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SUMMARY  

 B-cell lymphomas arise due to disruptions in the lymphoid microenvironment and 

regulatory mechanisms governing the humoral immune response within lymph nodes. 

Among these lymphomas, Diffuse Large B-cell Lymphoma (DLBCL) originates from 

germinal center (GC) B cells. During this transition, precursor B cells undergo several 

critical processes including proliferation, somatic hypermutation, class-switch 

recombination, and affinity selection facilitated by interactions with T follicular helper 

(Tfh) cells and follicular dendritic cells (FDCs). Dysregulation of these molecular 

programs disrupts normal B cell differentiation, contributing to DLBCL pathogenesis. 

Notably, epigenetic modulators such as the histone methyltransferase EZH2 play pivotal 

roles in this process. Approximately 30% of DLBCL patients exhibit gain-of-function 

mutations in the EZH2 Y641 residue. EZH2Y641F GC B cells evade Tfh-directed clonal 

selection and affinity maturation, evading Tfh-mediated elimination and promoting 

lymphomagenesis. Recent studies suggest that the EZH2Y641F mutation impairs B cell-Tfh 

interactions via the CD40-CD40L pathway. 

 Utilizing advanced biophysical assays, our research demonstrates that such 

impairment is due to dysregulated mechanical control of the Tfh-B immunological synapse 

(IS), altering intercellular receptor-ligand interactions and signaling in DLBCLs. 

Compared to EZH2WT, the EZH2Y641 mutation reduces in situ CD40ïCD40L affinity by 

approximately 50%. Treatment with an EZH2 inhibitor does not affect CD40ïCD40L 

affinity in EZH2WT B cells, but doubles the affinity in EZH2Y641 B cells, thus eliminating 

the affinity difference observed in the absence of the inhibitor. Furthermore, treatments 



 xii  

targeting actin dynamics (Cdc42 inhibitor) and specific CD40 signaling components 

(TRAF-STOP) decrease CD40ïCD40L affinity, while others (JAK3 inhibitor and Nystatin) 

show minimal effects. Interestingly, force-elicited CD40ïCD40L catch bonds are 

unaffected by EZH2Y641F mutation or inhibitors, except for cdc42-treated B cells which 

exhibit a 50% decrease in peak bond lifetime, suggesting a relationship between actin 

dynamics and EZH2 activity. 

 RNA-seq data indicate a potential force transduction loop involving these 

components, highlighting the role of integrins in CD40-CD40L interaction and its 

modulation by EZH2 mutation. B cells exert endogenous force through CD40, significantly 

reduced by the EZH2Y641 mutation. EZH2 inhibitor treatment alters endogenous force on 

CD40, eliminating differences seen between EZH2WT and EZH2Y641F B cells. Mechanical 

force on CD40 increases phosphorylation of p38 and ERK1/2, with EZH2Y641F mutation 

associated with decreased p50 nuclear translocation upon CD40 pathway activation 

compared to EZH2WT. 

 To further validate our findings in a physiologically relevant setting, we have 

developed a pioneering technology platform enabling the real-time monitoring of cell-

generated forces targeting specific receptors within living organisms. Our approach 

harnesses the mechano-sensitive and -responsive properties of the Notch receptor. The 

cornerstone of our technology is a synthetic molecule termed SynNotch, derived from re-

engineering the wild-type Notch receptor. This innovative design involves replacing the 

receptor's ligand binding domain with a single-chain variable fragment of an antibody, 

thereby enabling precise detecting of the target of interest. Concurrently, we have modified 

its signaling circuit to trigger the expression of a reporter molecule upon receptor activation 



 xiii  

(Reporters such as green fluorescence protein (GFP) or luciferase enzymes serve as 

indicators of force application). When SynNotch binds to the designated receptor and the 

target cell applies force, this mechanical stimulus activates the SynNotch, leading to the 

expression of the reporter molecule within the target cell. Detection of reporter signals, 

facilitated by techniques such as flow cytometry or microscopy, enables quantitative 

assessment of force application. 

 To validate our platform, we conducted comprehensive in vitro characterization 

and in vivo validation studies. By employing Jurkat T cells as sensor cells and B cells as 

target cells, with CD40 as the target receptor, we demonstrated the efficacy and versatility 

of our approach. Through adoptive transfer of SynNotch-expressing cells into animal 

models, subsequent interaction with target cells expressing the desired receptor, and 

monitoring of reporter signals, we successfully measured the magnitude of forces exerted 

on the target receptor in vivo. These experiments underscore the feasibility, utility, and 

significance of our technology in advancing mechanobiology research. Our platform holds 

immense potential for application across diverse research scenarios, offering 

unprecedented insights into cellular interactions and force dynamics within living 

organisms. By utilizing this platform, we demonstrated impaired SynNotch activation in 

EZH2Y641F mutant B cells compared to WT, and such difference can be even after EZH2 

inhibitor treatment. 
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CHAPTER 1. INTRODUCTION  

 The transition from single-celled organisms to multicellular life is one of the most 

significant steps in the evolutionary history of life on Earth. Just like living in a modern 

society, where no one can live independently, the intricate dance of life unfolds through 

remarkable interplay of cells.  

 Almost all the time, cells communication with each other through multiple ways, 

including direct contact with nearby cells, secrete/receive chemical signals (cytokines, 

chemokines, etc.) to communicate. Those ñbio-machineò have a highly sophisticated 

mechanisms, signaling pathway, to transduce extracellular signals to functionality response. 

Typically, cell response is orchestrated by a variety of surface protein. Just like other cells, 

the function of immune cells is determined by the collective signals from various 

immunoreceptors, a type of receptor on the cell membrane which binds to a ligand (usually 

another protein) and causes a response in the immune system. In the lifespan of a typical 

immune cells, they traffic through the body via the blood and lymphatic circulation to guard 

the body. During this process, they experience countless types of forces. Recent studies 

have shown the presence of mechanical force on several immunoreceptor-ligand pairs. 

They have also shown the important role of force in regulating the interaction and function. 

For example, studies have shown the existence of endogenous forces applied on the T cell 

antigen receptor (TCR) [1-6]. When applying exogenous force, researchers have observed 

the change in the kinetics of the dissociation of TCR and complexes of peptide and major 

histocompatibility complex (pMHC) [7-13]. Furthermore, T cells use force to amplify 

antigen discrimination [8-10, 14-15] and respond to changes in substrate stiffness [16-21].  
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 In the field of biophysics, scientists have noticed forces applied on 

immunoreceptor-ligand bonds can be transmitted across the cell membrane and potentially 

induce mechano-transduction. To investigate mechanical impact on immunoreceptor-

ligand bonds, various single-molecule force tools have been developed: atomic-force 

microscopy [24-27], biomembrane force probes (BFP)[7, 9-12, 17, 28-29], optical 

tweezers [8, 14, 30-32], magnetic tweezers [28], molecular tension probe (MTP) [4-5, 11], 

DNA tension gauge tether (TGT) [23], traction-force microscopy (TFM) [1, 6, 22], micro-

pillar array detectors (mPADs) [2-3], etc. Those tools are largely conducted in vitro, and 

they are challenging to be used in vivo to capture live mechano-sensing behavior. This 

proposed thesis will go through the process of developing a Synthetic Notch (SynNotch) 

based mechano-sensing platform (chapter 4) which can be used in physiological-relevant 

environment (organoid or live animal) to probe mechano-transduction behavior of its target.  

 B cell is one of the most important players in adaptive immune response. In 

germinal center (GC), B cells interact physically with follicular helper T cells (Tfh) to form 

cross-junctional bonds between several receptorïligand species. Of these, CD40ïCD40L 

interaction signals B cell activation and differentiation [33]. EZH2 is an enzymatic catalytic 

subunit of PRC2 under CD40 signaling pathway [34]. Mutations in EZH2 epigenetically 

reprogram GC B cells to alter their interactions with Tfh cells, facilitate their malignant 

transformation and establish characteristic features of the follicular lymphoma 

immunological niche [35]. This proposed thesis will show how EZH2 mutation in B cell 

lymphoma alters CD40ïCD40L interaction and regulate its corresponding mechano-

transduction (chapter 5). Tools developed in chapter 4 will be utilized to show the change 

in B cell mechano-sensing from the influence of EZH2 mutation. Other related study of 
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mechano-transduction will also be listed in this thesis (chapter 6). In the end (chapter 7), 

we summarize the contribution of this study and discuss the important questions to continue 

from this point.   
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CHAPTER 2. BACKGROUND  

2.1 Mechanosensing and Mechanotransduction through Immunoreceptor 

2.1.1 Immunoreceptor and Forces 

 Immune cells originate from stem cells in the bone marrow and differentiate into 

various subtypes, each with distinct functions. Throughout their lifespan, immune cells 

undergo processes such as selection, maturation, trafficking, and activation, exhibiting 

differential responses to environmental stimuli, including mechanical forces. Notably, the 

effects of forces on immune cells, neighboring cells, or the extracellular matrix (ECM) can 

be observed through observable deformations [36]. 

 These cells utilize specialized cell membrane proteins known as immunoreceptors 

to bind to ligands, typically proteins on neighboring cells or secreted cytokines, thereby 

triggering immune responses. Similar to other cell surface receptors, immunoreceptors 

facilitate signal transduction through conformational changes that can open ion channels 

or induce internal enzymatic alterations. Recent studies emphasize the significant role of 

mechanical forces in modulating the interactions and functions of various immunoreceptor-

ligand pairs. 

 Receptors and ligands undergo physical processes such as diffusion and advection 

[37]. Diffusion involves particles dispersing along concentration gradients, occurring 

within fluids in the body. Fluid flow within cells and externally driven advection contribute 

to many physiologically important cell-cell interactions. Constrained diffusion, particularly 

within cell membranes, influences the behavior of surface-embedded receptors and ligands 

[41]. The mechanical basis for immunoreceptor responses to forces lies in cytoskeletal 

components such as actin microfilaments, intermediate filaments, and tubulin microtubules. 
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These components provide structural support, generate forces on cell membranes through 

dynamic polymerization, and facilitate various cellular functions such as muscle 

contraction, cell movement, intracellular trafficking, cytokinesis, and cytoplasmic 

streaming [42-44]. 

 Additionally, deformable coiled-coil lamin intermediate filaments contribute to the 

structural integrity of the nuclear envelope and play roles in signaling, transcription, and 

chromatin organization [45]. Hollow microtubule cylinders dynamically assist in 

intracellular transport, cilia and flagella movement, and mitotic spindle function [46-48]. 

Through interactions with the actin cytoskeleton, immunoreceptors can sense, respond to, 

and apply mechanical forces, highlighting the intricate interplay between cellular 

mechanics and immune function [36,37,41-48]. 

2.1.2 Mechanotransduction of Immunoreceptor 

 Immune cells encounter mechanical forces on their immunoreceptors when 

adhering to, migrating on, or forming immunological synapses (IS) with other cells or the 

extracellular matrix (ECM). For instance, T cells experience forces during circulatory and 

lymphatic trafficking, migration [49], activation [50], and IS formation and stabilization 

[51-53]. In secondary lymphoid organs like lymph nodes and the spleen, various physical 

processes occur during IS formation and stabilization. When T cells interact with antigen-

presenting cells (APCs), cytoskeletal changes control receptor localization and cellular 

morphology, with mechanosensitive mechanisms shaping cell-cell contacts [51, 53]. 

 In the field of mechanotransduction, scientists utilize forces as a readout to decipher 

crucial biological processes such as T cell recognition and activation. Recent studies 

demonstrate that by carefully modifying protein structure, cell function can be finely tuned, 

offering potential applications in cell-based therapies.Although current techniques do not 

permit direct in vivo measurement of forces on immunoreceptors, the evidence outlined 
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above strongly suggests that immunoreceptors likely experience forces in vivo. One of the 

primary motivations of this thesis is to develop tools for measuring cells experiencing 

mechanical forces in vivo. Understanding how force regulates the function of individual 

immunoreceptors and their interplay could yield valuable insights. Ultimately, cell 

functions may not solely be determined by the biochemical cascades within 

immunoreceptor networks but also by mechanical forces [49-53]. 

2.2 Notch receptor and synthetic Notch receptor 

2.2.1 Notch receptor 

 The discovery of Notch gene has a long history, which can be traced back to 

1910s in the studies of Drosophila melanogaster with ñnotched wingsò [54-56]. 

Homologs of Notch shared similar structures and signaling components in various 

species [57-60]. Notch is considered an ancient and highly conserved signaling pathway. 

It participates in various biological processes including organ formation, tissue function 

and repair, etc.   

 Structure of Notch has three major components: A ligand binding domain with 

multiple EGF repeat, a negative regulatory region (NRR), a Notch intracellular domain 

(NICD) [61]. Canonical Notch signaling begins when its ligand binding domain binds to 

the ligand [62]. This engagement initiates a process called regulated intramembrane 

proteolysis (RIP), in which the Notch is first cleaved at a juxtamembrane extracellular 

site by a metalloprotease of the ADAM family [63-64]. This ligand-dependent cleavage 

requires certain level of external forces and has been measured by Wendy in 2015 [65]. 

Following the first cleavage, NICD is released by cleavage of â-secretase and is 
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translocated into the nucleus where it assembles into a transcriptional activation complex. 

Notch signal transduction can be modulated by different proteins. E3 ligases, such as 

Neuralized [66-69] and Mindbomb [70] can facilitate epsin-dependent endocytosis of 

ligands in the ligand-expressing cells [71-76]. Other modulators of signaling exert effects 

by regulating ligand responsiveness [77-82], controling ligand and ICN turnover [83-88], 

and by other less-well-characterized mechanisms [89-93]. 

2.2.2 Synthetic Notch receptor 

 Development of synthetic biology and cell engineering have advanced the 

targeted/patient specific therapy. Customized cell sensing and response pathways have 

been extremely useful for engineering immune cells and make them into engineering 

therapeutic cells, which sense user-defined disease or injury signals, deploy therapeutic 

or repair functions [94-96]. These customized cells could also be useful in reporting on 

cell connectivity and environmental conditions.  

 Given the ñhigh-specificityò, ñconserved activation core regionò, ñdirect and 

simple mechanism of signal transductionò features [97] of Notch receptor, it is an ideal 

platform to be customized and developed into a platform allowing to deploy therapeutic 

agents or detect signal. Prior studies have domenstrated that the intracellular domain of 

Notch can be replaced with an artificial transcription factore (e.g. Gal4-VP64) to creat a 

reporter of Notch activity [98-99]. Wendyôs work in 2015 showed the extracellular 

binding domain of Notch receptor can be replaced with alternative domains [65]. 

Synthetic biologists have achieved a few early success of customizing the Notch receptor 

[100-101]. Wendell in UCSF has developed the synthetic Notch platform into a powerful 
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tool to treat cancer, terminate CAR-T, shape local immune environment, etc [102-110]. 

All these examples have shown the great potential of synthetic Notch platform.  

