereby eradicating peripheral infections. A functional immune response, 

therefore requires rapid scanning of the tissue microenvironment by CD4+ T lymphocytes for 

cognate antigens (481). As described earlier, T lymphocytes have to traverse through a complex 

range of varying tissue microenvironments ranging from peripheral blood circulation, to 

peripheral tissue sites and secondary lymph nodes. These locations provide vastly different 

architectural cues as well cellular interactions (231). T cells adapt to these varying 

environmental conditions by switching between different modes of migration. Migration of T 

cells to lymph nodes and peripheral tissues requires T cell crawling on endothelial blood 

vessels. This 2-dimensional mode of migration involves T lymphocyte rolling on the surface of 

blood vessels, followed by adhesion to the surface endothelial layer mediated by integrins 

like LFA-1 (lymphocyte function-associated antigen-1; also known as αLβ2) binding to ICAM-1 



233 | P a g e  
 

(intracellular adhesion receptor 1) on the endothelial layer (481). ICAM-1 is usually expressed 

at basal levels on the endothelial layer and its expression is upregulated significantly in 

response to inflammation (481). Thus, LFA-1 and ICAM-1-mediated adhesion-based 2D 

migration is invaluable during an immune response. As described above, structural variations 

and inflammatory state of tissues provide distinct mechanical cues to migrating T 

lymphocytes (482). In the following section, I tried to assess the role of Piezo1 

mechanoregulation in ICAM-1-mediated 2D migration of T lymphocytes. Isolated CD4+ T 

lymphocytes were allowed to migrate in the presence of chemokine CCL19 on ICAM-1 coated 

wells. T lymphocytes express lymphocyte-specific G-protein-coupled receptor (GPCR), CCR7, 

that binds to CCL19 and regulates T cell migration.  

16.2 Methods 

Isolation of CD4+ CD45RA+ naïve T lymphocytes 

PBMCs were isolated from peripheral blood of healthy volunteers using the ficoll-gradient 

method. Briefly 10ml blood was diluted 1:1 with 1X PBS and was layered onto Hisep LSM 

1077. Centrifugation was performed at 2500 rpm at an acceleration/brake of 1 and 

temperature, 25˚C. The middle buffy layer consisting of PBMCs were collected. RBCs were 

lysed and CD4+ T lymphocytes were isolated after through positive magnetic 

immunoselection. 15µL of CD4 microbead was added and incubated under rotating 

conditions for 20 minutes. Excess, unbound beads were washed with excess MACS buffer at 

1500rpm, 4˚C. Cells were passed through magnetic LS (large-sized) columns and column was 

washed with excess MACS buffer to remove unbound cells. CD4+ T lymphocytes were 

collected through plunging of the positive fraction with MACS buffer. Isolated CD4+ T 

lymphocytes were incubated in RPMI + 10% FBS at 37˚C, 5% CO2 for 2 hours. CD4+ T cells were 
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washed with 1X PBS at 1500rpm, 4˚C for 5 minutes followed by addition of 10µL of CD45RA 

microbead and incubation for 20 minutes at 4˚C. Excess unbound beads were washed with 

excess MACS buffer and cells were run through a fresh LS (large-sized) magnetic column 

followed by washing with excess MACS buffer. CD4+ CD45RA+ naïve T lymphocytes were 

collected by plunging of the positive fraction with MACS buffer.  

Transfection of CD4+ CD45RA+ naïve T lymphocytes 

Isolated cells were incubated for 1 hour at 37˚C prior to nucleofection. Nucleofection buffer 

(Lonza) was made by mixing 82µL of P3 primary buffer and 18µL of supplement 1 buffer. The 

mixture was diluted 1:1 with OPTI-MEM media and was used to transfect CD4+ CD45RA+ naïve 

T lymphocytes. 100µL of nucleofection buffer was used per cuvette. 150nM EGFP control 

siRNA and 150nM Piezo1 siRNA were used for transfection. Approximately 1-2 million CD4+ 

CD45RA+ naïve T lymphocytes were nucleofected per reaction using pulse specific for 

unstimulated human T lymphocytes- EO115, high functionality. Cells were cultured in RPMI + 

10% FBS for 3 days to allow knockdown.  

Live Cell imaging 

Control and Piezo1-siRNA transfected CD4+ CD45RA+ naïve T lymphocytes were collected on 

day 3 post nucleofection. Cells were washed in 1X PBS at 1500rpm, 4˚C for 5 minutes.  

Cell trace violet staining: Approximately 2 million cells were suspended in 2ml 1X PBS. 2.5µM 

Cell Trace Violet (CTV) dye was added to the cells and mixed thoroughly. Cells were stained 

at room temperature and in dark for 20 minutes with intermittent shaking. Cells were washed 

with excess RPMI + 10% FBS at 1500rpm, 5 minutes, 4˚C. Cells were washed once with RPMI 

+ 10% FBS (without phenol red) + 20mM HEPES.  
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ICAM-1 coating: Each well of a 96-well plate were coated with 50µL 4µg/ml of recombinant 

human ICAM-1 overnight at 4˚C. The following day ICAM-1 was removed and wells were 

washed twice with 1X PBS and allowed to dry at room temperature.  

Live cell microscopy: CTV-stained cells were seeded on ICAM-1-coated wells at a density of 

approximately 60000 cells per well. 0.5µg/ml of recombinant human CCL19 was added and 

incubated at 37˚C for 15 minutes. Cells were then imaged in the X-Y axis, in the DAPI emission 

filter using an EVOS immunofluorescence microscope for a total duration of 40 frames with 

30 seconds per frame. Cells were acquired at a magnification of 20X. Acquisition was 

performed at room temperature. Cells were allowed equilibrate at room temperature for 5 

minutes before acquisition.  

Image analysis 

Live cell tracking analysis was performed using Fiji version of ImageJ with help of 

ParticleTracker 2D/3D plugin. Intensity thresholding was performed before executing particle 

tracking analysis. The following migration parameters were calculated as described below. 

Mean-squared displacement: Mean-squared displacement (MSD) was used to calculate the 

extent of T cell movement with respect to the cells’ starting point or origin. It was calculated 

as follows: 

∑ (𝑥𝑛 − 𝑥0)2𝑖=𝑛
𝑖=0 +  (𝑦𝑛 − 𝑦0)2 where, 

i = 0 is the starting frame, so x0 and y0 are the x and y-positions at the starting frame.  

i = n is the nth frame, so xn and yn are the x and y-positions at the nth frame. 
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Distance travelled: The total amount of distance migrated by the cell is calculated in terms of 

the sum of the Euclidean distance (ED) between two points on successive frames. It was 

calculated as follows: 

Distance travelled between two successive frames = √(𝑥𝑛+1 − 𝑥𝑛)2 + (𝑦𝑛+1 − 𝑦𝑛)2 

where, n = frame number; n + 1 = successive frame 

Total distance travelled = ∑ √(𝑥𝑛+1 − 𝑥𝑛)2 + (𝑦𝑛+1 − 𝑦𝑛)2𝑖=𝑛
𝑖=0   

where, i = 0 is the starting frame while i = n is the nth frame. 

Speed of migrating cells = Total distance travelled / Total duration of time 

Statistical significance was calculated using GraphPad Prism 5.0.  

16.3 Results 

Downregulation of Piezo1 in CD4+ CD45RA+ naïve T lymphocytes resulted in significant 

inhibition of the T cell migratory capacity. T lymphocytes showed impaired and reduced 

movement in the presence of 0.5µg/ml of recombinant human chemokine CCL19 on ICAM-1 

coated dishes. CD4+ naïve T cells deficient in Piezo1 showed significant reduction in adhesion-

based T cell motility as measured by mean-squared displacement (Fig. 16-A) and total 

distance migrated (Fig 16-C). Representative cell tracks (Fig. 16-B) showed that control CD4+ 

T lymphocyte showed extended movement with respect to its started point while Piezo1-

deficient CD4+ T lymphocytes showed restricted movement.  
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Figure 16-A, B. Piezo1 downregulation reduces migratory capacity of CD4+ naïve T 

lymphocytes in the presence of CCL19 chemokine. CD4+ naïve T lymphocytes showed 

significant reduction in calculated mean-squared displacement (MSD) in the presence of 

CCL19. n = 245 (Control siRNA and Piezo1 siRNA-transfected cells each). Black line: Control 

siRNA transfected CD4+ naïve T lymphocytes. Red line: Piezo1 siRNA transfected CD4+ naïve T 

lymphocytes (A). Representative migrating cell tracks calculated with respect to the cell’s 

starting point. Total duration of tracks is 15 minutes. Each frame corresponds to 30 seconds. 

Top panel: Control siRNA cell tracks in the presence of CCL19. Bottom panel: Piezo1 siRNA 

transfected cell tracks in the presence of CCL19 (B). Unpaired t-test was performed to 

determine statistical significance. 
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Figure 16-C. Piezo1 downregulation reduces mobility of CD4+ naïve T lymphocyte in 

response to CCL19. Total distance travelled in the presence of chemokine CCL19 was 

significantly reduced in Piezo1-deficient CD4+ T lymphocytes. Unpaired t-test was performed 

to determine statistical significance. Control siRNA-transfected cells, n = 245. Piezo1 siRNA-

transfected cells, n = 246.  

15.4 Discussion 

T cell motility is closely regulated by mechanical signals provided by its surroundings. As 

discussed, T lymphocytes respond to mechanical cues by modulating their migration patterns. 

T lymphocyte trafficking is a complex process of traversing through diverse tissue 

microenvironment ranging from transmigration across tissue barriers to crawling and rolling 

on endothelial blood vessels. Since mechanical cues are an integral part of the migratory 

process, we sought to explore the plausible role of Piezo1 mechanosensors in the process of 

CD4+ T cell migration. We found that Piezo1 knockdown resulted in dramatically reduced 

capacity of CD4+ naïve T lymphocytes to migrate in response to chemokine stimulation. Cells 
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with downregulated Piezo1 expression travelled significantly lesser distance from its starting 

point thus, suggesting the importance of Piezo1-mediated mechanotransduction in T 

lymphocyte motility.  
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Chapter 17. Piezo1 downregulation impairs chemotactic migration of 

naïve CD4+ T lymphocytes 

17.1 Introduction 

T lymphocytes migrate in response to chemokine gradients that enable them to move 

towards site of infection in peripheral tissues or home towards secondary lymphoid organs 

(481). Chemokine-driven directed movement of T lymphocytes is crucial for an efficient 

immunosurveillance and adaptive immune response. Directional migration is mediated 

through a group of G protein-coupled receptors (GPCRs) expressed by T lymphocytes that 

respond to a range of chemokines (483). Some of them include Chemokine (C–C motif) ligand 

19 or CCL19 and CCL21 that bind to chemokine receptor CCR7, and CXCL12 or SDF1α that bind 

to receptor CXCR4 (483). These chemokines are produced within lymphoid tissues or inflamed 

peripheral sites by resident tissue cells or innate immune cells and they act as directional cues 

for guided migration of T lymphocytes. Mature dendritic cells produce CCL19 upon antigen 

binding while CCL21 has been shown to be produced by vascular endothelial cells in mice 

(483,484). Chemokine profiles and their corresponding receptor expression levels change in 

response to infections (484). We wanted to assess the plausible role of Piezo1-mediated 

mechanotransduction in CD4+ T lymphocytes chemotaxis. We used two different 

experimental setups to this end. The first allowed us to study the role of Piezo1 in transwell 

migration of naive CD4+ T lymphocytes towards a chemokine gradient. The second system 

allowed us to study regulation of 2D chemotactic migration of naïve CD4+ T lymphocytes in a 

millicell chamber where one can establish a chemokine gradient.  