2.3 CD40 signaling in B cell lymphoma 

2.3.1 CD40 signaling 

 CD40 serves as a crucial costimulatory molecule expressed on the surface of B cells. 

Upon binding to its ligand CD154, also known as CD40L, CD40 initiates a cascade of 

complementary co-stimulatory signals in conjunction with B cell receptor (BCR) signaling. 

This cooperative signaling is pivotal in preventing B cell silencing or deletion [111-113]. 

The intricate interplay between CD40 and CD154 orchestrates various essential processes 

in B cell biology. 

 Activation of CD40 signaling in B cells plays a central role in promoting the 

formation of germinal centers (GCs), specialized microenvironments within secondary 

lymphoid organs where B cells undergo rapid proliferation, differentiation, and affinity 

maturation [114]. Within GCs, CD40 signaling facilitates immunoglobulin (Ig) isotype 

switching, a process crucial for generating antibodies with diverse effector functions 

tailored to combat different types of pathogens. Furthermore, CD40 signaling drives 

somatic hypermutation (SHM) of Ig genes, introducing genetic variability in the antigen-

binding regions of antibodies to enhance their affinity for specific antigens. 

 The culmination of these processes mediated by CD40 signaling leads to the 

formation of long-lived plasma cells and memory B cells, pivotal components of the 

adaptive immune response responsible for providing long-term immunity upon subsequent 

encounters with pathogens [114]. Recent studies underscore the critical role of 

CD40/CD40L interaction in regulating B cell fate during various checkpoints in B cell 

growth and differentiation [115-117]. This intricate network of signaling pathways 
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mediated by CD40 highlights its indispensable function in shaping the adaptive immune 

response and underscores its potential as a therapeutic target in diseases characterized by 

dysregulated B cell responses. 

2.3.2 B cell lymphoma and EZH2 

 B cell lymphomas arise by disrupting the lymphoid microenvironment and 

regulatory mechanisms that control the humoral immune response in lymph nodes. 

Follicular lymphomas (FLs) are the second most common form [118] of B cell lymphoma, 

which are incurable and eventually transform into aggressive and refractory high-grade 

lymphomas [119]. The current US age-adjusted incidence rate of B cell lymphoma is 17.2 

cases per 100,000 person-years for both sexes. Recent studies have focus on the origination 

of FLs, GC B cells, which are most rapidly dividing cell types. Though the puzzle of how 

highly proliferative GC B cells could transform into indolent and slowly proliferative 

tumors has not been solved yet, it is notable that FLs are independent on signaling from T 

cells and are generally resistant to T cell augmentation therapies [120].   

 Recent studies have shown the genetic lesions that occur in FL, such as gain-of-

function mutaitons of the EZH2 histone methyltrasferase occurring in 25%-30% of FL 

patients, as well as in GCB-like diffuse large B cell lmyphomas (DLBCL) [121-126]. A 

single amino acide substitution affection the Y641 residue within the EZH2 catalytic 

domain has been vastly found. EZH2Y641 mutants are far more efficient than wild-type 

(WT) enzyme in converting H3K27me2 to H3K27me3 [127-128], which manifesting 

increased abundance of the H3K27me3 repressive histone mark [129-132]. EZH2 mutation 

sets the stage for FL pathogenesis in GC B cells by remodling dynamic interactions 

between B cells, follicular helper T cells (Tfh), and follicular dendritic cells (FDCs) [133]. 

Exposure of EZH2 mutant or WT diffuse large B cell lymphomas to EZH2 inhibitors leads 

to proliferation arrest and plasma cell differentiation [134-137]. Recent findings have 
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shown EZH2 mutant GC B cells have reduced dependency on T cell help, suggesting that 

they no longer need to compete for access to T cell, allowing the massive number of B cells 

arriving in the light zone (LZ) to survive and persist as slowly proliferative centrocytes.  

 

 

 

 

 

 

 

 

  



 11 

CHAPTER 3. MATERIALS AND METHODS  

3.1 Cells 

3.1.1 Cell lines 

 Jurkat cells clone E6.1, Chinese hamster ovary (CHO) cells, HEK 293T/17 and 

P40.2B4 were purchased from American Type Culture Collection (ATCC). Farage cells, 

Daudi cells, Ly3 cells and Ly7 cells were a generous gift of Dr. Ari Melnick (Cornell 

University, Ithaca, NY, USA). Ramos cells were a generous gift of Dr. Jurgen Wienands 

(University Medical Center Göttingen, Germany). All cells were cultured at 37 oC with 5% 

CO2. HEK293T/17 cells were cultured in Dulbeccoôs modified Eagleôs medium high 

glucose (4.5g/L), with supplements of L-glutamine (6mM), MEM Non-Essential Amino 

Acids (NEAA, 0.1mM), Sodium Pyruvate (1mM), Fetal Bovine Serum (10%). Jurkat cells, 

Farage cells, Ly3 cells, Cho cells, Daudi cells and 2B4 cells were cultured in RPMI 1640, 

with supplements of FBS (10%), Penicillin-Streptomycin (1%), HEPES (10mM), Sodium 

Pyruvate (1mM). Ramos cells were cultured in RPMI 1640, with supplements of FBS 

(10%), Penicillin-Streptomycin (1%), HEPES(10mM), L-glutamine (1mM), sodium 

pyruvate (1mM), and ɓ-mercaptoethanol (50 µM). Ly7 cells were cultured in IMDM with 

supplements of FBS (10%), Penicillin-Streptomycin (1%), L-glutamine (1mM), MEM 

Non-Essential Amino Acids (NEAA, 0.1mM). 

3.1.2 Primary cells 

 P14 transgenic mice were housed at the Emory University Department of Animal 

Resources facility following protocol approved by the Institutional Animal Care and Use 

Committee of Emory University. The OT-I transgenic mice and C57BL/6 mice were 
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housed at the Georgia Tech Animal Facility following protocol ZHU-A100168-07/26/2025 

approved by the Institutional Animal Care and Use Committee (IACUC) of Georgia Tech. 

3.1.3 Generation of stable transduction 

 Response element plasmids contain PGK promoter, which constitutively drives 

blue fluorescent protein or mCherry and the original antiCD19SynNotch construct are gifts 

from Wendell lab and Kwong lab. antiCD40SynNotch construct was designed by replacing 

the ligand binding antiCD19-scfv in original SynNotch construct with antihCD40-scfv. 

 Jurkat cells were transduced with the response element containing plasmid and 

antihCD40 SynNotch construct sequentially. To generate stable cell lines, transduced cells 

went through multiple rounds of FACS sorting for uniform surface BFP/mcherry 

expression level, and receptor expression labeled by respective antibodies conjugated with 

PE/AF647 (SynNotch construct has an myc tag to trace). 

3.2 Reagents 

Table 1 key resources used in dissertation 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies   

Myc-Tag (9B11) Mouse mAb (PE Conjugatge) Cell Signaling Technology 3739S 

Myc-Tag (9B11) Mouse mAb (Alexa Fluor® 647 

Conjugate) 

Cell Signaling Technology 2233S 

PE anti-human CD40 antibody Biolegend 313005 
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Table 2 continued   

Biotin anti-human CD3 antibody, OKT3 Biolegend 317319 

Biotin anti-human CD40 antibody, 5C3 Biolegend 334343 

PE p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody Cell Signaling Technology 14095 

PE anti- human CD19 antibody Biolegend 982402 

Biotin anti-human CD2 Biolegend 300203 

NF-kB1 p105/p50 (D4P4D) Rabbit mAb Cell Signaling Technology 13586 

F-əB2 p100/p52 (D9S3M) Rabbit mAb Cell Signaling Technology 52583 

Phospho-p38 MAPK (Thr180/Tyr182) (3D7) Rabbit 

mAb 

Cell Signaling Technology 6908 

Chemicals, peptides, and recombinant 

proteins 

  

RPMI 1640 Medium Corning 10-040-CV 

IMDM  Quality Biological 112-035-101 

DMEM with L-Glutamin, 4.5g/L Glucose and Sodium 

Pyruvate 

Corning MT10013CV 

Fetal Bovine Serum R&D Systems S11150H 

Penicillin-Streptomycin Thermo Fisher Scientific 15070063 

HEPES Thermo Fisher Scientific 15630130 



 14 

Table 3 continued   

Sodium Pyruvate Thermo Fisher Scientific 11360070 

MEM Non-Essential Amino Acids Thermo Fisher Scientific 11140050 

Biotinylated Bovine Serum Albumin Thermo Fisher Scientific 29130 

Phosphate Buffered Saline Thermo Fisher Scientific MT21040CM 

Absolute Ethanol 200 Proof Decon Labs 2716 

3-Aminopropyltriethoxysilane (APTES) Thermo Fisher Scientific AC430941000 

Hydrogen peroxide 30% JT Baker 2186-01 

Sulfuric Acid MilliporeSigma SX12445 

Sulfo-NHS-Acetate Thermo Fisher Scientific 26777 

mPEG-SC Biochempeg MF001023-2K 

LA-PEG-SC Biochempeg HE039023-3.4K 

TrypLE Thermo Fisher Scientific 12605028 

Poly-L-Lysine Sigma P4832 

HBSS (calcium, magnesium, no phenol red) Thermo Fisher Scientific 14025076 

Biotinylated Human CD40 / TNFRSF5 Protein, 

AvitagÊ,His Tag (MALS verified) 

Acro Biosystems CD0-H82E8-25ug 

Azide-PEG-NHS Ester Click Chemistry Tools AZ103-100 
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Table 4 continued   

Maleimide-Streptavidin Thermo Fisher Scientific 21102 

MEM Non-Essential Amino Acids Solution Thermo Fisher Scientific 11140076 

Paraformaldehyde, 4% Thermo Fisher Scientific J19943-K2 

Streptavidin Thermo Fisher Scientific 434302 

Biotin-PEG (3500)-NHS Ester CD Bioparticles CDN1602 

Biotin Sigma-Aldrich B4501 

LB broth powder RPI L24060-500.0 

Lenti-X concentrator Takara Bio 631232 

Polybrene Millipore Sigma TR-1003-G 

Custom 8.8nm Gold Nanoparticiles, Tannic Acid, 

0.05mg/mL, 400ML 

nanoComposix NCX-Custom 

Lipofectamine 3000 Transfection Reagent Thermo Fisher L3000008 

NEB Stable E. Coli NEB C3040 

EZ-link Sulfo-NHS-LC-Biotin Thermo Fisher Scientific 21327 

4 arm Maleimide functionalized polyethylene glycol 

(PEG-4-MAL, 20kDa) 

Layson Bio N/A 

VPM (GCRDVPMŹSMRGGDRCG peptide) AAPPTec N/A 

Dithiothreitol (DTT) Sigma Aldrich DTT-RO 
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Table 5 continued   

REDV oligopeptide (GREDVGC) AAPPTec N/A 

Worthington Biochemical Corporation 

COLLAGENASE TYPE I 

Fisher Scientific NC9482366 

Oligonucleotides   

4.7 pN hairpin strand 

GTGAAATACCGCACAGATGCGTTTGTATAAATG

TTTTTTTCATTTATACTTTAAGAGCGCCACGTAG

CCCAGC 

IDT N/A 

A21B strand 

/5AmMC6/CGCATCTGTGCGGTATTTCACTTT/3Bio

/ 

IDT N/A 

BHQ2 strand 

/5ThioMC6-

D/TTTGCTGGGCTACGTGGCGCTCTT/3BHQ_2/ 

IDT N/A 

Cy3b strand 

/5Cy3b/CGCATCTGTGCGGTATTTCACTTT/3Bio/ 

Khalid Salaita lab N/A 

15 mer locker strand (4.7 pN) 

AAAAAACATTTATAC  

IDT N/A 
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Table 6 continued   

Recombinant DNA   

Plasmid: GA021-

pHR_pGK_CD19scFv_ChimericNotch_G4VP64 

Wendell Lim lab N/A 

Plasmid: GA170-pHR-GAL4_GFP-PGK_BFP-HF_seq Wendell Lim lab N/A 

Plasmid: GA170-pHR-GAL4_Luciferase-

PGK_mcherry_seq 

Gabriel Kwong lab N/A 

Critical commercial assays   

The QuantiBRITE PE beads (PE-Quantitation Kit) BD Bioscience 340495 

LIVE/DEADÊ Fixable Blue Dead Cell Stain Kit Thermo Fisher Scientific L23105 

Software and algorithms   

SnapGene Dotmatics 

https://www.snap

gene.com/ 

GraphPad Prism GraphPad Software 

http://www.graph

pad.com/scientific

-software/ 

prism/ 

Flowjo BD Bioscience 

https://www.flowj

o.com/ 
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Table 7 continued   

Labview National Instruments 

http://www.ni.co

m/en-us.html 

Matlab MathWorks 

https://www.math

works.com/produ

cts/matlab.html 

SolidWorks Dassault Systems 

https://www.solid

works.com/ 

   

Other   

Coverslip Mini-Rack, teflon Thermo Fisher Scientific C14784 

Attofluor Cell Chamber, for microscopy Thermo Fisher Scientific A7816 

Sticky-Slide VI 0.4 Ibidi 80608 

DynabeadsÊ M-270 Streptavidin Invitrogen 65306 

Circle coverslips Thermo Fisher Scientific 64-0700 

Flow-Mix 5-Minute Epoxy Devcon 20455 

Non-culture tissued 24 well plates Corning 351147 

Sharp Tweezers Thermo Fisher Scientific 12-000-122 

Magnet Supermagnetman C0052 
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Table 8 continued   

Magnetic lid In this paper N/A 

96 Well Polypropylene Plates Thermo Scientific EK20201 

 

3.3 Flow cytometry and fluorescent imaging 

3.3.1 Surface staining and general flow cytometry 

 Samples (cells or beads) were collected and washed at 4 oC with FACS buffer (PBS 

without Ca2+ or Mg2+, 5mM EDTA, 2% FBS) two times. Then samples were stained for 

30 min at 4 oC in 100 ël of FACS buffer containing 10 ëg/ml (or as suggested by the 

product instruction) of antibodies of interest. Samples were washed twice with 1ml of 

FACS buffer, fixed with 300 ël of 4% PFA for 15 min at 4 oC. Then samples were washed 

once with 1ml of FACS buffer, and then resuspended in 300 ël of FACS buffer for 

analysis under BD Fortessa (BD Biosciences). For samples loaded in the 96-well plate, 

cytlfex (Beckman Coulter) was used to allow high-throughput readout. Flow cytometry 

data were analyzed using FACS DIVA (BD Biosciences) and FLowJo (Treestar) 

3.3.2 Intracellular staining (pERK, p38, p50, p52) 

 Cells were harvested and washed with 500 ël PBS, then fix with 500 ël of Cytofix 

(BD Biosciences). Cells were washed with washing buffer (PBS with 2% FCS, 0,05% 

Azide) using high-speed centrifugation (700g, 5min, 4 oC, accl-7, Decel-7. The rest steps 

were using the same setting). Resuspended cells in 150 ël 1st Ab at 4 oC for 30 min. Then 
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cells were washed with 1ml washing buffer and resuspended in 2nd Ab at 4 oC for 30 min. 

Cells were washed and resuspended in FACS buffer and were ready to run flow cytometry. 

For Imaging flow cytometry experiment, cells were resuspended in 50-100ël 7-AAD 

containing washing buffer to stain the nucleus after washing.  

3.3.3 TIRF imaging 

 After cells were loaded in the imaging chamber and incubated with desired time, 

the imaging chamber will be imaged using Nikon W1 spinning disk confocal microscope 

with TIRF mode, equipped with a Plan-Apochromat 60x/1.40 oil objective. The same 

microscope was equipped with an RICM module to allow detection of cell bottom and 

spreading area; according to the z-location of the cell bottom, TIRF mode was tuned to 

focus the laser beam. 

3.4 DNA based bio-sensor 

3.4.1 Molecular Tension Probe (MTP) 
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Figure 3.1: Schematic of molecular tension probe (MTP) 

 25 mm glass coverslips were sonicated in 50% ethanol for 15 min and rinsed 3X 

with di-H2O. Following rinsing, the coverslips were immersed in 40 ml Piranha solution 

(mixing 25ml sulfuric acid and 15ml H2O2) for 30 min. Coverslips were washed 6X with 

di-H2O and 3X with 100% ethanol. The surfaces were then salinized with 3% APTES in 

200 proof ethanol for 1 h, then washed 3X in ethanol and dried at 80 oC for 30 min. After 

drying, 200 ɛl of 10 mg/ml LA-PEG, 50 mg/ml mPEG in 0.1 M NaHCO3 was added to 

each surface and incubated for 1h at room temperature. Surfaces were then washed 3X with 

di-H2O and 200 ɛl of 1 mg/ml Sulfo-NHS-Acetate was added to two coverslips placed 

together as a sandwich and incubated for 30 min at room temperature. Coverslips were 

again rinsed 3X with di-H2O and 500 ɛl Au-NP (8.8nm) solution was added to each 

sandwich and incubated for 30mins at room temperature. During Au-NP incubation, 300 
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nM hairpin strand, 330 nM quencher strand (BHQ2), and 330 nM Cy3b strand in 1 M NaCl 

were annealed in a thermocycler by heating to 95 oC for 5 min and gradually cooling (- 5 

oC/min) to 25 oC. After rinsing Au-NP coated surfaces with 3X di-H2O and 2X 1 M NaCl 

washes, 100 ɛl of DNA probes were added to each sandwich and incubated overnight at 4 

oC. The following day, the MTP coverslips were rinsed with 3X PBS washes and 40 ɛg/ml 

streptavidin in PBS was added to each sandwich and incubated for 1h at room temperature. 

Following 3X rinse with PBS, 40 ɛg/ml of human CD40 or anti-CD3 antibody in PBS + 

2% BSA was added to each sandwich and incubated for 1 h at room temperature.  

3.4.2 Tension Gauge Tether (TGT) 

 

Figure 3.2: Schematic of Tension Gauge Tether (TGT) 

 25x75 mm2 coverslips were sonicated, washed, salinized, dried as described in 

MTP section. After drying, an Ibidi Sticky-slide VI 0.4 with 6 microfluidic channels was 

mounted on each coverslip. Press hard multiple time to remove any bubbles from the 

adhesive areas to avoid leaking. Then, NHS-PEG4-Azide was diluted in 0.1M NaHCO3 to 

make the final concentration to 10mg/ml. Added 50 ɛl mixture to each channel and 

incubated at room temperature for 1h. Then washed 3x with 1mL di-H2O and blocked with 

superblock buffer (Thermo Scientific). During the incubation, the DBCO-bottom strand 
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and the biotin-top strand of TGT probes (220nM each in 1M NaCl) were annealed using 

similar setting in MTP section. When blocking is done, channels were washed with 3x with 

PBS (50 ɛl PBS was always left inside in all the washing steps to prevent drying). 50 ɛl 

TGT probes were added to each channel and incubated overnight at room temperature. The 

following days, channels were washed with 3x with PBS, and coated with 50 ɛl of 20 ɛg/ml 

streptavidin solution in PBS for 1h at room temperature. After that, channels are washed 

3x with PBS and coated again with 50 ɛl of 20ɛg/ml protein/antibody for 1h.  

3.5 Parallel magnetic force activation (PMFA) assay 

3.5.1 Designing magnetic force profile in PMFAA 

 

Figure 3.3: Schematic of Parallel Magnetic Force Activation (PMFA) assay 

 To design the configuration of magnet-lid and chamber to generate a well-defined 

magnetic force on magnetic beads in a well-defined space, a well-defined magnetic field 

gradient is needed. Positive magnetophoretic is a phenomenon that occurs when magnetic 

objects (e.g., magnetic beads) possess positive magnetization vectors and are immersed in 

non-magnetic substances such as buffer, cells, or tissues. In this context, a relative magnetic 

permeability ‘  (ḳ‘Ⱦ‘ where ‘ and ‘ are the permeability values of the magnetic 
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particle and of vacuum, respectively), is always higher than that of buffer, cells, or tissues 

(which is inessentially non-magnetic (i.e., ‘ ‘)). In the presence of a gradient in the 

external magnetic field, these magnetic objects tend to be attracted to spaces with denser 

magnetic fields and higher field gradients. For a spherical magnetic particle, the magnetic 

force is given by, 

Ὂᴆ ‘ὠὓᴆϽɳ ὄᴆ (1) 

Where ὓᴆ is the magnetization of a particle per unit volume, ὠ is the volume of the 

magnetic particle, and ὄᴆ is the applied external magnetic field in the surrounding media. 

Since we used a superparamagnetic bead that has minimal residual magnetization, the 

magnetic force can be exerted on the beads only when there is an external magnetic field. 

If the magnetic field itself is strong enough, by Langevinôs theory of paramagnetism, the 

magnetization vector reaches a saturated value of ὓᴆ ὓᴆ, the saturated magnetization per 

unit volume. Hence, the magnetic force can be reduced to simple form such that Ὂᴆ

“Ὑ ὓ ” ȿɳὄȿ where ”  is the density of a magnetic bead (1.4 g/cm3 for 

M270), Ὑ  is the radius of a magnetic bead (1.4 ɛm for M270), and ὓ  is the mass 

saturation magnetization (10.88 J/T/kg for M270).79ï81 To calculate the magnetic field, in 

the absence of both electric fields and external currents, the magneto-static state for hard 

ferromagnets (two permanent neodymium magnets with a magnetization grade of N50) 

with a 1 mm gap in between can be described as, 

ᴆɳ ὄᴆȾ‘ ὓᴆ π (2) 
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Where ὓᴆ is the magnetization from the remanent field (ὄᴆȾ‘ for ὄ = 1.24 T for a pair of 

two N50-grade magnets)82. Using the above equations, due to the finite size constraint of 

cell media in each well of a 24 well-plates, we calculated the magnetic force profile under 

the circumstance where each pair of magnets is placed as low as possible (1.5 mm from 

the surface) inside the wells.  

3.5.2 Conducting PMFAA 

 We utilized an in-house designed and made magnetic lid to apply magnetic force 

in a parallel fashion across all wells of a 24-well plate (see [138]). First, we applied a 

droplet of 5-min epoxy using a pipette tip to the center of each well of an non-tissue culture 

treated 24-well plate. At the same time, 5 mm-diameter glass coverslips were cleaned by 

sequential washes in 70% EtOH and di-H2O. Each coverslip was dried by a kimwipe tissue 

and gently placed on top of the epoxy droplet in the center of the well. After attaching 

coverslips to the center of every well, the wells were washed with 1 ml PBS and incubated 

in 1 ml PBS for 30 min at room temperature. Then after PBS was thoroughly aspirated and 

air dry completely, 18 ɛl droplet of 0.01% PLL solution was carefully added to each 

coverslip to incubate at 4 °C overnight. Next, wells were washed with PBS in the same 

manner on the following day. 18 ɛl of cells in culture medium (1-2 x 105 cells/18 ɛl) were 

added on top of each cover slip and incubated for 10mins at 37 °C to immobilize cells. 

Then 2ɛl of a well-mixed CD40-coated magnetic beads in culture medium was carefully 

added on top of the R10 droplet above the immobilized cells, at the center of every plate, 

incubate for 10 min at 37 °C to allow beads to settle on the cells by gravity. Then 80ɛl of 

R10 was added to each well around the coverslip and incubate for 10min at 37 °C. After 

that, the magnetic lid was gently placed on top of the plates (or a normal lid without 
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magnets for control samples). Last, after cells were incubated under force application, they 

were harvested and run flow cytometry to check GFP expression level. 

3.5.3 Average force on receptor-ligand bond calibration 

 Let density of CD40 coated on the magnetic beads be ml and the site density of 

SynNotch expressed on the Jurkat cells be mr. From the measured effective 2D affinity 

AcKa of the CD40ïSynNotch interaction, we can calculate a steady-state average number 

of bonds between the bead and the cell. 

ộὲỚ άάὃὑ       (1) 

 The probability distribution of bond number follows the Poisson distribution. 
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3.6 2D and 3D kinetic assays 

3.6.1 Micropipette adhesion frequency assay 

 Red blood cells were biotinylated using EZ-Link Sulfo-NHS-LC-Biotin. 

Biotinylated RBCs were then incubated with tetrameric streptavidin, followed by 

biotinylated protein/antibody of interest. The adhesion frequency assay was performed as 

previously described (see [139-141]). Briefly, protein/antibody coated RBCs and target 

cells were loaded into a chamber on opposite sides to avoid mixing. The chamber was then 

mounted onto an inverted microscope and glass micropipettes were inserted into the 

chamber. Individual cell pairs were aspirated onto pipette tips, one RBC and one cell of 

interest, with minimal pressure. Cells were then brought into consistent contact using a 

piezo controller for a predetermined duration. Bond formation was visualized for a total of 

50 touches for each individual cell pair, allowing for the quantification of adhesion 

frequency. Quantification of receptor and ligand site densities using flow cytometry and 

reference beads was used to calculate average number of bonds and receptor-ligand 

kinetics. 

3.6.2 Biomembrane force probe (BFP) 

 The custom-design and home-made BFP can be found (see [142]). In brief, beads 

and cells were prepared similarly in the micropipette adhesion frequency assay. In the 

retraction phase of the mechanical cycle, if a bond survived the ramping and reached a 

preset tension level, the force was clamped until spontaneous bond dissociation and a pair 
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of values of the clamped force f and bond lifetime tb were measured. To ensure that most 

adhesion events were mediated by single molecular bonds, we controlled the adhesion to 

be infrequent (Ò 20%). Bond lifetimes were measured at forces ranging from 2 ï 40pN, 

pooled, and binned into >5 force bins (>35 measruements per bin) to reduce system errors, 

and presented as mean bond lifetime ộὸbỚ ° SEM. The SEM of mean force is usually smaller 

than the size of the symbols in the plots, which is obscured 

3.7 coculture, organoid and in vivo 

3.7.1 Time-lapsed activation using 96-well plate 

 

Figure 3.4: Schematic of experimental system and procedure of SynNotch time-lapsed 

activation profile in 2D 96-well plate coculture system 

 SynNotch expressing Jurkat cells and sender cells (OCI-Ly7 as experimental group, 

2B4 as negative control) were counted and mixed in SynNotch:Sender = 1:3 ratio. Cells 

were resuspended in 150ɛL culture medium in U-shape 96 well plate and spin-down using 

centrifuge (100g, 1min) to allow interaction. Different starting points were chosen to obtain 



 29 

SynNotch time-lapsed activation profile. At end point, cells were fixed and their 

GFP/luciferase expressing level was checked using Cytoflex platform (Beckman Coulter). 

3.7.2 Time-lapsed activation using organoid 

 

Figure 3.5: Schematic of experimental system and procedure of SynNotch time-lapsed 

activation profile in 3D organoid system 

 Hydrogel-based organoids were composed of 4 arm Maleimide functionalized 

polyethylene glycol (PEG-4-MAL) functionalized with integrin specific peptides and 

crosslinked with matrix metalloproteinase (MMP) degradable, VPM 

(GCRDVPMŹSMRGGDRCG peptide), and nondegradable, Dithiothreitol (DTT), 

peptides. VPM and DTT were incorporated at 1:1 ratio. 7.5 wt% PEG-4MAL organoids 

were functionalized with RGD, a vascular cell adhesion molecule (VCAM-1) mimetic 

that binds to Ŭ4ɓ1 integrin. OCI-Ly7 and SynNotch expressing Jurkat cells were 

encapsulated at a 1:3 ratio (50K OCI-Ly7: 150K Jurkat cells) and were cultured for 

varying time periods (0, 1, 3, 6, 12, 24, 48, 96 hours). Organoids were then degraded with 

collagenase (Fisher Scientific, NC9482366) for 1 hour and the cells were washed twice 

with FACS buffer.  
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3.7.3 Surgical Hydrogel Implantation into the Subcutaneous Space 

 All animal procedures were conducted as approved by the Institutional Animal Care 

and Use Committee (IACUC; protocol number A100368) and followed the guidelines 

mentioned in the Guide for the Care and Use of Laboratory Animals. Hydrogels were 

implanted in the dorsal subcutaneous (SQ) space of mice using a minor surgery, as 

described elsewhere [218]. Briefly, male NOD.Cg-Prkdcscid/J mice were anesthetized 

under isoflurane (3% v/v for induction followed by 1.5-2% v/v for maintenance) and 

transferred to a warming bed to undergo the surgical procedure. For this duration, the mice 

were in a prone position and anesthesia was administered using a nose cone. Fur from the 

dorsal region was shaved and the skin was treated with 70% ethanol. A small incision was 

made in the skin and the underlying connective tissue cleared to make a small SQ pocket. 

Pre-cast hydrogels (maintained in media from the time of preparation to the time of 

implantation) containing cells in the desired ratio were implanted into this space, followed 

by wound closure using 4-0 sutures. This procedure was performed for up to 4 implants 

per mouse. To manage post-surgical pain, animals were administered buprenorphine-SR 

(1 mg/kg) and monitored closely for signs of distress.  

3.7.4 In vivo Imaging by IVIS Spectrum 

 We evaluated the successful activation of SynNotch signaling in implanted 

hydrogels by quantifying their bioluminescent activity. Briefly, mice were anesthetized at 

predetermined time-points as mentioned earlier and were injected with D-luciferin (3 mg) 

intraperitoneally. The animals were then transferred to imaging chamber of the 

PerkinElmer IVIS Spectrum CT where bioluminescent images were acquired up to 45 min 
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after injection. Images were subsequently analyzed for bioluminescent signal intensity 

using LivingImage® 4.7.4 software. 

3.8 Statistics 

 To address the research questions posed in this study, statistical analyses were 

conducted using GraphPad Prism, a robust software tool designed for scientific data 

analysis. The selection of statistical tests was guided by the data type, distribution, and the 

study design. This section outlines the statistical techniques utilized, including the student 

t-test and one-way ANOVA, and describes the preparatory steps taken to ensure the 

appropriateness of these methods. 