17.2 Methods 
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Isolation and transfection of CD4+ CD45RA+ naïve T lymphocytes 

CD4+ CD45RA+ T lymphocytes were isolated from PBMCs of healthy volunteers by magnetic 

immunoselection (Described in detail in section 16.2). Isolated cells were transfected with 

150ng/ml of control EGFP siRNA or Piezo1-specific siRNA by nucleofection using Amaxa 4D-

Nucleofector (Detailed protocol in section 16.2), program EO-115. Transfected cells were 

incubated at 37˚C for 3 days to allow Piezo1 knockdown.  

Transfection of Jurkat T cells 

Jurkat T cells (Clone E6.1) were split and seeded at 100,000 cells per ml of RPMI + 10% FBS 

two days before transfection. Approximately 1-1.5 million cells were transfected per reaction. 

82µl of SE Cell Line nucleofector solution (Lonza) was mixed with 18µl of P1 supplement buffer 

(Lonza). The buffer was diluted 1:1 with OPTI-MEM media. 180ng/ml of control EGFP siRNA 

or Piezo1 siRNA was added to 1-1.5 million cells in 100µl of nucleofection buffer. 

Nucleofection was performed using program specific for Jurkat E6.1 – CL120 in Amaxa 4D 

Nucleofecter. Transfected cells were cultured in RPMI + 10% FBS for 48 hours to allow Piezo1 

downregulation. Media change was performed 24 hours after transfection to remove dead 

cells.  

Transwell Chemotaxis assay 

24-well plate with 0.5µm inserts (Merck Millipore) were used for this assay. 0.5µm inserts 

were coated with overnight with 4µg/ml of recombinant human ICAM-1 at 4˚C. Inserts were 

washed with 1X PBS the following day and allowed to dry at room temperature. Control and 

Piezo1-specific siRNA transfected CD4+ naïve T lymphocytes were collected on day 3 post-

nucleofection. Equal number of control and Piezo1 siRNA transfected cells (approximately 0.3 
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million to 0.5 million, depending on cell number) were seeded on ICAM-1 coated inserts in 

100µl of RMPI + 10% FBS. Inserts were placed on each well of a 24-well plate. Each well 

contained 500µl of RPMI + 10% FBS with or without 0.5µg/ml of recombinant human CCL19. 

Cells were allowed to migrate for 5 hours at 37˚C, 5% CO2. After 5 hours, inserts were placed 

on each well of a 24-well plate containing 500µl of chilled 1X PBS + 1mM EDTA to dislodge 

transmigrated cells from the lower wall of the inserts. Cells migrated in the bottom chamber 

were collected and centrifuged at 1500rpm for 5 minutes at 4˚C. The cell pellet was 

resuspended in a definite volume of RPMI + 10% FBS and cells were counted using a Neubauer 

Haemocytometer. Proportion of cells migrated to the lower chamber were calculated as the 

percentage of initially seeded cell number.  

Transfected Jurkat cells were also similarly seeded in 0.5µm transwell inserts in a 24-well 

plate. Equal number of control siRNA or Piezo1 siRNA-transfected cells (approximately 

300,000 -500,000 cells) were seeded on ICAM-1 coated inserts. 500µl of RPMI + 10% FBS 

containing 0.2µg/ml of CXCL12 or SDF1α was added to the lower chamber to create a 

chemokine gradient. Media without any chemokine was used a negative control. Cells were 

allowed to migrate for 1 hour at 37˚C after which further migration was stopped by placing 

the plate on ice. Inserts were placed on chilled 1X PBS + 1mM EDTA to dislodge cells that have 

transmigrated and attached on the lower wall of the insert. Migrated cells were collected and 

centrifuged at 1500rpm for 5 minutes at 4˚C and resuspended in a definite volume of media 

and counted using Neubauer’s Haemocytometer.  

Millicell µ-Migration chemotaxis assay 
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Figure 17-1. Millicell µ-Migration assay kit. Configuration of a µ-Migration slide (A). 

Configuration of each chamber of a µ-Migration slide (B). Establishment of a chemokine 

gradient in the chamber (C).  Adapted from Merck Millipore Millicell® µ-Migration Assay Kit 

brochure.  

Each µ-Migration slide contains 3 chambers (Fig. 17-1 A). Each chamber contains two 

reservoirs (Fig. 17-1 B) that can be filled with different concentrations of chemokine to 
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generate a chemokine gradient (Fig. 17-1 C). Movement of cells seeded in the observation 

window (Fig. 17-1 B & C) can be tracked by live cell time-lapse imaging.  

Each chamber of a µ-Migration slide was coated with 4µg/ml of recombinant human ICAM-1. 

The slide was held at an angle of 30˚ along the long axis of the slide. 82µl of recombinant 

human ICAM-1 was pipetted onto adaptor 5 (Fig. 17-1 B) till the entire chamber was covered 

with the ICAM-1 solution. This setup was kept at 4˚C overnight. The chambers were washed 

the following day with 1X PBS after removing the ICAM-1 solution and dried at room 

temperature. After coating the migration chamber was filled with RPMI + 10% FBS containing 

20mM HEPES through adaptor 5 (Fig. 17-1 B). Cell trace violet-labelled control and Piezo1 

siRNA transfected cells were then seeded in the observation section (Fig. 17-1 B) through 

adaptors 6 and 7. Briefly a droplet of 8µl of 2-3 million cells was placed on adaptor 6 and equal 

volume was aspirated through adaptor 7 to allow the cells to enter the observation window. 

The slides were incubated at 37˚C for 30 minutes after which 18µl of chemokine CCL19 was 

added through adaptor 1 (Fig. 17-1 B) at a final concentration of 0.5µg/ml. The chemokine 

droplet was placed on adaptor 1 and an equal volume was aspirated through adaptor 5 to 

generate a chemokine gradient. This set up was placed at 37˚C for 30 minutes before time-

lapse imaging using EVOS fluorescent microscope for a total duration of 35 frames with each 

frame corresponding to 30 seconds. Live cell imaging was performed at room temperature.  

Image analysis 

All cells were analysed using Fiji ImageJ plugin Particle 2D/3D Tracker.  The following 

parameters were calculated.  

Mean-squared displacement (MSD): 
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∑ (𝑥𝑛 − 𝑥0)2𝑖=𝑛
𝑖=0 +  (𝑦𝑛 − 𝑦0)2 where, 

i = 0 is the starting frame, so x0 and y0 are the x and y-positions at the starting frame.  

i = n is the nth frame, so xn and yn are the x and y-positions at the nth frame. 

Total distance travelled = ∑ √(𝑥𝑛+1 − 𝑥𝑛)2 + (𝑦𝑛+1 − 𝑦𝑛)2𝑖=𝑛
𝑖=0   

where, i = 0 is the starting frame while i = n is the nth frame. 

Speed of migrating cells = Total distance travelled / Total duration of time 

Chemotactic Index (CI) was used to assess the degree of directional migration of transfected 

CD4+ naïve T lymphocytes. It was calculated as the ratio between the distance travelled at the 

last frame with respect to its starting point (√MSDnth frame) and total distance travelled 

between each successive frame till the last time-point (total euclidean distance). A perfectly 

directional migration will cause these two parameters to be equal and hence, the ratio 

between them to be equal to 1.  

Chemotactic Index (CI) = √𝑀𝑆𝐷𝑛𝑡ℎ 𝑓𝑟𝑎𝑚𝑒/(Total distance travelled) 

All statistical significance was calculated using GraphPad prism 5.0 using unpaired t-test. 

17.3 Results 

Downregulation of Piezo1 impaired 3D chemotactic transmigration of CD4+ T lymphocytes. 

CD4+ naïve T lymphocytes were allowed to migrate across ICAM-1 coated 0.5µm pore-size 

inserts in response to 0.5µg/ml recombinant human CCL19 (Fig. 17-2 A). Transmigration was 

calculated as a percentage of originally seeded cells. CD4+ T lymphocytes with downregulated 

Piezo1 expression showed significant reduction in the percentage of transmigrated cells as 

compared to control T lymphocytes (Fig. 17-2 B). Thus, Piezo1 on CD4+ T lymphocytes is 
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essential for 3D transmigration of these cells in response to chemokine gradient. We also 

made similar observations in the acute T cell leukaemia cell line, Jurkat cells. Jurkat cells were 

transfected with control or Piezo1-specific siRNA. Jurkat cells deficient in Piezo1 showed 

significant reduction in percent migrated cells in the lower chamber (Fig. 17-2 C). Both primary 

CD4+ T lymphocytes and Jurkat transfected cells showed minimal passive migration across 

transwells in the absence of any chemokine gradient (Fig. 17-2 B, C).  

Loss of Piezo1 expression also resulted in inhibited CD4+ naïve T lymphocytes motility in 

confined 2D migration in response to chemokine gradient. Millicell µ-migration chambers 

were used to set up a chemokine gradient (Described in section 17.2). 2D confined migration 

of CD4+ naïve T lymphocytes was studied in response to CCL19 gradient on ICAM-1 coated µ-

migration chambers. Loss of Piezo1 reduced motility of CD4+ T lymphocytes as measured by 

mean-squared displacement (MSD) (Fig. 17-2 D). Piezo1 downregulated CD4+ naïve T 

lymphocytes travelled lesser distance and thus showed lower migration speeds as compared 

to control transfected CD4+ naïve T lymphocytes (Fig. 17-2 F, G). Representative tracks of 

these cells showed that control CD4+ T lymphocytes showed directional persistence while 

CD4+ T lymphocytes with downregulated Piezo1 failed to show any directionality during 2D 

movement in response to chemokine gradient (Fig. 17-2 E, I). We measured the chemotactic 

index (CI) of these moving cells that helped us evaluate their chemotactic capacity (Fig. 17-2 

H, I). Piezo1-deficient CD4+ T lymphocytes showed significantly reduced measurements of the 

chemotactic index. Piezo1 thus, regulates chemotactic response and directional persistence 

of naïve CD4+ T lymphocytes.  
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Figure 17-2 A. 3D transwell migration assay setup. The upper chamber consists of ICAM-1 

coated insert where control or Piezo1-siRNA transfected CD4+ T lymphocytes are seeded in 

equal numbers. The lower chamber consists of well filled with appropriate volume of media 

with and without recombinant human chemokine.  