 Prior to conducting the primary statistical tests, preliminary analyses were 

performed to verify the assumptions underlying each test. This included the assessment of 

normality and homogeneity of variances, which are critical for the valid application of 

parametric tests. For example, normality test was used to test the assumption of normality 

for each group of data, which is a powerful method for assessing normality in small to 

moderate sample sizes. This test was chosen for its sensitivity in detecting departures from 

normal distribution. Data sets that failed to meet this assumption were subjected to 

appropriate transformations to achieve normality, thereby ensuring that the conditions for 

applying subsequent parametric tests were satisfied. Consistency of variance across groups 

was also examined through the inspection of standard deviations within each sample set. 

This step is crucial as equal variances across groups are a key assumption for the student 

t-test and ANOVA employed in this study. 
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 Then, I applied Student t-test or one-way ANOVA to dataset given situations. The 

student t-test was utilized to compare means between two independent groups when the 

assumptions of normality and equal variance were confirmed. This test was particularly 

employed to determine statistically significant differences in [mention specific variables or 

conditions compared]. The two-tailed t-test with a confidence interval of 95% was used, 

where a p-value less than 0.05 was considered indicative of a statistically significant 

difference. One-way ANOVA was conducted for comparisons across more than two 

groups. This test is designed to ascertain whether there are any statistically significant 

differences between the means of three or more independent (unrelated) groups. Following 

the ANOVA, post-hoc comparisons using Tukeyôs HSD test were performed to identify 

which specific groups differed from each other. This step is essential to control for Type I 

errors that may arise from multiple comparisons. Other post-hoc comparisons were chosen 

based on necessary situations. 
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CHAPTER 4. ESTABLISH SYNTHETIC NOTCH (SYNNOTCH) 

BASED MECHANO SENSING PLATFORM  

4.1 Introduction  

 A fundamental assumption of research on receptor-mediated mechanosensing is 

that cell surface receptors experience physical forces for cells to receive, transmit, 

transduce, and respond to the encoded mechanical signals through the receptors upon 

engagement with their specific ligands [53, 154] immobilized on solid surfaces capable 

of supporting the forces. Two kinds of forces are envisioned, exogenous and endogenous. 

Exogenously, forces externally applied to a cell, such as hydrodynamic forces of the 

flowing fluids over the cell that is attached via receptorïligand interactions to a stationary 

surface or another cell, have to be balanced by the adhesive forces, which are transmitted 

through the receptorïligand bonds. Endogenously, it has long been observed that cells 

generate and exert cytoskeleton- and motor-dependent forces on their adhesive receptorï

ligand bonds to power locomotion and deform the underlying substrate [219].  

 In the past two decades, several techniques have been developed to measure the 

endogenous forces exerted through specific receptorïligand bonds. Traction force 

microscopic (TFM) technique immobilizes ligands on elastic substrate with micro-beads 

imbedded as displacement markers. Lateral forces applied by the cell on the receptors 

bound to ligands can be determined from the measured deformation field of the substrate 

[220] using the theory of elasticity. Alternatively, the substrate is made into a micro-pillar 

array detectors (mPADs) allows the determination of lateral forces from the measured 

deflection of the mPADs using a simple cantilever beam model. Molecular tension probe 
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technique [4, 155] connects the ligand to a solid surface through a DNA hairpin of 

designed threshold force to open. A fluorophore and a quencher pair are respectively 

attached to the two folded ends of the hairpins, which would be opened when the force 

applied by cell on the receptorïligand bond exceeds the threshold force, thereby 

dequenching the fluorophore to give rise to a force signal. Alternatively, the DNA hairpin 

is replaced by a spider silk protein peptide of calibrated elasticity and the fluorophore-

quencher pair is replaced by a fluorescence donor-acceptor pair and the force can be 

determined from the stretch of the peptide from the measured changes in the fluorescence 

resonance energy transfer (FRET) signals [221]. 

 While the above techniques have been successfully used to show that cells do 

exert endogenous forces on their surface receptors bound to immobilized ligands in vitro, 

it has yet to demonstrate that cells do so in vivo because these technologies cannot be 

implemented in vivo. Building upon a recently published method [154] based on the 

synthetic Notch technique [108-110], we developed a technology platform to enable in 

vivo reporting of cell-generated forces on any specific receptor. Similar to the published 

method, our technology is based on the mechano-sensitive and -responsive properties of 

the Notch receptor. We designed a synthetic molecule (SynNotch) by re-engineering the 

wild-type Notch receptor by replacing its ligand binding domain with a single-chain 

variable fragment of an antibody to target the receptor of interest and rewiring its 

signaling circuit to induce the expression of a reporter, e.g., a green fluorescence protein 

(GFP) or a luciferase enzyme. If binding of the SynNotch to the specific receptor induces 

the target cell to exert force on the receptor, which is transmitted to the SynNotch, it 

would activate the expression of GFP or luciferase in the target cell to be detected by 



 35 

flow cytometry or microscopically. Adoptively transferring cells that express this 

synthetic Notch molecule in animals, letting them find and bind target-expressing cells, 

and monitoring the reporter signals would allow us to measure whether, and if so, the 

level of forces that the target cells exert on the target receptor in vivo. 

 We exemplified the design, in vitro testing, and in vivo validation of this platform 

using Jurkat T cells as sensor cells, B cells as the target cells, and CD40 as the target 

receptor. CD40 is a key costimulatory receptor on B cells and its binding to CD40 ligand 

(CD40L) delivers complementary signals alongside B cell antigen receptor (BCR) 

signaling to prevent B cell silencing or deletion [111]. Our recent in vitro studies showed 

that that B cells exert tension on CD40ïCD40L bonds and force enhances CD40 

signaling as well as antibody class-switch [138]. Importantly, CD40L mutations found in 

X-linked Hyper IgM syndrome patients suppress B cell endogenous tension and reduce 

force-enhanced CD40 signaling, leading to deficiencies in antibody class switch [138]. 

Here we tested this SynNotch technology platform with multiple models/systems to 

characterize its properties, show its utility, and examine its versatility, finding clear 

correlation of the MTP force signals and the SynNotch force signals. Finally, we 

observed force signals in mice implanted with organoids that contained SynNotch-

expressing reporter cells and B lymphoma cells, confirming that B cells indeed exert 

endogenous forces on CD40 in vivo. Our SynNotch platform can be applied to various 

scenarios of mechanobiology research. 

4.2 Results 

4.2.1 Configuration of SynNotch receptor 
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 The gene circuit design of SynNotch has been employed in various studies [108-

110]. The configuration of the SynNotch receptor in this study consists of two main 

components: a response element and an on-membrane construct of anti-hCD40 synthetic 

Notch (ŬhCD40-SynNotch) (Fig 4.1). To emulate T cell ï B cell interactions and 

investigate B cell-induced mechanical force on CD40, Jurkat T cells were chosen as 

sensor cells to express SynNotch constructs. 

 Initially, the response element was transduced into Jurkat T cells for two 

purposes: first, to constitutively express a fluorescent protein (Blue Fluorescent Protein or 

mCherry) for distinguishing sensor cells from surrounding cells; secondly, to contain the 

GAL4-VP64 trans-activation system, which upon activation, can express GFP or 

luciferase enzyme. Subsequently, the on-membrane construct was transduced into the 

same Jurkat T cells, allowing it to bind to CD40-expressing target cells and become 

activated by mechanical force input. 

 This on-membrane construct comprises three major components: a ligand-binding 

anti-human CD40 scFv domain, a negative regulatory region (NRR), and a Notch 

intracellular domain (NICD). Specifically targeting human CD40, this construct reports 

tension activity by initiating reporter expression (GFP or luciferase enzyme). Analogous 

to canonical Notch signaling activation, SynNotch activation commences when the 

ligand-binding domain interacts with its target. This interaction initiates a process known 

as regulated intramembrane proteolysis (RIP), where Notch is initially cleaved at the S2 

site by a metalloprotease of the ADAM family. This ligand-dependent cleavage 

necessitates a certain level of external forces [65]. Following the initial cleavage, NICD 

is released through ɔ-secretase cleavage and translocated into the nucleus, where it 
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interacts with the response element to initiate reporter expression, detectable via flow 

cytometry or microscopy.

 

Figure 4.1: Conceptual design of ŬhCD40-SynNotch receptor. Schematic of ŬhCD40-

SynNotch receptor structure and signaling pathway.  

Left: SynNotch expressing receiver cell can recognize target molecule expressing sender 

cell and get activated. Upon activation, the intracellular domain will be cleaved and 

translocate into nucleus to activate response element, initiating reporter (EGFP/Luciferase) 

expression. Response element constitutively express blue fluorescent protein/mcheery to 

allow receiver cells to be distinguished from sender cells.  Right: ŬhCD40-SynNotch 

receptor is consist of an anti-human CD40 scfv binding domain, a native notch core (NRR 
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domain) which responds to mechano-input and an intracellular domain which can activate 

downstream signaling pathway (Gal4-VP64) by translocating into nucleus to interact with 

response element 

4.2.2 Activation kinetics of ŬhCD40-SynNotch in a 2D coculture system 

 We initially evaluated SynNotch activation using a 2D coculture system in a 96-

well plate setup (Fig 3.4). SynNotch-expressing Jurkat T cells were mixed with target cells, 

OCI-Ly7 or 2B4, at a 1:3 ratio and centrifuged to facilitate interaction. OCI-Ly7 cells, a 

human diffuse large B-cell lymphoma cell line, express human CD40 on their membrane, 

making them specifically recognizable by SynNotch cells. Conversely, 2B4 is a mouse T-

cell hybridoma cell line lacking human CD40 expression, thus serving as an irrelevant 

target. Various time points were selected to initiate the mixing of SynNotch cells (SynN) 

with sender cells. 

 SynNotch activation, indicated by GFP expression, commenced approximately 3 

hours post-coculture, reaching its peak around 10 hours post-coculture (Fig 4.2A-B). 

Subsequently, there was a decrease of 30-35% in activation after the peak at approximately 

12 hours post-coculture, followed by a subsequent increase. This fluctuation post-peak may 

reflect the dynamics of reporter expression or be influenced by the limited culture 

conditions within the 96-well plate. 

 The specificity of SynNotch activation was demonstrated as there was no target-

independent activation observed when cocultured with 2B4 cells. Furthermore, SynNotch 

activation exhibited high sensitivity. Altering the mixing ratio between SynNotch cells and 
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sender cells did not significantly affect the detection capability in early time points post-

coculture (Fig 4.2C-D). However, in extended coculture periods, higher concentrations of 

sender cells resulted in more pronounced SynNotch activation, indicated by elevated GFP 

expression levels. 
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Figure 4.2: Activation kinetics of ŬhCD40-SynNotch in a 2D coculture system.  
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(A) (Left) Schematic of experimental system and procedure that generated the results in B 

and C. A different well-layout but the same procedure generated the results in C and D. 

ŬhCD40-SynNotch expressing Jurkat cells were cocultured with CD40 expressing B cell 

line OCI-Ly7 or hybridoma T cell line 2B4 (negative control) in different wells of a multi-

well plate at various time points. Cells were harvested and their GFP expression level were 

measured at the end time point using flow cytometry. (Right) Fluorescence-activated cell 

sorting plots of the resulting GFP reporter intensity in SynNotch cells with indicated 

conditions. (B) Representative flow stack of GFP+ SynNotch cells at various time point. 

GFP+ gate is defined using ŬhCD40-SynNotch without interacting with sender cells.  (C) 

Fold-change of GFP MFI relative to that of 0h (N=3 with n>10,000 cells) at various of time 

points. Green line stands for mixing 50k ŬhCD40-SynNotch with 150k OCI-Ly7. Black 

line stands for mixing 50k ŬhCD40-SynNotch with 150k 2B4. Activation profile curve is 

fitted based on sigmoidal model. (D) Representative flow stack of florescence-activated 

(GFP) SynNOtch cells activated by difference ratio of Ly7 sender cells. The total cell 

number was fixed across all the conditions (150k). Upper panel in blue was measured 4-

hour post coculture; Lower panel in red was measured 12-hour post coculture. (E) Mean ± 

SD with individual data points (N=3 with n>10,000 cells) of fold-change of GFP MFI 

relative to that of SynNotch only condition at various time points 

4.2.3 SynNotch endogenous pulling measurement and force-free activation 

 We then examine whether SynNotch expressing Jurkat T cells themselves exert 

endogenous forces through the SynNotch construct and become activated without external 

force input. To achieve this, we employed DNA-based ultrasensitive molecular tension 



 42 

probes (MTP) for real-time mapping of piconewton forces5. To capture short-lived forces 

transmitted via specific receptors, we employed a recently developed mechanoselection 

strategy utilizing a single-stranded "locker" DNA to tag infrequent and short-lived 

mechanical events6 (Fig 4.3A). The MTP comprises three DNA strands: a folded hairpin 

providing a force threshold, a Cy3b fluorophore-conjugated strand presenting the 

protein/antibody of interest, and a BHQ2 quencher-conjugated strand linked to a gold 

nanoparticle-coated glass surface. When forces applied exceed the threshold, the hairpin 

unfolds, separating Cy3B from BHQ2 to enable fluorescence. 

 Reflection interference contrast microscopy (RICM) revealed that ŬhCD40-

SynNotch-expressing Jurkat cells spread more extensively on anti-CD3 antibody and 

human CD40-presenting surfaces compared to surfaces presenting BSA (Fig 4.3B). 

However, total internal reflection fluorescence (TIRF) imaging demonstrated significantly 

higher Cy3B signals from the anti-CD3 antibody surface compared to other conditions. 

Although the human CD40 group exhibited a larger spreading area than the BSA group, 

there was no significant difference in Cy3b signal. Quantitative analysis further confirmed 

this (Fig 4.3C). 

 We then investigated whether presenting the target without applying external force 

would activate ŬhCD40-SynNotch. Employing a similar MTP setup, we utilized epi-

fluorescence imaging to record changes in fluorescent intensity in the GFP channel. Based 

on the time-lapsed activation profile obtained in the 96-well plate, GFP activation 

commenced approximately 3 hours post-coculture. We opted to monitor fluorescent 

intensity changes within a 5-hour time window to allow sufficient time for ŬhCD40-
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SynNotch activation. Comparing the endpoint with the starting point (30 minutes after 

adding ŬhCD40-SynNotch to the MTP channel), no significant difference in GFP signal 

was observed (Fig 4.3D-E). This data indicates that ŬhCD40-SynNotch will not be 

activated solely by presenting its target without applying forces. 

 Subsequently, we investigated whether sender cells exerted force through the 

CD40/ŬhCD40 pair by measuring OCI-Ly7 endogenous force using MTP (Fig 4.3F-G). 

Quantitative analysis revealed that OCI-Ly7 cells in the anti-CD40 antibody group 

exhibited significantly higher Cy3B signals compared to the BSA group. These findings 

suggest that OCI-Ly7 cells exert endogenous force through CD40 when binding to 

ŬhCD40-SynNotch, thereby activating ŬhCD40-SynNotch. 
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Figure 4.3: The force on ŬhCD40-SynNotch was generated by the sender cell instead of 

the receiver cell 

(A) Schematic of molecular tension probe (MTP) [10]. An MTP consist of a DNA hairpin 

providing certain force threshold (F1/2 = 4.7pN), a fluorophore (Cy3b) strand and a 

quencher (BHQ2) strand. One end is linked to a gold nano particle coated glass surface and 
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the other end is linked to a human CD40 protein (or an anti-CD3/anti-CD40 antibody for 

positive control or BSA for negative control). Fluorophore and quencher form a pair in 

resting state, thus the fluorophore is quenched. The hairpin unfolds when cell exerts force 

greater than the force threshold, separating BQH2 from Cy3b, generating a fluorescent 

signal. Adding a ssDNA (locker) complementary to the opened hairpin to the system 

prevents it from closing after bond dissociation and force removal, which allows the 

fluorescent signal to accumulate23. (B) Representative reflection interference contrast 

microscopy (RICM) and Cy3b fluorescence images of ŬhCD40-SynNotch cells 20 min 

after landing on glass surface functionalized with MTPs of indicated conditions. (C-D) 

Quantification of spreading area (C) and tension signal (D) for conditions in B. n=55, 58, 

48. (E) (Left) Representative epi-fluorescent images (GFP) obtained. (Right) 

Quantification of GFP MFI for conditions in left. n=58, 55. (F and G) Quantification of 

spreading area are (F) and tension signal (G) in E (n=58, 55) (H) Representative reflection 

interference contrast microscopy (RICM) and Cy3b fluorescence images of OCI-Ly7 cells 

20 min after landing on glass surface functionalized with MTPs of indicated conditions. (I-

J) Quantification of spreading area (I) and tension signal (J) for conditions in H. n=55, 51. 

All MTP experiments have three repeats. Numerical number stands for p-value using 

student t-test or one-way ANOVA. 

4.2.4 SynNotch activation calibration with external force input 

 We then employed a high-throughput platform to investigate whether SynNotch 

could be activated by external force and whether there was any correlation between the 

force input and SynNotch activation. First, we employed a biomembrane force probe (BFP) 
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to conduct bead-cell assay (Fig 4.4A). A biotinylated human red blood cell (RBC) is 

aspirated by a micropipette and a CD40-functionalized glass-bead (probe) is attached to its 

apex via biotin-streptavidin (SA) coupling. The RBC-bead assembly also acts as an 

ultrasensitive force sensor, as indicated by the spring, to detect binding of CD40 with 

ŬhCD40-SynNotch construct expressed on a Jurkat T cell aspirated by an opposite 

micropipette. We acquired the effective 2D affinity, AcKa , using this setup (Fig 4.4B, AcKa 

~ 1.557 x 10-4 ëm4). 

 We developed a parallel magnetic force activation (PMFA) assay (Fig 4.4C), 

adapted from a previously published system [15]. In summary, we incorporated two 

magnets in an antiparallel configuration within a 3D-printed plate lid to apply magnetic 

force on paramagnetic beads bearing CD40 bound to ŬhCD40-SynNotch receptors on 

Jurkat cells positioned beneath the magnets. The magnets were positioned as low as 

possible without contacting the culture medium, resulting in an average force of 21 pN at 

the center of the well. To confine the bead-bound cells to the well center where the desired 

range of magnetic forces was concentrated, we initially attached a poly-L-lysine (PLL)-

coated 5 mm diameter coverslip in the center of each well. Cells seeded on the coverslip 

naturally concentrated towards its center, closely matching the distribution of magnetic 

force exerted on the beads. Assuming an even distribution of the applied force on each 

bead across all bonds present, we could adjust the density of CD40 sites coated on the 

beads to vary the external force applied to each bond (Fig 4.4D). With the measured 

effective 2D affinity, we obtained force per bond with corresponding CD40 site density 

(Fig 4.4E). A serial of forces were selected to investigate ŬhCD40-SynNotch activation 

upon externally applied force. 
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 Utilizing the PMFA platform, we simultaneously stimulated ŬhCD40-SynNotch 

with or without exogenous force. The absence of force group employed the same settings 

as the presence of force group but used a standard 24-well plate lid. SynNotch-expressing 

Jurkat T cells treated with soluble CD40 were used as a reference. A 3-hour bead treatment 

duration was chosen to allow thorough interaction between CD40-coated beads and 

ŬhCD40-SynNotch Jurkat cells. Subsequently, the magnetic lid was removed, and both the 

presence and absence of exogenous force groups were supplemented with additional cell 

culture medium to allow GFP expression to reach a desirable level for flow cytometry 

analysis. At the endpoint, cells were harvested, and their GFP expression levels were 

analyzed by flow cytometry. 

 PMFA assay results revealed the existence of an optimal force input for SynNotch 

activation. If the CD40 coating density on the beads was too low, despite the estimated 

force per bond being high, the interaction between CD40 and ŬhCD40-SynNotch receptors 

was limited due to low affinity, resulting in decreased GFP expression levels. Conversely, 

if the CD40 coating density was too high, although the interaction between CD40 and 

ŬhCD40-SynNotch receptors was sufficient, the force per bond was too low to activate 

SynNotch. Interestingly, we also observed that when the CD40 coating density on the beads 

exceeded a certain threshold, there was a level of force-independent activation. This 

activation exhibited a positive correlation with the CD40 coating density, possibly due to 

CD40 crosslinking on the bead when the coating density was excessively high. In 

conclusion, the PMFA experiment demonstrated the existence of an optimal exogenous 

force threshold for activating SynNotch. 
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Figure 4.4: Defining the force required for ŬhCD40-SynNotch activation with calibrated 

externally applied forces  

(A) Photomicrographs of BFP setup for bead-cell assay. A biotinylated human red blood 

cell (RBC) is aspirated by a micropipette and a CD40-functionalized glass-bead (probe) is 

attached to its apex via biotin-streptavidin (SA) coupling (Left). The RBC-bead assembly 

also acts as an ultrasensitive force sensor, as indicated by the spring (left), to detect binding 

of CD40 with ŬhCD40-SynNotch construct expressed on a Jurkat T cell aspirated by an 

opposite micropipette (Right). (B) Plots of Mean ± SEM of average number of bonds per 
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contact (ἂὲἃ) normalized by site densities of CD40 (άr) and ŬhCD40-SynNotch  (ά ) vs 

contact time (ὸc). ἂὲἃ ( ÌÎρ ὖa) was converted from the adhesion frequency (ὖa = # 

binding events divided by total # of contacts) directly measured with CD40 coated on probe 

beads interacting with ŬhCD40-SynNotch expressing Jurkat T cells. Data were fitted 

(curve) by a previously reported model [169]. (C) Working principle and procedure of the 

parallel magnetic force activation (PMFA) assay. SynNotch expressing Jurkat T cells are 

placed on PLL-coated circular coverslip (5-mm in diameter) at the well center onto which 

magnetic beads (2.8-ɛm in diameter) functionalized with CD40 are added. Cells are 

allowed to interact with beads with an anti-parallel pair of 5-mm cubic neodymium 

magnets for 3-hour before supplying additional complete medium. This force is supported 

by the CD40-ŬhCD40-SynNotch bonds. After 5-hour in additional complete medium, cells 

are collected and their GFP expression levels are analyzed by flow-cytometry. Force per 

bond can be varied by changing site-density of CD40 coated on bead. (D) Optimization of 

CD40 site density vs CD40 concentration during coating. Points are measured using flow 

cytometry. Curve represents trendline. The yellow box shows appropriate site densities of 

CD40L on the bead for the PMFA assay. (E) Force per bond vs site density of CD40 on 

the beads calculated using force-free 2D affinity. The yellow shaded area shows 

appropriate site densities of CD40 on the bead for PMFA assay. The red dots represents 

the force per bond chosen in PMFA assay. (F) Fold change of GFP MFI relative to that of 

soluble CD40 at various force per bond with indicated conditions. Numerical number 

stands for p-value using student t-test or one-way ANOVA. 

4.2.5 Activation kinetics of ŬhCD40-SynNotch in 3D organoid coculture system 
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 We next employed a 3D organoid system to emulate an in vivo environment for 

SynNotch cell interaction with OCI-Ly7 cells and to monitor mechanical pulling over time 

(Fig 3.5). The ex vivo engineered 3D organotypic culture system, initially developed to 

study germinal center reactions16, serves as a modular ex vivo immune organ with the 

capacity for extensive customization to mimic in vivo conditions. In essence, hydrogel-

based organoids were composed of 4-arm maleimide functionalized polyethylene glycol 

(PEG-4-MAL) functionalized with integrin-specific peptides and crosslinked with matrix 

metalloproteinase (MMP)-degradable VPM (GCRDVPMŹSMRGGDRCG peptide) and 

nondegradable Dithiothreitol (DTT) peptides. VPM and DTT were incorporated at a 1:1 

ratio. Organoids consisting of 7.5 wt% PEG-4MAL were functionalized with RGD 

oligopeptide (GRGDSPC), a fibronectin mimetic that binds to ŬVɓ3 integrin. SynNotch 

and OCI-Ly7 cells were encapsulated at a 1:1 ratio (100K OCI-Ly7: 100K SynNotch cells) 

and cultured for various time periods (1, 3, 6, 12, 24, 48, and 96 hours). Subsequently, the 

organoids were degraded with collagenase for 1 hour, and the cells were washed twice with 

FACS buffer. 

 We observed that SynNotch activation exhibited a time-lapsed profile similar to 

that of the 2D coculture system (Fig 4.5A-B). In the 3D organoid system, SynNotch 

reached peak activation at 24 hours, compared to just 12 hours in the 2D system. This delay 

could be attributed to the intrinsic properties of the 3D coculture system, wherein cells 

require more time to migrate and fully interact with one another. Additionally, we noted 

that the 3D system sustained peak activation levels for approximately 24 hours with 

minimal decline thereafter. This prolonged activity may be due to the organoid system's 
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configuration, which is potentially more physiologically relevant and thus better suited for 

sustained cellular function over the long term. 

  

Figure 4.5: SynNotch time-lapsed activation profile in 3D organoid coculture system.  

(A) Schematic of experimental system and procedure that generated the results in B and C. 

ŬhCD40-SynNotch expressing Jurkat cells were cocultured with CD40 expressing B cell 

line OCI-Ly7 or hybridoma T cell line 2B4 (negative control) were mixed and loaded in a 

physiological-relevant organoid at various time points. At the endpoint, organoids were 

degraded, and cells were harvested, their GFP expression level were measured using flow 
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cytometry. (Bottom right) Fluorescence-activated cell sorting plots of the resulting GFP 

reporter intensity in SynNotch cells with indicated conditions.(B) Representative flow 

stack of GFP+ SynNotch cells at various time point. GFP+ gate is defined using ŬhCD40-

SynNotch without interacting with sender cells. (C) GFP MFI of activated SynNotch cells 

cocultured with OCI-Ly7 cells (green) or 2B4 (black) at various time points (N=5, 

n>10,000). Red arrow with START indicates start point of GFP up-regulation.SynNotch 

in vivo mechano-sensing surveillance  

4.2.6 Activation kinetics of ŬhCD40SynNotch in vivo 

 To confirm B cell indeed exert endogenous force on CD40 in vivo, we utilized a 

luciferase version of SynNotch cells by substituting the response element in the previous 

SynNotch construct, replacing GFP with luciferase enzyme. This luciferase version of 

SynNotch retains the same target recognition construct (anti-CD40) and can be triggered 

to express luciferase instead of GFP. The luciferase assay offers higher sensitivity 

compared to GFP and exhibits less background interference in live mice, rendering it ideal 

for live animal imaging. 

 Following the establishment of luciferase SynNotch, we first assessed its 

performance in vitro (Fig 4.6A-B). SynNotch cells were cocultured overnight with OCI-

Ly7 cells. We utilized SynNotch cells lacking the ahCD40 construct as a negative control 

(Ctrl-SynNotch) but possessing the same response element as the experimental SynNotch. 

Subsequently, cells were mixed with D-luciferin to conduct a luminescence test, and 

luminescence levels were recorded using a plate-reader (Fig 4.6A). Compared to the 

negative control group, we observed an approximately 100-fold increase in luminescence 
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signal from the SynNotch cells, indicating their high sensitivity and robust signal 

production upon activation by their target. Furthermore, we demonstrated the robust and 

strong activation signal in live imaging through IVIS microscopy (Fig 4.6B). The 

significant signal compared to the background suggests its suitability for live animal 

imaging. 

 We designed an in vivo implantation experiment (Fig 4.6C) and recorded SynNotch 

activation in vivo (Fig 4.6D). Briefly, four organoids containing 500k SynNotch cells (with 

or without anti-hCD40 construct) and 500k OCI-Ly7 cells were implanted in the dorsal 

subcutaneous (SQ) space of NOD.Cg-Prkdcscid/J mice. Mice were anesthetized under 

isoflurane  and transferred to a warming bed to undergo the imaging procedure (injected 

with 3mg D-luciferin intraperitoneally, bioluminescent images were acquired up to 45 min 

after injection). We observed approximately a 60% higher luminescence signal compared 

to the negative control within a short timeframe (around 6-hour), indicating SynNotch 



 54 

activation. Thus, we have confirmed B cell indeed exert endogenous force on CD40 in vivo.

 

Figure 4.6: Luciferase-SynNotch test and validation  

(A) Luminescence MFI of SynNotch activation at various time points (15mins, record 

every 1min) by plate-reader. SynNotch cells were overnight-coculture with OCI-Ly7 

before conducting luminescence test by adding D-luciferin. Neg group use construct-free 

SynNotch. (B) IVIS imaging of overnight activated SynNotch. ROI 1: 500k 

ahCD40SynN+ 500k OCI-Ly7. ROI 2: 500k construct-free SynNotch+ 500k OCI-Ly7. 

ROI3: PBS solution. Number indicating MFI Luminescence level. (C) Diagram of in vivo 

experimental setup. In brief, NSG mice were implanted with 4 organoids. Implant 1&2 

contains 500k ahCD40-SynN and 500k OCI-Ly7 cells. Implant 3&4 contains 500k Ctrl-

SynN and 500k OCI-Ly7. Mice were anesthetized before being imaged using IVIS imaging 
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system. (D) Realtime image of mice experiment setup in (C) using IVIS imaging system. 