Figure 17-2 B, C. Piezo1 downregulation reduces 3D transwell migration of CD4+ CD45+ T 

lymphocytes. Control and Piezo1 siRNA-transfected CD4+ naïve T lymphocytes were seeded 

on ICAM-1 coated 0.5µm transwell inserts.  Cells were allowed to migrate for 5 hours towards 

the lower chamber well containing 0.5µg/ml CCL19 (primary CD4+ naïve T lymphocytes) (B) or 

0.2µg/ml CXCL12 (Jurkat cells) (C). Chemotaxis is measured as percentage of cells that have 

migrated to the lower chamber. Data is representative of at least 3 independent experiments.  
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Figure 17-2 D, E. Piezo1 downregulation impairs motility of CD4+ naïve T lymphocytes in 2D 

confined chemotactic migration assay. Control and Piezo1 siRNA-transfected CD4+ T 

lymphocytes were seeded on ICAM-1 coated millicell µ-migration chambers. Recombinant 

human CCL19 was added at a final concentration of 0.5µg/ml in the top reservoir chamber 

(described in Fig. 4.2.2 C) and cell movement was evaluated through time lapse-imaging. Cells 

were acquired at rate of 30 seconds per frame for a total duration of 40 frames.  Piezo1 

downregulation significantly reduces chemokine-dependent cell motility as measured by 

mean-squared displacement (MSD) (D). Data is representative of at least 3 independent 

experiments. Control siRNA/Piezo1 siRNA transfected cells, n = 218 each.   Representative cell 

tracks also shows that control CD4+ T lymphocytes extended movement while cells deficient 

in Piezo1 expression exhibited restricted motility (E). Representative cell tracks also shows 

that control CD4+ T lymphocytes showed directional persistence while tracks of Piezo1 

downregulated cells failed to show any directionality (E).  
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Figure 17-2 F, G. Piezo1 downregulation impairs 2D confined chemotactic motility of CD4+ 

naïve T lymphocytes. Control and Piezo1 siRNA-transfected CD4+ naïve T lymphocytes were 

seeded on ICAM-1 coated millicell µ-migration chambers. Recombinant human CCL19 was 

added at a final concentration of 0.5µg/ml in the top reservoir chamber (described in Fig. 17-

1) and cell movement was evaluated through time lapse-imaging. Cells were acquired at rate 

of 30 seconds per frame for a total duration of 40 frames. Loss of Piezo1 reduced total 

distance migrated by CD4+ T lymphocytes in response to CCL19 (F). Cells also migrated with 

lower migration speeds in Piezo1 downregulated CD4+ T lymphocytes (G). Data is 

representative of at least 3 independent experiments. Control siRNA/Piezo1 siRNA 

transfected cells, n = 185 each.   
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Figure 17-2 H, I. Piezo1 downregulation impairs 2D chemotactic migration of CD4+ CD45RA+ 

T lymphocytes. Chemotactic index (CI) was calculated as a measure of directed migration in 

response to CCL19 gradient in millicell µ-migration chamber. Piezo1 knockdown significantly 

reduced directional migration in response to chemokine gradient as compared to control cells 

as evident by lower chemotactic index (CI) values (H, right panel). Control siRNA/Piezo1 siRNA 

transfected cells, n = 159 each. Experimental setup of a millicell µ-migration chamber (H, left 

panel; details in section 17-2). Representative cell tracks of control and Piezo1 transfected 

CD4+ naïve T lymphocytes along a CCL19 gradient (I).  

17.4 Discussion 
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The process of T lymphocyte trafficking involves directed movement of these cells towards a 

chemokine source. This phenomenon is known as T cell chemotaxis and is essential for guided 

migration to peripheral sites of infection or homing to lymph nodes. Chemotactic migration 

requires T lymphocytes to respond to chemokine gradients and move across vascular 

endothelial layers through sites of high endothelial venules (HEVs). T lymphocyte migration 

also involves movement through confined capillary networks and the complex tissue 

microenvironment, all of which provide highly variable mechanical cues to migrating T cells. 

Existing studies have shown that T lymphocytes alter their migratory mode and pattern 

depending on the tissue microenvironment. We wanted to explore the potential role of 

Piezo1 regulation in chemotactic migration of CD4+ T lymphocytes. We found that Piezo1 

regulation is essential for 3D diapedesis across the endothelial barrier as well 2D confined 

migration in response to a chemokine gradient. Abrogation of Piezo1 resulted in significantly 

reduced 3D transmigration and 2D migration towards a chemokine gradient, thus alluding 

towards the potential role of Piezo1 in directional migration of CD4+ naïve T lymphocytes.  
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Chapter 18. Downregulation of Piezo1 abolishes cytoskeletal actin 

polarity in response to chemokine  

18.1 Introduction 

Generation of cell polarity is characteristic of T lymphocyte migration (343,475). During T 

lymphocyte migration, cytosolic and membrane components redistribute themselves so as to 

create a polarized cell state that facilitates cell movement. Migrating T lymphocytes extend 

multiple cytoskeleton-based membrane protrusions at the leading edge known as 

lamellipodia. The trailing end of migrating T lymphocytes have a single extension known as 

the uropod whose retraction drives the cell forward (481). Moving T lymphocytes make 

contacts with the substrate mediated through integrin binding which act as focal points for 

generation of traction forces through localised formation and contraction actin fibres (475, 481). 

Reorganisation of actin cytoskeletal scaffold is necessary to generate cell polarity. Formation 

of a cell leading and rear end is necessary for directional movement of T lymphocytes such as 

chemotaxis. Actin polymerisation at the cell’s leading edge and its retrograde movement 

through myosin-based contractility is also necessary for the generation of traction forces that 

is crucial for cell migration (475,481). Remodelling of the actin cytoskeleton is mediated by a 

number of factors including Rho family of GTPases, namely, Rho, Rac and Cdc42 (486). They are 

activated upon chemokine binding to its receptor and trigger actin polymerisation at the cell’s 

leading lamellipodia while driving myosin II-based contractions of from the rear end. 

Inhibition of actin polymerisation prevents generation of cell polarity and formation of leading 

edge lamellipodia, filipodia and rear end uropod which severely impairs migration and 
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chemotactic movements of T lymphocytes (485,486). We, thereby, sought to explore the 

plausible aspect of Piezo1-mediated regulation of actin polarity in migrating T lymphocytes.  

18.2 Methods 

Isolation and transfection of CD4+ CD45RA+ naïve T lymphocytes 

PBMCs were isolated from blood of healthy volunteers. CD4+ CD45RA+ T lymphocytes were 

isolated by using microbeads against CD4 and CD45RA through successive positive selection 

(Described in detail in section 16.2). Isolated cells were transfected with 150ng/ml of control 

EGFP siRNA or Piezo1-specific siRNA by nucleofection using Amaxa 4D-Nucleofector (Detailed 

protocol in section 16.2), program EO-115. Transfected cells were incubated at 37˚C for 3 days 

to allow Piezo1 downregulation.  

Stimulation of actin polymerisation 

13mm glass coverslips were washed thoroughly with 100% ethanol and allowed to dry at 

room temperature. 100µl of 15µg/ml of recombinant human fibronectin (Takara Bio.) were 

added and incubated at 4˚C overnight. Fibronectin was removed the following day and 

coverslips were washed thoroughly with 1X PBS. They were allowed to dry at room 

temperature. 

Approximately 100,000 control or Piezo1 siRNA-transfected cells (on day 3 post-

nucleofection) were seeded on coated coverslips and incubated at 37˚C for 2 hours. 0.5µg/ml 

of recombinant human CCL19 was added at one region of the coverslip and cells were 

stimulated for 40 minutes at 37˚C. After stimulation, cells were washed twice with 1X PBS. 

100µl of 4% paraformaldehyde was added and fixation was performed for 30 minutes at room 

temperature. Cells were washed thrice with 1X PBS following which blocking and 
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permeabilization was performed with 3% Bovine-serum albumin (BSA) in 1X PBS + 0.2% 

Triton-X 100. Cells were washed again thrice with 1X PBS. 100µl of Alexa 532-conjugated 

phalloidin (1:100 dilution) was added and incubated at room temperature in a dark moist 

chamber for 30 minutes. Cells were washed thrice with 1X PBS and stained with 1µg/ml of 

DAPI for 1 minute. Excess stain was washed off by washing 4 times with 1X PBS. Coverslips 

were mounted on 4µl VECTASHIELD mounting media.  

Image acquisition 

Images were acquired on EVOS immunofluorescence microscope at a magnification of 40X 

using the RFP filter.  

Image analysis 

All images were analysed using Fiji ImageJ. Each cell was divided into 2 halves with the division 

axis perpendicular to the long axis of the cell. This divides the cell into two ROIs (region-of-

interest) – front half/rear half. Fluorescent intensity of actin-bound phalloidin was then 

measured separately in the two halves. Polarity Index was calculated as ratio of the difference 

between the fluorescent intensities of the two halves divided by the average fluorescent 

intensity of the entire cell. Statistical significance was calculated using unpaired t-test in 

GraphPad Prism 5.0. 

18.3 Results 

Piezo1 knockdown abrogates actin polarisation response to chemokine stimulation.  

Control and Piezo1-specific siRNA transfected CD4+ CD45RA+ T lymphocytes were stimulated 

with 0.5µg/ml of recombinant human CCL19. Post stimulation, degree of actin polarity was 

quantified through immunofluorescence microscopy. Any cell with actin signal mostly 
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concentrated on one half of the cell will yield a higher actin polarity index than a cell with 

uniformly distributed actin (Details in section 18.2). It was observed that Piezo1 

downregulation resulted in significant loss of cytoskeletal actin polarity in response 

chemokine stimulation. Control CD4+ naïve T lymphocytes on the other hand, showed distinct 

polarisation of the actin cytoskeleton on one pole of chemokine-stimulated cell (Fig. 18-A, B).  

 

 

Figure 18-A-B. Piezo1 knockdown abolishes actin polarity in response to chemokine 

stimulation in CD4+ naïve T lymphocytes. Transfected T lymphocytes were stimulated with 
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0.5µg/ml of recombinant human CCL19 for 40 minutes. Polarisation of the actin cytoskeleton 

in response to chemokine stimulation was calculated. Actin polarity index was significantly 

reduced on Piezo1 downregulation as compared to control cells (A). Representative fields of 

Alexa 532-phalloidin stained transfected CD4+ CD45RA+ T cells with or without chemokine 

stimulation (B). Data is representative of at least 3 independent experiments. (Control siRNA 

transfected cells, n > 50, Piezo1 siRNA transfected cells, n > 50) 

18.4 Discussion 

Generation of cell polarity is crucial for T lymphocytes to migrate along a chemokine gradient. 

A polarised T lymphocyte is characterised by having leading edge lamellipodia and a rear end 

uropod. Both these structures are actin cytoskeleton-based membrane extensions that are 

necessary for directional cell migration. Chemical abrogation of frontal-rear axis of a moving 

T lymphocyte completely abolishes T lymphocyte migration. Upon sensing of chemokine 

gradient, this frontal-rear polarity is established through polymerisation and remodelling of 

the cytosolic actin cytoskeletal network. It has been shown that migrating T lymphocytes 

show active actin polymerisation at the leading pole of the cell that undergoes retrograde 

flow to the back of the cell through myosin-driven contractions of the actin fibres. This process 

is necessary for the generation of traction forces that retracts the trailing uropod and propels 

the cell forward. In the above section., we decided to explore the potential role of Piezo1 

regulation of generating and maintaining actin polarity in migrating CD4+ T lymphocytes. 

Piezo1 knockdown resulted in loss of actin polarity in response to chemokine. Control CD4+ T 

lymphocytes, on the other hand, showed distinct polarisation of F-actin towards one pole of 

the cell. Thus, Piezo1 plays a crucial role in generating F-actin polarity thus, facilitating 

directional movement towards a chemokine source.   
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Chapter 19. Piezo1 undergoes redistribution in during migration in 

response to chemokine stimulation 

19.1 Introduction 

As described in the previous chapter, during migration, T lymphocytes transition from an 

apolar state where cellular components are uniformly distributed to a polarised state where 

signalling components are preferentially localised to the leading and rear poles of the cell (485). 

Reorganisation of signalling components within the cell is essential for establishing polarity 

which facilitates chemotactic migration. Cellular components that establish T cell polarity 

during migration include Phosphoinositide 3-kinases (PI3Ks), Phosphatase and tensin 

homolog (PTEN), chemokine receptors CCR7, CXCR4 and family of Rho-GTPases – RhoA, Rac1 

and Cdc42 (475). Activity of Rho-GTPases drive actin polymerisation and polarisation through 

the WAVE-Arp2/3 signalling pathway (475). Cell polarity is generated in response to chemokine 

gradient which facilitate directed T cell migration. Since we observed that Piezo1 activity is 

essential to drive actin polarity in migrating CD4+ T lymphocytes, we sought to explore if 

Piezo1 undergoes a similar form of cellular redistribution during CD4+ T lymphocyte 

migration. Previous findings revealed that Piezo1 undergoes preferential peripheral 

distribution in CD4+ T lymphocytes during antigen stimulation since localisation of Piezo1 

towards the cell periphery will enhance sensing of mechanical force generated during 

interaction with cognate APCs. This finding led us to the plausible scenario of altered Piezo1 

cellular distribution during migration of CD4+ T lymphocytes. 

19.2 Methods 

Piezo1 overexpression construct 
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Piezo1 tagged RFP construct was provided by Dr. Charles D. Cox from Victor Chang Cardiac 

Research Institute, Australia. Briefly, Piezo1 overexpression construct was synthesised using 

a pIRES2-EGFP vector backbone. The GFP expression was silenced and DNA coding mcherry 

and Piezo1 were ligated. DNA encoding mcherry protein were introduced into amino acid 

positions 160, 724, 855, 1591 and 1851 through Age1/Spe1 restriction sites in Piezo1-encoded 

DNA. DNA encoding Piezo1 and fluorescent mcherry were then ligated on to the Age1/Spe1-

inserted vector backbone (399). 

Amplification of Piezo1-RFP construct 

Piezo1-RFP construct amplification was performed by Dr. Dibyanti Mukherjee. Briefly, E. coli 

strain, DH5α bacterial (from Dr. Arun Bandopadhyay, IICB) glycerol stock was allowed to thaw 

at room temperature. Bacterial cells were streaked on LB-agar plate (Luria Bertini HiVeg Broth 

+ 20% agar) without antibiotics. Plate was incubated at 37˚C overnight.  

A single colony of DH5α E. coli added to 10ml of LB media without any antibiotic. Bacteria was 

allowed to grow overnight at 37˚C under shaking conditions (240 rpm).  

The following day, 10µl of bacterial culture was then added to 10ml of fresh LB broth without 

antibiotics and incubated at 37˚C under shaking conditions. Optical density at 600nm 

(O.D.600nm) was measured every 15-30 minutes in a spectrophotometer to check cell growth 

and density. When cell density reached an O.D.600nm of 0.3-0.35, the cells were immediately 

placed on ice for 30 minutes with occasional shaking. The following steps must all be 

performed on ice and centrifuge or tubes must be pre-chilled to 4˚C. Cells were then 

centrifuged for 15 minutes at 4000rpm for 15 minutes at 4˚C. Cells were then washed 

subsequently with 30ml of ice-cold MgCl2 (80mM) and CaCl2 (20mM) solution for 15 minutes 

at 4000rpm and 4˚C. Supernatant was discarded and cells were resuspended in 200µL of ice-
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cold 100mM CaCl2, and incubated on ice for 30 minutes. Cells were then centrifuged at 

3000rpm for 15 minutes at 4˚C. Competent cells were then centrifuged at 3000rpm for 15 

minutes at 4˚C. 

200µl of competent cells in 100mM CaCl2 were then mixed with 1-2µl of DNA encoding Piezo1 

mcherry (corresponds to 50 – 100ng/µl of DNA). Mixing was performed by gently tapping the 

microfuge tube. The mixture was incubated on ice for 30 minutes. The tube was then placed 

in a pre-warmed 42˚C water bath for 90 seconds following which they were immediately 

placed on ice. 1ml off LB media without antibiotics was added to the transformed cells and 

allowed to grow at 37˚C for 1 hour under gentle shaking conditions. This allows transformed 

bacteria to express the antibiotic resistance protein. Transformed cells were then streaked 

on to LB-agar plates containing 10µg/ml of Kanamycin antibiotic. Cells were allowed to grow 

overnight at 37˚C.  

Appearance of kanamycin-resistant colonies the following day, showed successful 

transformation. A single colony was then added to 10ml of LB media containing 10µg/ml of 

kanamycin and cells were allowed to grow overnight at 37˚C under shaking conditions. 

Bacterial stock preparation 

Piezo1-RFP expressing E.coli DH5α bacterial cells were collected. Equal volume of 50% 

glycerol was added to bacterial culture and aliquoted into cryovial, 1ml each. Stocks were 

stored at -80˚C.   

For concentrating DNA amount, plasmid DNA was precipitated by adding one-tenth volume 

of 3M Sodium acetate, pH 5.2, and 2-3 times volume of absolute ethanol. The contents were 

mixed by inverting the tube 4-5 times following which they were incubated at -20˚C for 2 



260 | P a g e  
 

hours to allow precipitation. Contents were centrifuged at 13000rpm for 15 minutes at 4˚C. 

Supernatant was discarded and plasmid DNA pellet was washed thrice with 75% ethanol in 

nuclease-free water. Washing was done by adding 1ml of 75% ethanol to the pellet followed 

by inverting the tubes 4-5 times. This was incubated at room temperature for 5 minutes 

followed by centrifugation at 13000rpm or 15 minutes at 15˚C. DNA pellet was dried at room 

temperature in a laminar hood. Pellet was then dissolved in appropriated volume of 1X TE 

buffer.  

Plasmid isolation 

Piezo1-RFP expressing bacterial cells were collected the following day and centrifuged at 

4000rpm for 10 minutes at 25˚C. Plasmid was isolated using QIAprep Spin Miniprep Kit 

(Qiagen). Pellet from 5ml bacterial culture was resuspended in 250µl of P1 buffer containing 

LyseBlue reagent at a dilution of 1:1000 and RNase A solution. 250µl of buffer P2 was added 

and mixed rigorously by inverting the tubes multiple times. Proper cell lysis is evident by 

solution turning uniformly blue. After 4-5 minutes of lysis, 350µl of neutralization buffer N3 

was added. Tubes were then inverted multiple times so as to allow proper mixing. The 

solution turned colourless after addition of N3 buffer. Contents were centrifuged at 

13000rpm for 15 minutes at 4˚C. 800µl of debris-free supernatant was then applied to 

QIAprep spin column 2.0. The columns were centrifuged at 13000rpm for 1 minute. Flow-

through was discarded. The column was washed with 500µl of binding buffer PB. 

Centrifugation at 13000rpm for 1 minute was performed again. Flow-through was discarded 

again followed by addition of 750µl of ethanol-containing buffer PE. After centrifugation at 

13000rpm for 1 minute, flow-through was discarded. The column was centrifuged again 

similarly to remove any residual wash buffer. The columns were then placed on fresh 1.5ml 
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microfuge tubes. 50µl of elution buffer EB (10mM Tris, pH 8.5) was added to the top of the 

column and allowed to incubate for 1 minute at room temperature. Centrifugation at 

13000rpm for 1 minute was performed. The elution step was performed again similarly. 

Plasmid DNA-containing flow-through was collected. 

Transient Piezo1 overexpression in Jurkat cell line 

Jurkat EP6-1 was maintained in RPMI + 10% FBS. Cells were split at a density of 0.5 million per 

ml of media without antibiotics 1-2 days before transfection. On the day of transfection, cells 

were washed at 900 rpm at 4˚C for 5 minutes. Approximately 1.5 million cells were 

resuspended in nucleofection buffer (Lonza) consisting of 82µl of Cell Line SE buffer and 18µl 

of P1 supplement buffer. 10µg of RFP-tagged Piezo1 construct was added and mixed. Cells 

were nucleofected using Amaxa 4D Nucleofector, program CL-120. Cells were then cultured 

in a 24-well plate in 2ml RPMI + 20% FBS without antibiotics at 37˚C. Cells were washed after 

24 hours at 900rpm, 4˚C for 5 minutes and plated in fresh RPMI + 20% FBS without antibiotics. 

Overexpression was measured using BD LSR II flow cytometer after 36-48 hours post-

transfection. All transfections were performed within 10 passages after thawing of stock 

Jurkat.  

Live cell imaging 

Transfected Jurkat cells were seeded on ICAM-1-coated (4µg/ml) millicell µ-chamber. A SDF1-

α chemokine gradient of 0.5µg/ml (final concentration) was applied to the top half of the 

chamber (Detailed protocol of millicell µ-chamber migration assay described in section 16.2). 

Cells were incubated for 15 minutes at 37˚C. Live cell imaging was performed using EVOS 

immunofluorescent microscope using the PE-Texas Red emission filter. Cells were allowed to 
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migrated for 15 mins at an interval of 1 minute per frame. Localisation of mcherry-labelled 

Piezo1 was tracked in moving cells.  

Image Analysis 

All images were analysed using Fiji ImageJ software. Polarity of mcherry-labelled Piezo1 in 

moving Jurkat cells was measured. Moving Jurkat cells were tracked and direction of their 

transient movement was identified. A line perpendicular to the transient direction of 

movement was used to divide a moving cell into two halves – front and rear halves. Mean 

fluorescent intensity of Piezo1-mcherry in each half of the cell was measured using Fiji ImageJ. 

Difference between the mean fluorescence intensity was calculated and divided by the 

average fluorescence intensity of the entire cell. This was used as the Piezo1 Polarity Index in 

moving Jurkat cells.  