Top two ROIs are implants 1&2 in C, bottom two ROIs are implants 3&4 in C. Imaging 

was performed for up to 35 mins to maximize signal 

 To obtain activation kinetics and test its sensitivity in vivo, we repeated the in vivo 

implantation experiment (Fig 4.7A). We prepared 8 NSG mice and randomized the 

implantation conditions to avoid influence from biological background in mice (ensure 

each condition has two repeats for a specific location in mice). We noticed even with low 

percentage of sender cells (OCI-Ly7), SynNotch cells are able to generate signficiant 

amount of luminescence signal compared to control group. Level of luminescence shows 

positive correlation with amount of sender cells in the implantation. Signal gradually 

decays over time, and at day-3 post-implantation, only 1:3 implantation shows positive 

signal compared to the control group (Fig 4.7B). By harvested the implanted gels and 

stained for CD20 (OCI-Ly7), CD4 (SynN) and DAPI, we were able to microscopely depict 

interactions between OCI-Ly7 and SynNotch Jurkat cells (Fig 4.7C). Compared to the 

control group, SynNotch and OCI-Ly7 cells are forming small clusters, indicating the 

strong interaction between SynNotch and its targets. 



 56 

 

Figure 4.7: Activation kinetics of ŬhCD40SynNotch in vivo 

(A) Luminescence images of NSG mice bearing organoids containing mixture of ŬhCD40-

SynNotch or control-SynNotch with OCI-Ly7 cells. Signal indicates luciferase activity by 
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SynNotch cells. Dotted circles represent ROIs. (B) Normalized SynNotch cells generated 

luminescence value with indicated conditions at various timepoints. (N=8, nÓ10,000). (C) 

Representative images of implanted gels harvested and stained for CD20 (OCI-Ly7), CD4 

(SynN) and DAPI depict interactions between OCI-ly7 and SynN Jurkat Cells. Images 

include 3D projections, maximum intensity projections and single Z stack/crossections 

(right panel) for 1:3 treatment group (ŬhCD40SynN+OCI-Ly7) and 1:3 control group 

(CtrlSynN +OCI-Ly7). 

4.2.7 ŬhCD40-SynNotch Jurkat T cells activate B cell CD40 signaling in vivo 

 We have shown in the previous figure that B cell indeed exerts endogenous force 

through CD40 in vivo. Then we would like to investigate whether these mechanical-force 

experienced B cell will get activated through CD40 signaling pathway. Previous studies 

have shown that B cells will upregulate CD80 and CD86 upon CD40 signaling activation 

to better prim T cell. Manuscript from our lab also shown B cell upregulate phosphoration 

of Erk1/2 (p-Erk1/2) and p38 (p-p38) [138]. Here we sort out B cells from harvested 

implanted gels in each condition and check their CD80, CD86 level, as well as the p-Erk1/2 

and p-p38 level. We noticed B cells upregulated CD80 and CD86 level compared to the 

control group (Fig 4.8A-C). The higher OCI-Ly7 level resulted higher CD80/86 level. We 

also noticed SynNotch largely promotes p-Erk1/2+ and p-p38+ population in all ratios 

compared to the control group. These results have shown hCD40-SynNotch Jurkat T cells 

activate B cell CD40 signaling in vivo. It also demonstrated the potential for SynNotch 

cells to serve as artificial ligand presenting cells to activate signaling pathway in vivo. 



 58 

 

Figure 4.8: ŬhCD40-SynNotch Jurkat T cells activate B cell CD40 signaling in vivo 

(A) Representative CD80 or CD86 expression flow plots with indicated conditions. 

Experimental groups were OCI-Ly7 cells harvested and sorted from implanted organoid 
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mixing with ahCD40SynNotch. Control groups were the same OCI-Ly7 cells implanted by 

mixing with control SynNotch cells. (B) Mean Ñ SEM with individual data points (NÓ5 

with n>10,000 cells) of MFI with indicated conditions. (C) Mean ± SEM with individual 

data points (NÓ5 with n>10,000 cells) of fold-change of CD80/86 that relative to unstained 

sample with indicated conditions. (D) Representative p-p38 vs p-Erk1/2 plots of OCI-ly7 

cells with indicated conditions. Exp and Ctrl groups settings are the same as panel A. (E-

G) Mean Ñ SEM with individual data points (NÓ5 with n>10,000 cells) of frequency of p-

Erk1/2+ and p-p38+ cells (%) (E) and fold-change of p-Erk1/2 (F) or p-p38 (G) that relative 

to unstained with indicated conditions. Numbers on graphs represent p values calculated 

from one-way ANOVA. 

4.3 Discussion 

 This section represents the development and validation of a SynNotch-based 

mechano-sensing platform. By harnessing the specificity of SynNotch receptors to respond 

to mechanical stimuli, particularly targeting CD40 expressing cells, this work has laid 

foundational insights into the dynamic interplay between mechanical forces and cellular 

behavior. 

 Initial demonstrations within a 2D coculture system underscored the platform's 

heightened sensitivity and provided a temporal activation profile that is pivotal for 

understanding the kinetics of mechano-sensing in a controlled environment. This aspect of 

the research not only validates the functional premise of the SynNotch system but also 

delineates a clear baseline for its activation characteristics, which is crucial for its 

application in more complex biological settings. 
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 Moreover, the meticulous calibration of this platform to ascertain that the observed 

activations were exclusively due to external mechanical inputs, rather than endogenous or 

nonspecific interactions, is commendable. Such specificity is paramount in synthetic 

biology, where the fidelity of the system under study can significantly impact its 

applicability and interpretation of results. The identification of an optimal force threshold 

for SynNotch activation further enhances the utility of this system, offering a nuanced 

understanding of how cells might discern and adapt to their mechanical environments. 

 The extension of this platform's application to 3D organoid coculture systems is 

particularly noteworthy. This leap from 2D to 3D culture systems not only validates the 

versatility of the SynNotch platform but also aligns with the current trend towards more 

physiologically relevant in vitro models. Such models are increasingly recognized for their 

ability to mimic the complex cellular architectures and mechanical cues inherent in living 

tissues, offering a more accurate reflection of in vivo biology. The creation of a luciferase  

version of the SynNotch system for in vivo mechano-sensing reporting is a testament to 

the platform's potential translational impact. This innovation bridges the gap between in 

vitro studies and real-world applications, paving the way for future in vivo studies that 

could elucidate the role of mechano-transduction in disease progression and tissue 

regeneration. Future development will be focused on applying SynNotch platform to a real-

world biological process, investigating the important regulation role of force in disease 

progression or cells differentiation. 

 Despite these significant advancements, the journey of the SynNotch-based 

mechano-sensing platform from a research tool to a potential therapeutic modality is 

fraught with challenges and opportunities. The specificity and sensitivity of the system, 
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while impressive, could be further optimized to ensure minimal off-target effects and 

maximal responsiveness in the heterogeneous environments of living organisms. Exploring 

the platform's applicability across a broader spectrum of cell types and tissues could unveil 

new mechanobiological insights and therapeutic targets. 

 The integration of the SynNotch system with other biosensing and bioresponsive 

modules could give rise to multifunctional platforms capable of navigating and modulating 

the complex signaling networks within cells. Such integrated systems could offer 

unprecedented control over cellular functions, with implications ranging from tissue 

engineering to targeted therapies. 

 In conclusion, this thesis not only contributes a novel mechano-sensing platform to 

the field of synthetic biology but also opens myriad avenues for future research aimed at 

understanding and harnessing the intricate relationships between mechanical forces and 

cellular behavior. 
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CHAPTER 5. INVESTIGATE EZH2 Y641F IMPACT IN B CELL 

LYMPHOMA MECHANO -SENSING THROUGH CD40  

5.1 Introduction  

 B cell lymphoma is a type of cancer that arises from B lymphocytes, which are a 

critical component of the body's immune system, responsible for producing antibodies to 

combat infections. This malignancy is characterized by the uncontrolled growth of B cells, 

which can accumulate in lymph nodes, the spleen, and other organs, leading to a range of 

health issues. The severity of B cell lymphoma varies widely among patients, influenced 

by factors such as the specific subtype of lymphoma, the stage at which it is diagnosed, 

and the patient's overall health. Key players in the development and progression of B cell 

lymphoma include genetic mutations that lead to the unregulated proliferation of B cells, 

environmental factors, and the immune system's interactions with these malignant cells. 

Understanding the intricate interplay between these elements is crucial for developing 

effective treatments and improving patient outcomes. 

 Diffuse large B-cell lymphoma (DLBCL) and follicular lymphoma (FL) arise from 

germinal center (GC) B cells. GC B cells undergo rounds of proliferation, edit their 

immunoglobulins by somatic hypermutation and class-switch recombination, followed by 

affinity selection via interactions with T follicular helper (Tfh) cells and follicular dendritic 

cells (FDCs). Recent studies have shown dysregulation of these molecular programs 

perturbs the normal B cell differentiation and contributes to FL/DLBCLs [158]. The 

differentiation of healthy B cells entails changes in epigenetic mechanisms throughout the 
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germinal center (GC) reaction, which are both influenced by and influence interactions 

with Tfh cells and FDCs. These epigenetic processes can be disrupted by somatic mutations 

in genes that modulate epigenetics, like the EZH2 gene that encodes a histone 

methyltransferase. Such mutations are found early in the disease course in approximately 

30% of patients with FL and DLBCL, impacting the normal function and development of 

B cells. Recent findings have indicated: 1) EZH2 regulates the hyperproliferative nature of 

GC B cells [159] and 2) gain-of-function mutations of the EZH2 Y641 residue ñinitiateò 

lymphomagenesis by attenuating GC B cell requirement for Tfh cell help and shifting the 

dependency to FDCs through increased expression of receptors through which B-cells 

interface with these stromal cells [35]. EZH2 in GC B cells shows critical functions, 

including repression of the cell-cycle checkpoint genes to support B cell proliferation and 

prevent premature plasma cell differentiation. On the other hand, EZH2Y641 mutants are 

over 3-fold more efficient than WT enzyme in converting H3K27me2 to H3K27me3 [128]. 

However, the consequences of increased abundance of the H3K27me3 repressive histone 

mark in EZH2Y641 mutant tumors has not yet been clear. 

 EZH2Y641 mutant reprograms immune synapse functions to relieve GC B cells from 

requiring Tfh by becoming independent of T-cell surface proteins, such as CD154 (CD40L). 

CD40 is a costimulatory protein found on the surface of many immune system cells, 

including B cells, dendritic cells, macrophages, and some epithelial cells. It plays a pivotal 

role in the immune system's function and regulation. When CD40 on the surface of these 

cells binds to its ligand, CD40L, which is primarily expressed on activated T-helper cells, 

it triggers a series of immune responses that include: B cell activation and differentiation, 

immunoglobulin class switching, enhancement of antigen-presenting capabilities, 
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promotion of cytokine production and T cell activation and differentiation. Our lab has 

recently shown that CD40 serves as a mechano-sensing receptor on B cell and its mechano-

transduction governs CD40 function and underlies X-linked Hyper IgM syndrome [138]. 

Therefore, we hypothesize that in contrast to GC B cells with WT EZH2, the EZH2Y641 

mutation in GCB DLBCL/FL results in dysregulation of key immunoreceptors manifesting 

as altered ligand binding and forces that dysregulate the interactions of GC B cells with 

Tfh cells. The dysregulated receptor mechanobiology impacts downstream B cell signaling, 

epigenetics, and sensing of lymphoid microenvironment signals responsible for 

extinguishing the ñpseudo-malignantò phenotype of GC B cells, thereby driving the 

cancerous transformation of B cells. 

 In this chapter, we will show Comparing to EZH2WT, the EZH2Y641 mutation 

decreased the in situ CD40ïCD40L affinity by ~50%. Treatment of B cells with an EZH2 

inhibitor did not affect the CD40ïCD40L affinity measured on B cells carrying EZH2WT, 

but doubled the CD40ïCD40L affinity measured on B cells carrying EZH2Y641, thereby 

eliminating the affinity difference seen in the absence of EZH2 inhibitor. Treatments of B 

cells with Cdc42 inhibitor (to affect actin dynamics) and TRAF-STOP (to specifically 

affect one of CD40 signaling components, TRAF6) decreased CD40ïCD40L affinity by 

~2 fold whereas treatments of B cells with JAK3 inhibitor (to affect another part of CD40 

signaling component) and Nystatin (to affect membrane microdomains) had little effect. 

By comparison, the force elicited CD40ïCD40L catch bonds at forces <15 pN that were 

not affected by the EZH2Y641 mutation or inhibitors of EZH2, CD40 signaling components 

(TRAF6 and JAK3) or Nystatin. However, cdc42 treated B cell suppressed the catch bond 

(decreased peak bond lifetime by 50%), compared to that of non-treated B cell. This might 
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be related to previous observations that dynamics and strength of the actin are related to 

EZH2 activity. RNA-seq data (published by Beguelin et al.) indicates a potential force 

transduction loop with these participating components, pointing out important role of 

integrin as a potential binding participant in CD40-CD40L interaction, which possibly 

explains how EZH2 mutation influences CD40-CD40L interaction. The B cells exerted 

endogenous force through CD40, which was significantly decreased by the EZH2Y641 

mutation. Treatment with EZH2 inhibitor greatly decreased and increased, respectively, 

endogenous force on CD40 pulled by B cells carrying EZH2WT and EZH2Y641, respectively, 

thereby eliminating the difference in pulling force seen in the absence of EZH2 inhibitor. 

Mechanical force on CD40 increased phosphorylation of p38 and ERK1/2 and such 

increase has been attenuated with EZH2 mutant. We have also shown that EZH2Y641 mutant 

influences the mechanical-supported spreading on CD40L presenting surface, thereby 

influencing the signaling of CD40. Such influence can be even with the treatment of EZH2 

inhibitor. At last, we utilized the SynNotch platform developed in the previous chapter to 

compare mechanical pulling behavior of between EZH2WT and EZH2Y641 mutant cells. 

5.2 Results 

5.2.1 2D kinetic analysis using adhesion frequency assay 

 By collaborating with Dr. Hyun-Kyu Choi, we measured the binding of CD40 on 

OCI-Ly7 with CD40L coated beads using mechanical-based adhesion frequency assay. 

Although such interaction has been studied using soluble protein in fluid phase (3D binding) 

[205], it did not recapitulate the in-situ interaction between CD40 and CD40L. To do this, 

we first culture OCI-Ly7 B cell expressing WT EZH2 and mutant EZH2 in normal culture 
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medium or Tzemetostat (EZH2 inhibitor, Selleckchem) containing medium following 

manufactory guideline. We then performed the adhesion frequency assay for effective 2D 

kinetics [206] using biomembrane force probe (BFP) [141, 207]. BFP employs a 

micropipette-aspirated human red blood cell (RBC) with a CD40L-bearing bead (probe) 

attached to its apex to act as a force sensor for detecting binding to a CD40 expressing 

OCI-Ly7 cell. The adhesion frequency (ὖ = # of binding events divided by # of contacts) 

was measured by repeated contact cycles for each bead pair, obtaining Mean ὖ ° SEM as 

a function of contact time (ὸ) using 4-5 probe-target pairs per ὸ value. To examine the 

kinetics of the interaction and directly compare among different CD40L constructs, we 

converted the contact time-dependent ὖ values to the average number of bonds per 

contact, ộὲỚ ÌÎρ ὖ , based on the Poisson distribution of bonds [206], normalized 

them by the densities of both CD40 (ά ) and CD40L (ά ), and plotted the resulting 

normalized bond number (ộὲỚȾά ά ) vs ὸ for soluble CD40L-coated (Fig 5.1A) 

or anti-CD40 antibody-coated (Fig 5.1B) beads and CD40-expressing OCI-Ly7 B cells. 

We then fitted such data by a kinetic model, [206] 

ộὲỚάCD40άCD40Lὃcὑaȟπρ ὩὯoffȟπὸÃϳ , to obtain the effective 2D affinities (ὃcὑaȟπ) of 

indicated conditions. Remarkably, we noticed 50% reduced 2D affinities of CD40 binding 

to CD40L for OCI-Ly7 carrying EZH2 mutant comparted to WT EZH2 (Fig 5.1A). Such 

decrease can be rescued by the treatment of tazemetostat with the difference in effective 

2D affinity between these two groups get evened. Interestingly, the 2D affinities of CD40 

binding to anti-CD40 antibody shows similar level between mutant EZH2 and WT EZH2 

(Fig 5.1B).  
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Figure 5.1: 2D kinetic analysis using adhesion frequency assay.  

(A and B) Plots of Mean ± SEM of average number of bonds per contact (ἂnἃ) normalized 

by site densities of CD40 (mr) and CD40L (ml) vs contact time. ἂnἃ (= -ln(1-Pa)) was 

converted from the adhesion frequency (Pa = # binding events divided by total # of 

contacts) directly measured with the indicated conditions. Beads are coated with CD40L 

(A) or anti-CD40 antibody (B) using BFP. 

5.2.2 Force spectroscopy reveals distinct force-lifetime responses of CD40-CD40L 

and CD40-anti-CD40 Ab pairs. 

After the measurement of effective 2D affinities shown in figure 5.1 under the 

force-free condition by the nature of the adhesion frequency assay, we next investigate 

whether, and if so, how force impacts the dissociation kinetics of CD40-CD40L bonds 

under the influence of EZH2 mutant. To address this question, we used BFP to load single 
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CD40-CD40L or CD40-anti-CD40 Antibody bonds with precisely controlled forces and 

measured the bond lifetimes under a range of constant forces (Fig 5.2). We noticed CD40L 

formed a catch-slip bond with CD40, where lifetime increases with increasing force up to 

~15 pN (optimal force) and then decreases with further increase in force (Fig 5.2A). The 

bond patterns are very similar across all the conditions. However, anti-CD40 antibody 

formed slip bond with CD40, where lifetime decreases with increasing force (Fig 5.2B). 

This difference potentially explained the difference in 2D affinity measured in figure 5.1, 

of which CD40L-CD40 2D affinity is lowered in EZH2 mutant but anti-CD40Ab-CD40 

2D affinity remains the same compared to WT EZH2. Catch bonds have been observed in 

several immunoreceptors. The prolonged engagement time and stabilize interacting 

molecular complexes allows sufficient time for downstream biological processes to 

proceed as needed, resulting in more protein docking and conformational changes, more 

enzymatic modifications, formation of more molecular assemblies (e.g., signalosomes, 

biomolecular condensates, focal adhesions, etc.), etc. 
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Figure 5.2: Force spectroscopy reveals distinct force-lifetime responses of CD40-CD40L 

and CD40-anti-CD40 Ab pairs.  

(A and B) Mean ± SEM of bond lifetime vs force plots (n > 35 lifetime measurements per 

force bin) of OCI-Ly7 cells with indicated conditions interacting with CD40L (A) or anti-

CD40 antibody (B) coated beads using the BFP setup in Figure 5.1. 

5.2.3 EZH2 mutant impairs B cell exerting endogenous force through CD40 and 

can be rescued by EZH2 inhibitor. 

 Recent studies have shown B cells exert endogenous forces on BCR [4, 15, 208] 

and manuscript from our lab have found CD40 experiences B cell-generated forces upon 

engagement with surface-bound CD40L in the range where the catch bond is observed 

[138]. We therefore asked whether B cell-generated forces on CD40 will be influenced by 

mutant in EZH2. To answer this question, we employed the previous described MTP 

technique (Fig 5.3). A CD40L or anti-CD40 antibody conjugated MTP with force threshold 

of 4.7pN was assembled on a gold nanoparticle passivated surface. OCI-Ly7 cells with 

indicated conditions (prepared in the same way as described before) were seeded on the 

surface to test their tension signal, generated from endogenous pulling separates the 

quencher (BHQ2) from the fluorophore (Cy3b) and emits fluorescent signal to report a 

force of Fcell > F1/2 on the bond. We noticed a decrease in endogenous pulling on antiCD40 

antibody conjugated MTP of OCI-Ly7 cells carrying mutant EZH2 compared to WT EZH2 

(Fig 5.3B, blue vs red). Such difference can be even with the treatment of Tazemetostat 

(FigF 5.3B, cyan vs brown). CD40L conjugated MTP surface shows similar pattern 

compared to anti-CD40 antibody conjugated MTP surface, while the overall tension signal 
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is lower compared to antibody group. This might be explained by the antibody has higher 

affinity when binding to CD40, compared to CD40L. Interestingly we noticed the effects 

of tazemetostat on WT EZH2 and mutant EZH2 are different. Compared to conditions 

without tazemetostat treatment, OCI-Ly7 with WT EZH2 decreases its endogenous pulling; 

while OCI-Ly7 with mutant EZH2 increases its endogenous pulling. Such difference in the 

tazemetostat treatment outcomes suggests the role of mutant EZH2 is to inhibit B cell 

generated force through CD40 

 

Figure 5.3: EZH2 mutant impairs B cell exerting endogenous force through CD40 and can 

be rescued by EZH2 inhibitor.  

(A) Representative RICM and Cy3b fluorescence images of OCI-Ly7 cells with indicated 

conditions 30 min after landing on glass surface functionalized with anti-CD40 antibody 

(Top panel) or CD40L (Bottom panel) coupled MTP of 4.7 pN threshold force. (B) 
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Quantification of tension signal for conditions in A. (n=60, 59, 61, 61, 56, 56, 59 and 61). 

Numerical number stands for p-value using one-way ANOVA test. 

5.2.4 CD40 signalling components and Rho-GTPase inhibitors influence B cell 

exerting endogenous force upon CD40 

 We next investigate how a downstream enzyme in CD40 signaling pathway 

influences its interaction with CD40L. Engagement of CD40 by CD40L promotes the 

clustering of CD40 and induces the recruitment of adapter proteins known TNFR-

associated factors (TRAFs) to the cytoplasmic domain of CD40 [209]. TRAF proteins 

initiate various signaling cascades, including the canonical and non-canonical NFəB 

pathways, MAPKs, PI3K, and the PLCɔ pathway. Additionally, recent findings suggest the 

possibility of TRAF-independent signaling mechanisms, such as the direct interaction 

between Jak3 and the cytoplasmic domain of CD40. This interaction leads to the 

phosphorylation of STAT5. Given that, we chose inhibitor targeting TARF-dependent 

pathway (TRAF-STOP) and TRAF-independent pathway, JAK3 inhibitor (Tofacitinib) to 

investigate how EZH2 influence B cell endogenous force exerting on CD40 (Fig 5.4). Same 

amount of DMSO with no drug was used as reference group. We noticed that TRAF-STOP 

significantly reduced spreading area and endogenous pulling, while Tofacitinib does not 

show reduction. This result indicates the inhibitory effect of EZH2 mutant on CD40 

endogenous pulling is through the TRAF-dependent pathway. The GTPase cdc42 was 

identified as critical to initiating the rise of receptor-ligand forces. Myosin light chain 

kinase and Arp2/3 were found to be important in maintaining TCR-ligand forces, and their 

inhibition caused drastic cell retraction and ring-shaped condensation of tension signals. 
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We next utilize a Ccd42-inhibitor (ML141), to chemically inhibit cdc42 and compared it 

with the value in the DMSO control to map the B cell tension generation. When the Cdc42I 

was used, there were marked reductions in CD40 tension and spreading, indicating the 

correlation between CD40 tension and its ligand discrimination. 

 

Figure 5.4: CD40 signaling components and Rho-GTPase inhibitors influence B cell 

exerting endogenous force upon CD40.  

Quantification of Spreading Area (A) and tension signal relative to BSA (B) with indicated 

conditions (n=58, 55, 60, 43, 57, 56, 57 and 56). Numerical number stands for p-value 

using one-way ANOVA 

5.2.5 EZH2 mutant influence B cell spreading with mechanical support 

 Given our finding that B cells generated forces on CD40-CD40L bonds, and it will 

be influenced by EZH2 mutant, we asked whether such influence exists in CD40-mediated 
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B cell signaling and function. To address this question, we capped the magnitude of force 

that a B cell could exert on any single CD40-CD40L bond and assessed the ability of B 

cells to spread and signal. We utilized a technique called tension gauge tether (TGT) (Fig 

5.5A). TGT and MTP both utilize the characteristic of double-stranded DNA 

oligonucleotides to separate when subjected to a force exceeding a specific threshold. 

However, MTP consists of a single-stranded DNA that assumes a hairpin shape. This 

structure opens when the force surpasses a set threshold and can return to its original form 

once the force is removed. This reversible unfolding will become permanent if another 

single-stranded DNA binds with the unfolded MTP, effectively maintaining it in an 

unfolded state. In contrast, TGT employs double-stranded DNA with open ends that, when 

exposed to forces above the threshold, will break apart irreversibly, as depicted in Fig 5.5A.  

 Given the measured bond lifetime vs force curves (Fig 5.1 and Fig 5.2), we chose 

two TGT designs that detach at threshold forces of 12 and 56 pN, based on their unzipping 

and shearing rupture modes, respectively (Fig 5.5A). We seeded Ramos cells, a B 

lymphocyte cell line, on anti-CD40 antibody (Fig 5.5B and C) or CD40L (Fig 5.5 D and 

E) conjugated TGT surface. When Ramos cells were placed on 56-pN TGT surface, which 

allows up to 56 pN endogenous forces to exert through CD40 bonds, the cells spread nicely. 

Among which, Ramos cells carrying EZH2 mutant has the highest spreading compared to 

all the conditions. When the TGT threshold force was lowered to prevent >12 pN force on 

CD40 formed bonds, cell spreading was greatly reduced and there is no significant 

difference among all conditions. Both anti-CD40 antibody (Fig 5.5B and C) and CD40L 

(Fig 5.5D and E) conjugated TGT surface show similar pattern, while antibody group has 

a higher overall spreading compared to CD40L group. This might be explained that 
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antibody has higher affinity compared to ligand when binding to CD40. This data indicates 

the force is important for B cell spreading through CD40. Highest spreading in EZH2 

mutant is counterintuitive, considering this cell has lower effective 2D affinity. One 

potential hypothesis is the EZH2 mutant carrying Ramos have a higher basal signaling 

activity, which promotes its engagement on CD40L presenting surface with larger 

spreading area. 

 

Figure 5.5: EZH2 mutant influence B cell spreading with mechanical support.  
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(A) Schematic of tension gauge tether (TGT) setup and its working principle. TGTs consist 

of open-ended dsDNAs with one strand linked to a PEG-coated glass surface via azide-

DBCO conjugation and the other strand tagged to a CD40L molecule via SA-biotin 

coupling. If endogenous forces exerted on CD40ïCD40L bonds exceed the designed 

threshold, the dsDNAs dissociate, limiting the amount of forces that the B cell can 

experience through CD40 even if CD40L remains engaged. TGTôs force threshold depends 

not only on the length and %GC of the DNA sequence but also on the mode of dissociation. 

Using the two strands from the same end to link the dsDNA to the surface and CD40L 

forces dissociation to follow a ñunzippingò mode, giving rise to a ὊȾ  = 12 pN (left), 

whereas lining the surface and CD40L via different ends of the dsDNA necessitates 

dissociation to follow a ñshearing modeò, yielding a ὊȾ  = 56 pN (right). (B and D) 

Representative RICM images of OCI-Ly7 cell with indicated conditions spreading on TGT 

of 56 pN (Top row) and 12pN (Bottom row). TGT are conjugated with anti-CD40 antibody 

(B) or CD40L (D). (C and E) Mean with individual data points (n=4, N= 50-60) of area of 

OCI-Oy7 spreading on TGT surfaces functionalized with anti-CD40 antibody (C) or 

CD40L (E).  

5.2.6 EZH2 mutant influences CD40 signalling and can be rescued by EZH2 

inhibitor  

 Cell spreading has an active component involving signaling [210-212]. Based on 

the finding of EZH2 influence CD40 interaction with CD40L through TRAF-dependent, 

we chose to measure phosphorylation of p38 and Erk1/2, two kinases known to be 

important parts of CD40-indcued signaling pathway [213, 214-216]. B cells were incubated 
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with CD40L-tagged 12 or 56pN TGT, and subsequently harvested at different timepoints 

to measure phosphorylation of p38 and Erk1/2 (Fig 5.6). For Ramos carrying WT EZH2, 

the phosphorylation of both molecules showed a biphasic time course that peaked at 

~20min, with levels at most timepoints higher when Ramos cells were allowed to exert up 

to 56 pN forces on CD40-CD40L bonds than when forces were capped to <12pN (Fig 5.6A 

and C, blue vs red). However, mutant EZH2 carrying Ramos cells represented a different 

pattern compared to WT EZH2. They in general maintains at a higher level compared to 

WT EZH2 for both molecules, which supports the hypothesis we made earlier that EZH2 

mutant carrying Ramos have a higher basal signaling activity and it promotes its 

engagement on CD40L presenting surface with larger spreading area. Mutant EZH2 

carrying Ramos showed a capped high level for both molecules when they were allowed 

to exert up to 56pN. Interestingly, level for both molecules when mutant EZH2 carrying 

Ramos were capped to apply <12pN forces continues to increase over time. This might be 

explained by the decreased endogenous pulling through CD40 in EZH2 mutant B cells, 

leading to the increase of interaction time between the lower force capped TGT probe, thus 

the signaling continues to increase over time (Fig 5.6A and C). After the treatment of 

tazemetostat, EZH2 mutant carrying B cells begin to show similar pattern as WT EZH2 B 

cells for both molecules(Fig 5.6B and D). Interestingly, the peak appears at different time 

point between Erk1/2 and p38 for taemetostat treat Ramos Cells when forces were allowed 

to exert up to 56pN. This might be caused by the difference in force dynamics between 

these two molecules under CD40 signaling pathway. 
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Figure 5.6: EZH2 mutant influences CD40 signaling with mechanical support and can be 

rescued by EZH2 inhibitor.  

(A and C) Mean ± SD with individual data points (N = 3 with n > 10,000 cells) of p38 (A) 

or Erk1/2 (C) level in Ramos with indicated conditions stimulated by CD40L that relative 

to the stimuli using BSA at various time points in normal culture medium. (B and D) Mean 

± SD with individual data points (N = 3 with n > 10,000 cells) of p38 (B) or Erk1/2 (D) level 

in Ramos with indicated conditions stimulated by CD40L that relative to the stimuli using 
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BSA at various time points in Tazemetostat containing medium. Numerical number stands 

for p-value using one-way ANOVA. 