19.3 Results 

Flow cytometric measurements revealed transfection efficiency to be around 30% to 40% 

approximately 36 hours post-transfection. Overexpression of mcherry-tagged Piezo1 in Jurkat 

cells was transient and was significantly reduced on day 3 post-transfection (Fig. 19-A). So, 

transfected Jurkat cells were collected on day 2 after transfection and seeded on ICAM-1-

coated millicell µ-migration chamber where SDF1α chemokine gradient was established. 

mcherry-tagged Piezo1 showed a strong polarity in Jurkat cells in the presence of a chemokine 

gradient (Fig. 19-B). Piezo1 tended to accumulate in the front half of a moving cell subjected 

to SDF1α chemokine gradient (Fig. 19-C). Piezo1, however, showed no preferential 

localisation in the cell in the absence of any chemokine.  
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Figure 19-A. Representative flow cytometry plots depicting transfection efficiency of Jurkat 

cells overexpressing Piezo1-mcherry. Jurkat cells were nucleofected with Piezo1-mcherry 

expressing plasmid. Transfection efficiency was checked 36 hours after nucleofection through 

flow cytometry. Left panel: Un-transfected Jurkat cells, Right panel: Plasmid-transfected cells.  

 

Figure 19-B. Polarity of Piezo1 proteins in Jurkat cells treated with chemokine. Jurkat cells 

overexpressing mCherry-tagged Piezo1 were subjected to 0.5µg/ml SDF-1α chemokine 

gradient in µ-millicell migration chambers. Piezo1 showed uniform cellular distribution in the 
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absence of chemokine gradient but tended to concentrate specifically in the frontal regions 

of the cells subjected to a chemokine gradient. Calculation of Piezo1 polarity is described in 

detail in section 18.2.  

 

Figure 19-C. Representative images of Piezo1 distribution in moving Jurkat cells. Jurkat cells 

overexpressing mCherry-tagged Piezo1 were allowed to move in the presence of absence of 

SFF-1α chemokine gradient in a µ-millicell migration chamber. Piezo1 showed no preferential 

localisation in the absence of chemokine gradient (left panel) but tended to accumulate in the 

frontal regions of moving cells subjected to chemokine gradient (right panel). The frontal half 

of the cell was calculated on the basis of the cell’s transient direction of movement (details in 

section 19.2). 

19.4 Discussion 

mcherry-tagged Piezo1 overexpression was used to determine intracellular Piezo1 dynamics 

in moving cells. It was observed that Piezo1 showed preferential accumulation in the front 

half of a moving Jurkat cell in the presence of chemokine. No specific enrichment of Piezo1 

was seen in any region of a cell in the absence of chemokine, SDF1α. This observation makes 

an interesting finding that Piezo1 actively undergoes redistribution during chemokine-
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triggered cell migration. Piezo1 tends to preferentially localise in cellular regions which are 

first exposed to mechanical cues like the leading edge of a moving cell. Active Piezo1 

redistribution enables efficient sensing of mechanical cues during cell movement which may 

help to recruit and trigger downstream signalling adaptors that mediate directional migration. 

Rearrangement of cellular Piezo1 localisation depending on site of stimulus was also observed 

previously when Piezo1 preferentially accumulated in peripheral regions of CD4+ T 

lymphocytes when stimulated with surface TCR-binding crosslinking antibodies. 
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Chapter 20. In-vivo validation of the role of Piezo1 in CD4+ T 

lymphocyte migration in contact hypersensitivity mouse model 

20.1 Introduction 

The contact hypersensitivity (CHS) mouse model is an efficient system that is used to 

investigate host immune reaction in response to allergens (487). The process consists of a 

primary stage of mouse exposure to contact allergens. This phase is known as the allergen 

sensitisation phase (487). During this phase, antigen presenting cells (APCs) residing at the site 

of allergen application like skin-resident dendritic cells or Langerhans cells take up the 

allergen and carry them to site-draining lymph nodes. The contact allergen is typically a 

hapten which forms immunogenic complexes with host-intrinsic carrier proteins which are 

subsequently taken up by tissue-resident innate APCs. In the lymph nodes, they present the 

antigens to circulating naïve T cells where they get activated and differentiate to antigen-

specific effector T lymphocytes. Antigen sensitisation and production of antigen-specific 

effector T lymphocytes usually takes about 5-6 days from the point of primary allergen 

exposure. Following sensitisation, the mouse is re-exposed to the same contact allergen at a 

site distinct but proximal to the primary exposure site. This will trigger an immediate and 

heightened immune reaction at the secondary site which can be studied in isolation from the 

rest of the system. During this phase, there is preferential and robust recruitment of allergen-

specific T lymphocytes at the secondary site where their activity and function can be 

examined. The second phase of this contact hypersensitivity reaction is known as the 

elicitation phase (487). The elicitation phase is characterised by an initial period consisting of 

inflammation driven by neutrophils, C5/C5a complement system, and inflammatory cytokines 
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like tumor necrosis factor alpha (TNF-α) and serotonin secreted by mast cells and platelets. 

This usually takes around 2 hours post stimulation to be triggered. The latter period of the 

elicitation phase occurs after 24 hours of allergen stimulation and consists of recruitment of 

effector T lymphocytes to stimulation site. The contact hypersensitivity (CHS) reaction is 

mediated by IFN-ƴ-producing Th1, IL-4 and IL-13-producing Th2 and IL-17-producing Th17 

immune response. Apart from CD4+ T lymphocytes, CD8+ T lymphocytes, B lymphocytes and 

Natural Killer (NK) cells also drive the CHS reaction (487). In mice, the site of allergen 

sensitisation is the dorsal or ventral abdominal skin while the usual site of elicitation is the 

ear. Ear swelling and redness act as indicators of inflammation through CHS reaction (487,488).  

In the following sections, we used the technique of adoptive transfer to track the migration 

capacity of a population of CD4+ T lymphocytes in a CHS mouse model. Adoptive transfer is a 

useful technique that involves isolating and labelling a particular population of cells and 

injecting them into the circulation of another mouse of the same strain, with the same genetic 

background (489). This population of exogenously introduced cells, hereby referred to as 

adoptively transferred cells, can be tracked and analysed through flow cytometry or intra-

vital microscopy. In our study we isolated CD4+ T lymphocytes from peripheral lymph nodes 

and spleen of allergen-sensitised mice and transfected them with control or mouse-specific 

Piezo1 siRNA. After Piezo1 downregulation, these cells were fluorescently labelled and 

introduced into another mouse of the same genetic background. CHS reaction was then 

induced through topical application of the allergen at a distinct site and infiltration of labelled 

adoptively transferred CD4+ T lymphocytes was measured through flow cytometry.  

20.2 Methods 

Contact Hypersensitivity (CHS) mouse model 
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8-12 weeks old, male, BALB/c mice were used for this study. The dorsal abdominal area was 

shaved and the skin was wiped with 75% ethanol one day prior to sensitisation.  

Sensitisation: 4-Ethoxymethylene-2-phenyl-2-oxazolin-5-one or oxazolone (Sigma) was used 

as the contact allergen hapten to induce a CHS reaction. A stock of 3.75% oxazolone solution 

in acetone was used to create an emulsion of 3% oxazolone in olive oil (4:1, vol:vol) for topical 

application. 80µl of 3% oxazolone in olive oil was applied on shaved abdominal skin and 10µl 

of the same was applied on each paw of the mouse. The skin was allowed to dry before placing 

the mice back into their cages. Sensitisation was performed for 5 days after topical application 

of the allergen. 

Transfection of mouse CD4+ T lymphocytes 

Oxazolone-sensitised mice were euthanised on day 6 post-sensitisation through cervical 

dislocation. Mouse peripheral lymph nodes (brachial, axillary and inguinal) and spleen were 

dissected and collected in RPMI + 10% FBS. These tissue sites will be enriched in oxazolone-

sensitised effector CD4+ T lymphocytes among other CD4+ T lymphocytes. The spleen was 

processed through gently crushing it using a 5ml syringe-plunger. The dissociated cell and 

tissue contents were filtered through a 70µm strainer. Lymph nodes were incubated in 

digestion buffer containing RPMI + 10% FBS + 1mg/ml collagenase for 20 minutes at 37˚C. The 

lymph nodes were then crushed through a 70µm cell strainer. Cells were washed in excess 

RPMI media at 1000 rpm, 4˚C for 5 minutes. RBC lysis was performed for not more than 2 

minutes at room temperature. Cells were washed with excess RPMI. Cells were then 

resuspended in MACS buffer and appropriate volume of mouse-specific CD4+ microbeads 

were added (Miltenyi, according to manufacturer’s protocol). Cells were incubated at 4˚C for 

20 minutes under rotating conditions. Excess unbound microbeads were washed with excess 
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MACS buffer at 1000 rpm, 4˚C for 5 minutes. CD4+ T lymphocytes were isolated passing the 

cells through magnetic large-sized columns (Miltenyi Biotec). Columns were washed with 9ml 

of ice-cold MACS buffer. CD4+ T lymphocytes were isolated through plunging of the column-

bound positive fraction with excess MACS buffer followed by centrifugation at 1000rpm for 5 

minutes at 4˚C. Cells were incubated in RPMI + 10% FBS + 50µM β-mercaptoethanol for 20 

minutes at 37˚C. Cells were washed with excess 1X PBS and media was completely removed 

from the cell pellet. Primary nucleofection buffer was prepared by adding 82µl of P3 primary 

buffer and 18µl of P1 supplement buffer. The buffer was diluted at a ratio of 1.5:1 with OPTI-

MEM media (buffer: OPTI-MEM). Approximately 2-3 million CD4+ T lymphocytes were 

resuspended in 100µl of final nucleofection buffer and transfected with 195ng/ml of control 

EGFP or mouse Piezo1-specific siRNA. A combination of 3 siRNA sequences were used for 

mouse Piezo1 downregulation: 

a. 5’ CAGCUAUCGUCUUCACUGA dTdT 3’ 

b. 5’ GAAGCUGCUGAAGAAGCAA dTdT 3’ 

c. 5’ CUCCACCAACCUUAUCAGU dTdT 3’ 

Cells were pulsed using Amaxa 4D nucleofector using program,  

Cells were then seeded in a 24-well plate containing 2ml of RPMI + 10% FBS + 50µM β-

mercaptoethanol. Cells were seeded at a density of 1-2 × 106 per well. 1U/ml of recombinant 

IL-2 was added to each well.  

Adoptive transfer 

For each adoptive transfer in 1 mouse, CD4+ T lymphocytes were isolated from spleen and 

lymph nodes from 5 mice. CD4+ T lymphocytes were transfected with control and mouse 
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Piezo1-specific siRNAs. Transfected cells were collected on day 3 post nucleofection and 

washed at 1000rpm, 4˚C for 5 minutes. Control EGFP siRNA-transfected cells were labelled 

with CFSE dye (1:200 dilution in DMSO from 5mM stock) for 10 minutes at room temperature 

with intermittent shaking. Labelling was stopped with excess RPMI + 10% FBS + 50µM β-

mercaptoethanol. Similarly, Piezo1 siRNA-transfected CD4+ T cells were labelled with cell 

trace violet dye (1: 100 dilution in DMSO from 5mM stock). Cells were washed with excess 

media at 1000 rpm at 4˚C for 5 minutes. Control and Piezo1 siRNA-transfected cells were 

counted using Neubauer’s Haemocytometer. Equal number of CFSE-labelled control siRNA 

and CTV-labelled Piezo1 siRNA-transfected CD4+ T lymphocytes (approximately 8-10 million 

each, equal number) were mixed and introduced into oxazolone-pre-sensitised recipient 

BALB/c male mouse through intravenous (I.V.) injection in the tail vein.  

CHS Elicitation phase: 2 hours after I.V. injection, 40µl of 3% oxazolone in olive oil (4:1, 

oxazolone : olive oil) was applied on the inner and outer skin surface of the right ear. 40µl of 

vehicle (4:1, acetone : olive oil) was similarly applied on the inner and outer skin surface of 

the left ear as control.  

Flow cytometry staining 

36 hours after application of application of vehicle or oxazolone on the mouse ear, mouse 

was euthanised by cervical dislocation. The left and right ear of the mouse was dissected and 

collected in media. Mouse spleen was also collected.  

Ear digestion: The two layers of the ear were separated by pulling apart the upper and lower 

leaves at the base of the ear. The halves were then incubated in HEPES buffer containing 5% 

FBS and 5mM EDTA at 37˚C with intermittent vortexing. Tissue was washed with excess 1X 

PBS. The tissue was then cut into small pieces and transferred to 2ml RPMI + 10% FBS + 
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1mg/ml dispase + 1mg/ml collagenase. Digestion was performed for 15-20 minutes at 37˚C 

with shaking at 120rpm. Further digestion was stopped by adding excess RPMI + 10% FBS and 

contents were strained through 70µm strainer to collect single cells. Cells were washed with 

FACS buffer at 1000rpm, 4˚C for 5 minutes.  

Spleen was crushed and passed through a 70µm strainer followed by centrifugation at 

1000rpm, 4˚C, 5 minutes. RBC lysis was performed for 2 minutes at room temperature 

followed by washing with excess media and FACS buffer subsequently.  

The following mouse -specific antibodies were used for staining – CD45 PerCP, TCRβ APCCy7 

and CD4 APC (BD Bioscience). The percentage of infiltrating CFSE-labelled control siRNA and 

CTV-labelled Piezo1 siRNA-transfected CD4+ T lymphocytes was measured using BD LSR II flow 

cytometer. 

20.3 Results 

We used the mouse contact hypersensitivity (CHS) model to validate Piezo1-mediated 

regulation of CD4+ T lymphocyte migration. Primary CD4+ T lymphocytes were isolated from 

spleen and peripheral lymph nodes (pLNs) from oxazolone-sensitised mice. Isolated cells were 

transfected with control or mouse Piezo1-specific siRNA. Transfected cells were differentially 

labelled with fluorescent dyes and introduced intravenously into a pre-sensitised recipient 

mouse. The mouse was then challenged on the ear with oxazolone or vehicle (Fig. 20-A). The 

proportion of CFSE-labelled control CD4+ T lymphocytes and CTV-labelled Piezo1-

downregulated CD4+ T lymphocytes that were specifically recruited to the allergen-

challenged site was then detected through flow cytometric measurements. Loss of Piezo1 

expression negatively affected migration of CD4+ T lymphocytes to the antigen-challenged 

site. There was significant reduction of ear-infiltrating Piezo- downregulated CD4+ T 
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lymphocytes as compared to control CD4+ T lymphocytes. Vehicle-treated ear did not show 

significant infiltration of CD45+ immune cells including CD4+ T lymphocytes as compared to 

oxazolone-challenged ear (Fig. 20-B, C).  

 

Figure 20-A. Contact Hypersensitivity (CHS) mouse model. In order to validate the role of 

Piezo1 in directional migration of CD4+ T lymphocytes, we used the CHS mouse model. Adult 

BALB/c mice were sensitised with hapten, oxazolone by topical application. On day 6 after 

sensitisation, mice were sacrificed and primary CD4+ T lymphocytes were isolated from 

peripheral lymph nodes (pLNs) and spleen. Isolated cells were transfected with control and 

Piezo1-specific siRNAs. Upon Piezo1 knockdown, cells were collected and labelled with 

fluorescent dyes (CFSE: control siRNA-transfected cells, CTV: Piezo1 siRNA-transfected cells) 

and equal number of cells were injected intravenously into a pre-sensitised mouse. 2 hours 

after adoptive transfer, the left and right ear of the recipient mouse was challenged with 
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vehicle and oxazolone respectively. Infiltration of labelled CD4+ T lymphocytes into the mouse 

ear was measured through flow cytometry.  Adoptively transferred Piezo1-deficient CD4+ T 

lymphocytes showed significant reduction in recruitment to the oxazolone-challenged site as 

compared to control CD4+ T lymphocytes (Fig. 20-D, E). Loss of Piezo1, thus impairs the ability 

of CD4+ T lymphocytes to respond to inflammatory cues and migrate towards sites of 

inflammation. Homing of adoptively transferred control and Piezo1-deficient CD4+ T cells to 

the spleen was however, did not show considerable difference (Fig. 20-F).  

 

Figure 20-B, C. Infiltration of CD45+ immune cells in oxazolone-challenged ear. Adoptive 

transfer of labelled transfected CD4+ T lymphocytes was performed in mouse pre-sensitised 

with oxazolone. Post-transfer, the mouse was challenged with vehicle on the left ear and 

oxazolone on the right ear. Proportion of infiltrating CD45+ immune cells (B) including whole 

CD4+ T lymphocytes (C) in oxazolone-treated ear were much higher as compared to vehicle-

treated ear, thus, accounting for inflammation due to CHS reaction upon oxazolone challenge. 

(Fig. C, Right panel – representative flow cytometry plot of CD4+ T lymphocyte population in 

oxazolone treated ear.) 
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Figure 20-D-F. Piezo1 downregulation inhibits migration of CD4+ T lymphocytes to inflamed 

tissue sites. Infiltration of differentially labelled, adoptively transferred CD4+ T lymphocytes 

in oxazolone-challenged ear was measured by flow cytometry. Loss of Piezo1 expression 

reduced the ability of CD4+ T lymphocytes to migrate to inflamed, allergen-treated ear (D). 

Representative flow cytometry plot of percentage of control CD4+ T lymphocytes and Piezo1-

deficient CD4+ T lymphocytes in oxazolone-challenged ear (E). Representative flow cytometry 

plot of percentage of control CD4+ T lymphocytes and Piezo1-deficient CD4+ T lymphocytes in 

spleen (F) (A.T.: Adoptively transferred) 
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20.4 Discussion 

We used a CHS mouse model to validate our in-vitro findings of Piezo1-mediated regulation 

of CD4+ T lymphocyte migration and chemotaxis. The CHS mouse model provides the 

advantage that one can study immune cell recruitment and inflammation in a specific tissue 

compartment. We sensitised mice to oxazolone, a contact allergen and allowed production 

of oxazolone-specific effector T lymphocytes. CD4+ T lymphocytes were subsequently isolated 

from secondary lymphoid organs which will be enriched in allergen-specific CD4+ T 

lymphocytes. Isolated cells were transfected with control or Piezo1 siRNAs and post-

knockdown these cells were differentially labelled and adoptively transferred into a pre-

sensitised mouse. The recipient mouse was subsequently challenged by a second dose of 

oxazolone at a distinct site – the ear. Proportion of ear-infiltrating labelled CD4+ T 

lymphocytes was measured. Piezo1 downregulation resulted in dramatic reduction of ear-

infiltrating CD4+ T lymphocytes. As discussed in section 20.1, second application of oxazolone 

(challenge) in a pre-sensitised mouse results in exacerbated immune reaction that leads to 

production of inflammatory mediators that recruit effector immune cells including allergen-

specific CD4+ T lymphocytes to the challenged tissue site. Thus, this result confirms that 

Piezo1 expression is necessary for guided and directed migration of CD4+ T lymphocytes to 

inflamed peripheral tissue sites. Loss of Piezo1 expression abrogates directional T cell 

movement and results in impaired immune response.   
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Chapter 21. In-vivo validation of the role of Piezo1 in CD4+ T 

lymphocyte migration in air pouch mouse model 

21.1 Introduction 

The air pouch model was first devised by H. Selye in 1953 and it was known as the granuloma 

pouch technique (490). This technique involves subcutaneous injection of sterile air in the 

intrascapular region of the dorsal skin of the mouse (490). This creates a specific compartment 

where inflammation-triggering components can be introduced and immune reaction in terms 

of infiltrating immune cell populations, inflammatory mediators and efficacy of therapeutic 

drugs can be investigated. This technique is usually performed with injection of carrageenan 

solution into the air pouch which acts as an irritant and induces localised inflammation (490). 

Inflammation is characterised by infiltration of immune cells, production of inflammatory 

mediators like prostaglandins, leukotrienes and proinflammatory cytokines like TNFα. Other 

inflammation inducers like lipopolysaccharides (LPS), mycobacteria, tumor cells have also 

been introduced into the air pouch to trigger local inflammation. The air pouch is formed 

through two subsequent subcutaneous injections of sterile air within a span of 6 days. 

Subcutaneous injection of air triggers skin-resident macrophages and fibroblasts that begin 

to proliferate and form a boundary around the air cavity (490). Induced inflammatory response 

can be subsequently studied in this compartment by collecting the air pouch exudate and 

subjecting them to immunophenotyping for infiltrating cells and cytokine profiles. This system 

allows us to create a controlled local environment where induced inflammation and its 

elements can be studied in isolation from the rest of the system. This system has also been 
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used extensively in tumor models where efficacy of potential anti-cancer drugs was tested or 

exploration of the characteristics of the tumor microenvironment was performed (491).  

In our study, we adopted this mouse model to examine recruitment of CD4+ T lymphocytes 

to the air pouch upon filling the air pouch with tumor cell extract. CD4+ T lymphocytes were 

isolated from healthy mice. Piezo1 expression was downregulated in these cells through 

siRNA-mediated knockdown. Control and Piezo1-deficient CD4+ T lymphocytes were 

differentially labelled and injected into the circulation of mouse containing the air pouch. The 

air pouch was then filled with the inflammatory stimulus and recruitment of labelled 

adoptively transferred CD4+ T lymphocytes was measured. It allowed us to gauge if Piezo1 

regulates recruitment of CD4+ T lymphocytes from peripheral circulation to local tissue 

compartments.  

21.2 Methods 

Air pouch mouse model 

8-12 weeks old C57BL/6 mice were used for this model. The skin of the mouse was wiped with 

75% ethanol. 5ml of sterile air was injected subcutaneously in the intrascapular region of the 

dorsal side of the mouse while passing the air through 0.22µm filter. Successful injection will 

result in formation of a dome-shaped pouch on the dorsal skin of the mouse. The mouse was 

allowed to rest for 2 days. On day 3, a second dose of 5ml sterile air was similarly injected 

subcutaneously in the same region. The mouse was allowed to rest and air pouch was allowed 

to settle for the next 3 days.  

Transfection of mouse CD4+ T lymphocytes 
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Peripheral lymph nodes (pLNs, auxiliary, brachial and inguinal) and spleen from age and sex-

matched C57BL/6 mice were collected in RPMI + 10% FBS + 50µM β-mercaptoethanol. The 

spleen was crushed gently using a 5ml syringe-plunger in RPMI + 10% FBS + 50µM β-

mercaptoethanol. Crushed contents were passed through a 70µm strainer. pLNs were 

incubated in media containing 1mg/ml collagenase for 20 mins at 37˚C. pLNs were then 

crushed in excess media through a 70µm cell strainer. Single cells thus, obtained were 

centrifuged at 1000 rpm, 4˚C for 5 minutes. RBC lysis was performed for not more than 2 

minutes at room temperature. Further lysis was stopped with excess RPMI without FBS. Cells 

were centrifuged at 1000rpm, 4˚C for 5 minutes. Cells were incubated with appropriate 

volume of CD4+ microbeads (Miltenyi Biotec) for 20 minutes at 4˚C under rotating conditions. 

CD4+ T lymphocytes were isolated by passing the microbead-bound cells through magnetic 

large-sized columns (Miltenyi Biotec). The columns were washed with ice-cold MACS buffer 

and CD4+ T lymphocytes were isolated by plunging the column-bound positive fraction with 

excess MACS buffer. Isolated CD4+ T lymphocytes were allowed to recover in media at 37˚C 

for 20 minutes.  

CD4+ T lymphocytes were washed to completely remove residual media. Approximately 2-3 

million cells were resuspended in 100µl of nucleofection buffer. 82µl of P3 primary buffer was 

mixed with 18µl of P1 supplement buffer. This mixture was diluted at a ratio 1.5:1 with OPTI-

MEM and used for nucleofection. 195ng/ml of control EGFP siRNA and Piezo1 siRNA was used 

to transfect CD4+ T lymphocytes. A pool of 3 siRNAs was used to downregulate Piezo1 

expression (described in detail section 20.2). Cells were seeded in RPMI + 10% FBS + 50µM of 

β-mercaptoethanol for 3 days to allow Piezo1 knockdown. Cells were seeded at 1-2 × 106 per 

2 ml of media. Recombinant IL-2 was added at a concentration of 1IU/ml.  
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Labelling of transfected CD4+ T lymphocytes 

On day 3 post-nucleofection, control and Piezo1 siRNA-transfected CD4+ T lymphocytes were 

collected and washed in 1X PBS at 1000rpm, 4˚C for 5 minutes. Cells were resuspended in 1X 

PBS. Control CD4+ T lymphocytes were stained with CFSE cell trace dye at a concentration of 

75nM for 10 minutes at room temperature. Piezo1 siRNA-transfected CD4+ T lymphocytes 

were stained with cell trace violet dye at a concentration of 75nM for 20 minutes at room 

temperature. Staining was performed in 1X PBS at a density of 2 million cells per ml of 1X PBS. 

Tubes were shaken intermittently to allow uniform dye uptake. After staining, cells were 

washed with excess RPMI + 10% FBS at 1000 rpm, 4˚C for 5 minutes. Cells were then counted 

on a Neubauer’s Haemocytometer.  

Adoptive transfer 

Equal number of CFSE-labelled control siRNA and CTV-labelled Piezo1 siRNA-transfected CD4+ 

T lymphocytes was mixed and injected intravenously (I.V.) into the tail of air pouch-containing 

C57BL/6 mouse. A total no. of 15 – 20 million cells were adoptively transferred. 2 hours after 

I.V. injection, EL4 lymphoma cell extract was injected into the air pouch. Proportion of 

adoptively transferred, labelled CD4+ T lymphocytes that have infiltrated into the air pouch 

was detected 36 hours after I.V. injection. 

Flow cytometry 

36 hours after adoptive transfer, the mouse was sacrificed by cervical dislocation. The air 

pouch contents were harvested. 5ml 1X PBS was injected into the mouse and the air pouch 

was tapped slightly. The contents of the air pouch were subsequently withdrawn using a 5ml 

syringe. The air pouch was cut open and the remaining exudate was collected by pipetting. 
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The spleen of the mouse was also collected. The air pouch contents were strained through a 

0.22µm cell strainer. The spleen was processed as described before. Cells were stained with 

the following antibodies – PerCP labelled anti-mouse CD45, APC-Cy7 conjugated anti-mouse 

TCRβ and APC conjugated anti-mouse CD4. Infiltrating immune cells were gated as CD45+ 

cells. TCRβ+ CD4+ were identified as CD4+ T lymphocytes. Percentage of CFSE-labelled control 

and CTV-labelled Piezo1-deficient CD4+ T cells were subsequently identified from parent CD4+ 

T lymphocyte population.  

EL4 tumor cell line 

EL4 is a mouse lymphoma cell line established from C57BL/6 mice. It is cultured in RPMI + 10% 

FBS and passaged every 2-3 days. For tumor cell extract, approximately 6-8 million EL4 cells 

were washed in 1X PBS and resuspended in 1ml 1X PBS. Cells were then subjected to repeated 

snap freeze-thaw cycle (5-7 times). The contents were then centrifuged at 4000rpm, 4˚C for 

10 minutes. Supernatant containing the cell extract was used for injection into the air pouch. 

Extract from 10 million cells was used per mouse.  

21.3 Results 

We used the mouse air pouch model to study the role of Piezo1 in site-specific migration of 

CD4+ T lymphocytes. Piezo1 was downregulated through siRNA-mediated knockdown in CD4+ 

T lymphocytes isolated from healthy, adult C57BL/6 mice. Control and Piezo1-deficient CD4+ 

T lymphocytes were differentially labelled with CFSE and CTV dyes respectively. Equal number 

of both were then mixed and injected into the circulation of the mouse through tail vein. The 

air pouch was filled with EL4 tumor cell line extract. Air pouch exudates were harvested 36 

hours after injection (21-A). There was significant infiltration of CD45+ immune cells including 

CD4+ T lymphocytes suggesting localised inflammation (21-B). Piezo1 downregulation 



281 | P a g e  
 

resulted in dramatic decrease of CD4+ T lymphocyte migration into the air pouch. CTV-labelled 

Piezo1 siRNA transfected cells that were adoptively transferred failed to infiltrate the air 

pouch compartment in response to inflammatory stimulus when compared to CFSE labelled 

control CD4+ T lymphocytes (Fig. 21-C, D). This confirms that Piezo1 activity is crucial for 

tissue-specific directed migration of CD4+ T lymphocytes in response to stimulus.  

 

Figure 21-A. The mouse air pouch model of inflammation. This system can be used to study 

localised immune response. Briefly, sterile air is injected subcutaneously into the dorsal skin 

of the mouse. The air pouch is stabilised by reinjection of sterile air after a gap of 2 days. This 

creates a compartmentalised air cavity beneath the mouse epidermis that is lined by 

macrophages and fibroblast cells. Upon addition of appropriate stimulation in the air pouch 

which in this case is EL4 lymphoma cell line extract, localised inflammation will be induced 

that trigger immune cells including CD4+ T lymphocyte recruitment. CD4+ T lymphocytes that 
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were isolated from secondary lymphoid organs of healthy mice were transfected with control 

or mouse Piezo1-specific siRNA. Upon Piezo1 downregulation, control and knockdown cells 

were labelled with different fluorescent dyes and adoptively transferred into the circulation 

of air pouch-containing mouse. By adding appropriate stimulation in the air pouch, degree of 

adoptively transferred control and Piezo1 knockdown CD4+ T lymphocyte migration into the 

air pouch was quantified.  

 

Figure 21-B-D. Loss of Piezo1 expression reduces CD4+ T lymphocyte migration to the air 

pouch. CD4+ T lymphocytes isolated from pLNs and spleen of age and sex-matched C57BL/6 

mice were transfected with control or Piezo1 siRNA. Transfected cells were labelled with CFSE 

(control CD4+ T lymphocytes) and CTV (Piezo1-knockdown CD4+ T lymphocytes). Equal 

number of control and Piezo1 knockdown CD4+ T cells were mixed and injected into the tail 

vein of the air pouch mouse. The air pouch was stimulated with mouse EL4 lymphoma cell 

line extract 2 hours after intravenous injection. Difference in adoptively transferred 
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transfected CD4+ T lymphocytes that infiltrated the air pouch was measured by flow 

cytometry. There was significant CD4+ T lymphocyte population in the air pouch. 

Representative flow cytometry plot of TCRβ+ CD4+ T lymphocyte population in air pouch 

exudate (D). Piezo1 downregulation drastically reduced migration of adoptively transferred 

CD4+ T lymphocytes in the air pouch upon stimulation (B). Representative flow cytometry 

plots of percentage of differentially labelled control and Piezo1 knockdown CD4+ T cells that 

have infiltrated the air pouch (C). Representative flow cytometry plot of labelled adoptively 

transferred CD4+ T lymphocytes in the spleen (E). 

21.4 Discussion 

The air pouch model is extensively used to study localised immune responses. By injecting 

sterile air subcutaneously into the mouse, we create a specialised compartmentalised cavity. 

Upon addition of inflammation-inducing stimulus, one can study immune response in this 

localised region. We used EL4 mouse lymphoma cell line extract as inducer of localised 

inflammation in the air pouch. We then measured degree of infiltration of adoptively 

transferred CD4+ T lymphocytes into the air pouch. Differential labelling of control and Piezo1-

deficient CD4+ T lymphocytes that were adoptively transferred allowed us to quantify 

difference, if any, in the migratory capacity of these two cell types. As expected, CD4+ T 

lymphocytes where Piezo1 expression was downregulated failed to migrate to the air pouch 

upon stimulation. This result further strengthens our confirmation that Piezo1 function is 

invaluable for site-specific migration of CD4+ T lymphocytes upon stimulation. Loss of Piezo1 

expression result in failure of CD4+ T lymphocytes to populate inflamed peripheral tissue sites 

which leads to impaired immune response.  
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Chapter 22. Conclusion 

In-vitro studies involving ICAM-1-dependent 2D migration or 2D confined migration in millicell 

µ-migration chambers and 3D chemotaxis across transwells have identified the significance 

of Piezo1 function in efficient CD4+ T lymphocyte migration. Loss of Piezo1 activity resulted in 

dramatic inhibition of CD4+ T lymphocyte chemotactic ability suggesting its importance in 

sensing chemokine gradient while facilitating directional migration. Migrating T lymphocytes 

adopt a polarised morphology that is crucial for movement. T cell polarity is characterised by 

leading edge lamellipodia and a trailing-end retracting uropod (343,485). T cell polarity is 

generated when membrane and cytosolic components undergo reorganisation upon 

chemokine stimulation. These changes are mostly driven by remodelling of the actin 

cytoskeletal scaffold in migrating T lymphocytes. Active actin polymerisation at cell’s leading 

edge and its myosin-driven retrograde flow to the uropod is responsible for generation of 

traction forces and forward propulsion of the cell (343,485). Piezo1 downregulation through 

siRNA-mediated knockdown results in failure of actin to polymerise and accumulate at the 

cell poles in response to chemokine stimulation. Moreover, migrating CD4+ T lymphocytes 

showed preferential Piezo1 enrichment at leading pole of the cell, thus suggesting that Piezo1 

distribution undergoes constant rearrangement in the cell with preferable accumulation in 

areas which are exposed to mechanical cues. Our in-vitro results were further confirmed 

when we saw that Piezo1 downregulation also abrogated the ability of CD4+ T lymphocytes 

to migrate in-vivo. The contact hypersensitivity (CHS) mouse model (488) and the air pouch 

inflammation (490) mouse model provide the advantage of studying site-specific immune cell 

migration and recruitment. Since inflammation-inducing agent is applied to a specific tissue 

site, one can study degree of immune cell infiltration in a localised region. This, in combination 
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with the technique of adoptive transfer, we could track the migration fate of a population of 

labelled cells introduced into the mouse. Loss of Piezo1 expression resulted in dramatic 

decrease in migration of CD4+ T lymphocytes to peripheral inflamed sites. Thus, Piezo1 activity 

is essential for efficient and guided migration of CD4+ T lymphocytes. Piezo1 deficiency results 

in severely impaired CD4+ T lymphocytes migration to essential tissue sites thus, leading to a 

diminished and defective immune response. 
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Chapter 23. Implications and future perspective 

As described before, mechanical forces are acutely associated with T lymphocyte activation, 

function and fate (Chapter 3.6). Mechanical aspects of tissue microenvironment or cellular 

interactions form an integral part of T lymphocyte biology, which play a critical role in 

determining T lymphocyte functional outcomes. The entire lifespan of T lymphocytes consists 

of encountering and trafficking through vastly different tissue sites, from the bone marrow 

and thymus during development, to peripheral circulation, and transmigration to tissue site. 

These mechanically diverse environmental cues regulate T cell resident function (Chapter 

3.6.5 and Chapter 15.2). Mechanical interactions with the thymic stromal proteins affect T 

cell development and selection, thus, determining the peripheral antigen-specific T cell 

repertoire (Chapter 3.6.4). T lymphocytes encounter strong shear forces during circulation, 

which facilitate their trafficking through blood vessels. Shear stress and adhesion forces also 

regulate diapedesis across the endothelial wall to secondary lymphoid organs or peripheral 

tissue barriers where they can act against pathogens (Chapter 15). T lymphocyte activation 

upon interaction with cognate APCs is also characterised by generation of extrinsic and cell-

intrinsic mechanical forces that are essential for optimal T cell activation. Abolishment of 

force generation through pharmacological or genetic interventions results in severe 

impairment of T lymphocyte activation and function (Chapter 3.6 and Chapter 5).  

The identity of a committed T lymphocyte mechanosensor remained undefined until recently, 

when we showed that Piezo1 proteins, that belonged to a class of evolutionarily conserved 

mechanosensors, were highly expressed in the T lymphocyte subset (470). We showed that 

optimal activation of T lymphocytes in response to TCR crosslinking requires functional 

Piezo1. Bead-immobilised TCR crosslinking antibodies were used to simulate mechanical 
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interactions between T cells and APCs and achieve optimal T lymphocyte activation. Piezo1 

agonist, Yoda1 was used to accentuate TCR activation in response to soluble TCR crosslinking 

antibodies that do not exert mechanical stress and by itself, do not produce optimal T cell 

response. Downregulation of Piezo1 expression also abolished efficient T cell priming by APCs. 

Our model proposes that T cell interaction with APCs generates significant mechanical forces 

at the membrane interface, that is sensed by Piezo1 channels. Upon their activation, they 

allow influx of extracellular calcium that triggers activation of calpain-dependent actin 

polymerisation and stabilisation of the immunological synapse which is crucial for optimal 

activation (470). We subsequently showed that Piezo1 also regulates T lymphocyte migration. 

Downregulation of Piezo1 impairs ICAM-1-dependent 2D migration and transmigration across 

membranes in response to chemokine gradients (Chapter 16 and 17). Weakened chemotactic 

ability of T lymphocytes could be attributed to abolishment of actin polymerisation and 

polarity in migrating T lymphocytes upon loss of Piezo1 (Chapter 18). We used two mouse 

models of contact hypersensitivity (CHS) (Chapter 20) and air pouch (Chapter 21), along with 

the technique of adoptive transfer to show that T lymphocyte migration to peripheral 

inflamed sites was significantly abolished on Piezo1 downregulation. Mounting an effective 

immune response is critically dependent on T lymphocytes’ chemotactic ability that facilitates 

their guided migration to inflamed sites. Loss of Piezo1 thus, results in defective chemotactic 

capacity as well as weakened interactions with cognate APCs, which result in severely 

impaired immune response.  

Mechanical aspects of immunotherapy 

The highly dynamic mechanical nature of tissue sites and cellular interactions depend on 

diseased states and degree of inflammation. Tissue inflammation during infection, 
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autoimmunity or cancer is tightly associated with changes in ECM stiffness properties, as well 

as immune cell mechanical properties that provide altered cues for T lymphocyte activation 

and migration (Chapter 3.2 and 3.6). Immunotherapy involving adoptive transfer of activated 

T lymphocytes is a highly sought-after technique to treat infections, autoimmune conditions 

and cancer (492). It involves isolating T lymphocytes from healthy individuals or patients, their 

ex-vivo stimulation and expansion followed by their therapeutic transfer to the affected 

individual. T lymphocytes are also designed to express receptors with higher affinity and 

specificity for target antigens, known as chimeric antigen receptors (CARs) (493). A successful 

adoptive immunotherapy is dependent on the optimal ex-vivo stimulation and expansion of 

T lymphocytes, while maintaining their optimal activity post-transfer to affected individuals 

(494). Former prevalent research focused on 3 aspects of TCR signalling: TCR-CD3 stimulation, 

TCR co-stimulation and the cytokine milieu for determination of T cell fate (495). With the vast 

repository of mounting research confirming the imperative role of mechanical aspects of TCR 

signalling, the focus is being concentrated on regulating and manipulating the mechanical 

attributes of TCR signalling that will facilitate optimal T cell activation during immunotherapy. 

Substrate stiffness affects T lymphocyte expansion in-vitro. Techniques involving modulating 

substrate stiffness are being employed for optimal ex-vivo T lymphocyte expansion before 

adoptive transfer (496). Polymeric microbeads coated with TCR stimulatory agents, liposomes 

and bio-scaffolds of appropriate stiffness and varying geometry that provide topographical 

and mechanical cues are being used to optimally activate T cells. Nanoparticles packed with 

T cell-specific antigens are also subjected to magnetic fields that facilitate TCR clustering in 

respond to antigen binding, thereby controlling magnitude of T cell response. Stimulatory 

cytokines like IL-2 are encapsulated in polymeric structures that facilitate stronger activation 
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of T lymphocytes, at much lower concentrations due to additional effects of mechanical cues 

(496).  

The cancer microenvironment is characterised by stiffening of the ECM due to increased 

collagen deposition and crosslinking. This stiff environment seems to favour cancer cells 

survival and metastasis in an integrin-dependent fashion (497). The cancer microenvironment 

can thus, present a range of mechanical cues which can be exploited in developing diagnostic 

and therapeutic tools in cancer. CAR T cells are being widely used in cancer immunotherapy. 

The mechanobiology of CAR T cells is becoming an area of intensive research directed towards 

improving their efficiency in the cancer microenvironment (496,497). The success of CAR T cells 

have been limited by their inefficacy against solid tumors (498). Specific activation of CAR T cells 

in solid tumors is challenging since the complex tumor microenvironment can easily result in 

their non-specific activation and subsequent killing of non-tumor, bystander cells that can be 

fatal. Prevailing techniques that allow activation of tumor-infiltrating CAR T cells, post-

adoptive transfer involves use of chemical agents, radio waves, magnetic or optical 

stimulation (499). The first three methods are limited by lack of spatial precision. Chemical 

agents diffuse non-specifically in the tumor microenvironment, while radio or magnetic waves 

require signal amplification and propagation through non-specific nanoparticles. While 

optical stimulation is characterised by spatial and temporal specificity, its efficacy is limited 

by its incapacity to penetrate the deeper regions of solid tumors (499). In a novel and 

interesting approach by Pan et.al., mechanical stimulation by means of high frequency 

ultrasound (FUS) was used to achieve optimal CAR T cell stimulation with high spatial and 

temporal specificity in solid tumors (499). HFU can reach deeper regions of the tumor, and at 

the same time could be focussed to activate a single cell. HFU was subsequently used to 

mechanically stimulate Piezo1-expressing T cells for immunotherapy. They engineered Jurkat 
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cells and primary CD4+ T cells to express genetic transducing modues (GTMs) that consisted 

of T cell activation genes like NFAT placed under the control of Ca2+-responsive promoter 

elements. CAR genes were placed under the control of NFAT-responsive promoter regions. 

This system allows remote, non-invasive and specific activation of CAR T cells in the tumor. 

CAR T lymphocytes infiltrating the tumor microenvironment are in the resting state where 

they do not express anti-CD19 CAR in the absence of HFU, thereby limiting off-target killing. 

Upon application of HFU and subsequent Piezo1 activation, Ca2+-responsive NFAT is triggered 

and translocated to the nucleus where its triggers expression of anti-CD19 CAR, thereby 

stimulating killing activity of CAR T cells in the tumor environment. This system of remote-

controlled mechanogenetics (ReCOM) exploited T cell-intrinsic Piezo1 mechanosensing 

property to achieve efficient immunotherapy against cancer (499). Similar approach was used 

and validated in in-vivo tumor killing in mice. By applying short-pulsed FUS, CAR T 

lymphocytes were activated locally in tumor sites in mice bearing lymphomas and prostrate 

tumors (500).   

An interesting study by Bandyopadhyay S et.al. (2016) showed that focussed ultrasound (FUS) 

can produce mechanical stress in the tumour cells in B16 melanoma mice (501). Mechanical 

stimulation enhances the presentation of tumor antigens to T cells which supresses tumor-

induced T cell tolerance and enhanced T cell-mediated tumor killing. Moreover, low 

frequency FUC in combination with radiation therapy reduces tumor metastases and 

frequency of cancer relapse (501). Mechanical stimulation by means of FUS has shown 

beneficial effects against glioblastoma multiforme (GBM) (502). Immunotherapy against GBM 

has been met with significant challenges because of poor penetrance of the blood-brain-

barrier and limited tumor antigen repertoire. Application of low frequency FUS promoted 
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enhanced antigen presentation by dendritic cells, production of proinflammatory cytokines 

and potent killing capacity of cytotoxic T lymphocytes (502).   

Nuclear mechanotransduction also regulate gene expression patterns that regulate cell 

function and fate. Mechanoresponsive transcriptional factors like YAP/TAZ signalling 

pathways have been implicated in a number of T cell-intrinsic signalling pathways that 

determine their fate and function (503). Exploiting this aspect of T lymphocyte signalling can 

help engineer T lymphocytes that can adopt specific phenotype and function by altering 

mechanical cues depending on diseased conditions.  

Since Piezo1-mediated mechanotransduction forms an integral aspect of T lymphocyte 

activation and homing to inflamed sites, manipulation of Piezo1-regulated activation 

threshold and migratory capacity in response to altered mechanical cues, can be active areas 

of future focus in improving adoptive immunotherapy.  
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