5.2.7 EZH2 mutant impairs the amplification of CD40 signalling by exogenous 

forces and can be rescued by EZH2 inhibitor 

 After showing the impact of EZH2 mutant in B cell spreading and signaling when 

limiting endogenous forces, we begin to ask whether applying external force to CD40 

would enhance B cell signaling and function, and if so, how EZH2 will influence this 

process. To answer this question, by collaborating with Dr. Hyun-Kyu Choi, we 

developed a parallel magnetic force activation (PMFA) assay (Fig 5.7A), modified from a 

published system [156]. Our assay, which is designed for multi-well plates, utilizes a 

specially designed 3D-printed lid. This lid can accommodate a pair of magnets positioned 

antiparallel above each well to exert magnetic forces on paramagnetic beads. These beads 

are coated with CD40L, which binds to the CD40 on B cells located beneath the magnets 

(Fig 5.7A). Considering the volume limitations of the cell media, we have positioned 

each pair of magnets as close to the bottom of the wells as possible. This setup achieves 

an average force of 20 pN per bead and a maximum force of approximately 25 pN in the 

center of the well. To ensure the cells bound to beads remain in the center of the wells, 

where the magnetic force is concentrated, we placed a 5-mm diameter coverslip coated 

with poly-L-lysine (PLL) in the center of each well. Cells plated on this coverslip 

gravitate towards the center, aligning with the magnetic force profile exerted on the 

beads. This distribution allows for a uniform application of force across as many cells as 

possible. Enabled by the PMFA technological platform, we stimulated Ramos cells with 
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indicated conditions in parallel in the presence or absence of exogenous force on CD40ï

CD40L bonds, harvested them at various timepoints, stained them with fluorescence 

antibodies against phosphorylated p38 and Erk1/2, and analyzed them by flow cytometry. 

Remarkably we noticed the external force input amplifies the signal for both p38 and 

Erk1/2 compared to force free condition. Such amplification was impaired by EZH2 

mutant (Fig 5.7B and C). When treated with tazemetostat, WT EZH2 carrying Ramos 

cells represented slight increase of the amplification of p38 signaling (Fig 5.7B), while 

the amplification of Erk1/2 signaling remains the same. On the other hand, tazemetostat 

treatment rescued the effect caused by EZH2 mutant in signaling amplification for both 

molecules. Taken together, these findings demonstrate how force on CD40-CD40L bonds 

can enhance CD40 signaling and how EZH2 mutant impair the force-induced signaling 

enhancement.  
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Figure 5.7: EZH2 mutant impairs the amplification of CD40 signaling by exogenous forces 

and can be rescued by EZH2 inhibitor.  

(A) Schematic of PMFA assay. (B and C). Quantification of p38 (B) and Erk1/2 (C) with 

indicated conditions and difference between group with force input and without force input 

(black triangle). Left y-axis stands for Mean Ñ SEM with individual data points (N Ó 3 with 

n > 10,000 cells) of fold-change of p38 or Erk1/2 relative to that of soluble CD40L stimuli. 

Right y-axis stands for the difference of p38 or Erk1/2 level between presence and absence 

of force group. 

5.2.8 EZH2 mutant impacts in CD40-induced translocation of p50 and p52 

 Recent studies have shown NF-əB family members p50 and p52 to be essential for 

mediating LTáR signals in the development and organization of secondary lymphoid 

tissues, such as lymph node [217]. p50 is a product of the processing of p105, which is a 

precursor of NF-əB1. In the classical or canonical NF-əB signaling pathway, p50 forms a 

heterodimer with the Rel proteins, such as RelA (p65), and this dimer is held inactive in 

the cytoplasm by an inhibitor, IəB. Upon activation of the CD40 receptor by CD40L, a 

series of enzymatic events lead to the phosphorylation of IəB, marking it for degradation. 

This degradation allows the p50/RelA heterodimer to translocate into the nucleus where it 

can initiate the transcription of genes involved in immune responses, cell survival, and 

proliferation. In B-cell lymphoma, the p50/RelA dimer may contribute to the aberrant 

survival and proliferation of B cells by activating genes that promote these processes. p52 

is generated from the proteolytic processing of the precursor protein p100, a process that 

is part of the non-canonical or alternative NF-əB pathway. This pathway is typically 
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activated by certain members of the tumor necrosis factor receptor (TNFR) superfamily, 

including CD40. The activation of this pathway involves the NF-əB-inducing kinase (NIK) 

and leads to the partial degradation of p100 to p52. The p52 protein can then form a 

heterodimer with RelB, and this complex translocate to the nucleus to regulate gene 

expression. In B cells, the p52/RelB complex is involved in controlling the expression of 

genes important for B cell development, maturation, and the immune response. 

 Since EZH2 mutant shows impact on B cell CD40 binding to CD40L and signaling 

pathway, we hypothesized it also impact CD40-induced p50 and p52 pathway (Fig 5.8A). 

To test this hypothesis, we utilized imaging flow cytometry to compare the localization of 

p50 or p52 following CD40L stimulation between Ramos carrying WT EZH2 and mutant 

EZH2. We chose three timepoints to reflect influence of EZH2 mutant in early (30min), 

middle (6h) and late (24h) time phase. A similarity score is used to quantify the overlap 

between the p50 or p52 (BV421) and the nucleus (7-AAD) staining. The higher similarity 

score, the better translocation. We noticed EZH2 mutant represents lower p50 nucleus 

translocation in all the time point, with the greatest difference in the middle time point 

compared to WT EZH2 (Fig 5.8C). Similar to phosphorylation of p38 and Erk1/2, EZH2 

mutant carrying Ramos cells represent higher basal level of p50 and p52 translocation, 

which again confirms our hypothesis (Fig 5.7D). Treatment of tazemetostat even the 

difference in the middle time phase of p50 translocation (Fig 5.8E). Although similar to 

p50, EZH2 mutant represent a higher p52 nucleus translocation level compared to WT 

EZH2 (Fig 5.8G), we did not notice any significant difference of p52 translocation between 

WT and mutant EZH2 carrying Ramos cells at all time points. (Fig 5.8F). This indicates 

the effect of EZH2 mutant is through canonical NF-əB signaling pathway. 
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Figure 5.8: EZH2 mutant impacts in CD40-induced translocation of p50 and p52.  
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(A) Brief summary of B cell signaling downstream of CD40 (B) Representative bright-

field (1st column) and fluorescence (2nd-4th columns) images of image flow cytometer 

measuring p50 (first two rows) and p52 (last two rows) translocation into nucleus upon 

CD40L stimulation. Nucleus and transcriptional factor EB (p50 or p52) are stained by 7-

AAD (2nd column) and BV421 (3rd column), respectively. The pink color in the merged 

image (4th column), resulting from overlapping of the red and blue fluorescence, reveals 

the translocation of p50/p52 into the nucleus, as quantified by the similarity scores 

(numbers in the merged images). (C and F) Left two columns: Mean ± SD with individual 

data points (n > 10,000 cells) of similarity score with nuclear p50 (C) and p52 (F Right 6 

columns: Relative p50 (C) or p52 (F) similarity score normalized by BSA. Different colors 

indicate different conditions (blue: EZH2WT, red: EZH2Y641F). Two-sided t-test was used 

to assess statistical significance in differences among conditions (ns > 0.05, 0.01 < z < 0.05) 

(D and G) Normalized populations of basal similarity scores (without CD40L stimulation) 

of p50 (D) and p52 (G). (E) The normalized populations of similarity scores for different 

conditions as indicated by different colors. Top panel (w/o inhibitor): blue ï EZH2WT, red: 

EZH2Y6412F. Bottom panel (w inhibitor): cyan ï EZH2WT, magenta: EZH2Y6412F. Numerical 

number stands for the p-value using one-way ANOVA 

5.2.9 EZH2 influences B cell mechano-sensing behaviour probed by cell-based 

force sensor and can be rescued by inhibitor 

 We next utilized the previous developed cell-based mechano-sensor, ahCD40SynN, 

to probe the mechano-sensing behavior of B cells and investigate how EZH2 influence its 

mechano-sensing behavior. We chose to express SynNotch construct in jurkat cell line. By 



 84 

mixing the jurkat cells with OCI-Ly7 cells, we mimic the T-B cell interaction in lymph 

node. It has been reported that EZH2 mutation transforms B cell to be T-cell independent 

and eventually developed in to B cell lymphoma [35]. Here, we mixed Ly7 cells with 

indicated conditions with ahCD40SynN at various time point (Fig 5.9A). At the end point, 

cells are harvested and their GFP expression level is measured using flow cytometry. We 

then made a time-lapsed activation profile of these conditions (Fig 5.9B-C). Compared to 

WT EZH2 carrying OCI-Ly7, mutant EZH2 carrying OCI-Ly7 showed decreased 

capability to activate SynNotch cells at all time points. The difference reaches the peak at 

10h post-coculture. After the treatment of tazemetostat, the difference between mutant 

EZH2 and WT EZH2 get evened. This confirms the finding that EZH2 mutant carrying B 

cell becomes T cell-independent compared to WT EZH2. 
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Figure 5.9: EZH2 influences B cell mechano-sensing behavior probed by cell-based force 

sensor and can be rescued by inhibitor.  

(A) Schematic of experimental system and procedure. Anti-hCD40 SynNotch expressing 

Jurkat are cocultured with CD40 expressing B cell line in different wells of a multi-well 

plate at various time points. Cells are harvested and their GFP expression level are checked 

at the end time point using flow cytometry. Different color indicates different condition 

(shown in the diagram). Different transparency level indicates the length of coculture time 

(the dimmer, the less) (B) Representative flow stack of florescence-activated (GFP) 
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SynNotch cells at various time point. Difference color OCI-Ly7 with indicated conditions. 

(C) Mean ± SD with individual data points (N=4 with n>10,000 cells) of GFP MFI in B 

5.2.10 EZH2 mutant causes abnormality in BCR mechano-sensing 

 After showing the EZH2 mutant impact in CD40 mechano-sensing and signaling 

pathway, we next investigate another important player, B cell receptor (BCR). Recent 

studies have shown the existence of mechanical force exerted on BCR when B cell 

engaging the target. Given EZH2 mutant influences CD40 mechano-sensing, it will be 

interesting to investigate whether it influences BCR mechano-sensing. Here we utilized 

MTP with different force threshold to investigate B cell lymphoma pulling through BCR 

(Fig 5.10). Interestingly, we did not see significant difference in spreading are between WT 

and mutant EZH2 B cell, potentially indicates the BCR signaling pathway is not influenced 

by the EZH2 mutant (Fig 5.10B). However, we noticed the EZH2 mutant B cell represent 

a changed force pulling pattern compared to the WT EZH2, with it in general shows 

stronger endogenous pulling through BCR (Fig 5.10C and 5.10D).  
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Figure 5.10: EZH2 mutant causes abnormality in BCR mechano-sensing.  

(A) Representative reflection interference contrast microscopy (RICM) and Cy3b 

fluorescence images of Ramos cells with EZH2WT and EZH2Y641F 20 min after landing on 

glass surface functionalized with indicated MTPs. Locker strand complimentary to the 

hairpin was added before recording the Cy3b signal. (B-C) Quantification of cell spreading 

(B) and tension signal (C) for conditions in A. (n=52, 56, 51, 56, 58 and 53). (D) Mean ± 

SEM of relative tension signals obtained from placing OCI-Ly7 B cells with indicated 

conditions on the CD40L MTP surfaces. The relative tensions are normalized by the >4.7 

pN tension MTP surface with WT EZH2 OCI-Ly7 (n = 51-58 cells). Numerical number 

stands for the p-value using one-way ANOVA. 
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 We further tested if the change in endogenous pulling on BCR can be restored with 

EZH2 inhibitor (Fig 5.11). We noticed the spreading areas between WT and mutant EZH2 

are different (not statistically different but with small p-value), same after treated with 

EZH2 inhibitor. In terms of tension, interestingly the inhibitor has an opposite effect on 

BCR pulling compared to CD40. It increases endogenous pulling exerted on CD40 in WT 

EZH2, but decreases in EZH2 mutant. This observation is in line with the previous study 

of EZH2, while it transforms B cell into Tfh-independent but FDC-dependent.  
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Figure 5.11: EZH2 mutant amplifies the endogenous pulling through CD40 and can be 

restored by EZH2 inhibitor  

(A) RICM and Cy3b fluorescence images of Ramos cells with indicated conditions 20 min 

after landing on glass surface functionalized with ŬIgM conjugated MTP. (B) Fold change 

of Cy3b MFI relative to the BSA of indicated conditions in (E). (n=58, 55, 60 and 61). 

Numerical number stands for the p-value using one-way ANOVA. 

5.3 Discussion 

 Our study embarked on an exploration of the impact of EZH2Y641F mutant on B-

cell lymphoma mechano-sensing through CD40 signaling. We first employed in situ 

biophysical analysis to characterize the interaction between CD40 and its ligand CD40L. 

Our 2D kinetic analysis revealed a significant 50% reduction in the effective 2D affinity of 

CD40-CD40L binding in OCI-Ly7 cells harboring the EZH2 mutation compared to WT 

EZH2. Notably, this diminished affinity was restorable to WT levels upon treatment with 

the EZH2 inhibitor, tazemetostat. Using the BFP, we observed that CD40L forms a catch-

slip bond with CD40, with bond lifetimes increasing under forces up to approximately 15 

pN and then decreasing. The bond behavior remained consistent between WT EZH2 and 

mutant EZH2, even after the treatment of tazemetostat. Furthermore, our investigations 

using MTP indicated that the EZH2 mutation compromises the endogenous force exertion 

through CD40 in B cells, a deficiency that was rectifiable with an EZH2 inhibitor. 

Intriguingly, the inhibitor's effects differed between WT and mutant EZH2, impacting their 

endogenous pulling forces in opposite directions. 
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 Our research further uncovered that the inhibitory effect of EZH2 on CD40 

mechano-sensing operates via the TRAF-dependent pathway (canonical NFəB pathway), 

as evidenced by the significant reduction of endogenous pulling force following TRAF 

inhibition (TRAF-STOP). Moreover, the modulation of CD40 tension by Cdc42 suggests 

an intricate link between CD40 tension and ligand discrimination. 

 When investigating the CD40 signaling pathway, we found that varying the force 

exerted through CD40-CD40L bonds significantly affected B cell spreading. Particularly, 

EZH2 mutant cells exhibited an unexpected increase in spreading, despite lower effective 

2D affinity, hinting at a potentially higher basal signaling activity within these cells. This 

was further supported by the phosphorylation patterns of p38 and Erk1/2, which were 

sustained at higher levels in mutant cells compared to WT, under both force-restricted and 

force-permitted conditions. 

 Moreover, our research delved into the dynamics of the NFəB family members p50 

and p52 and their translocation in response to CD40 signaling. We discovered that the 

translocation of p50, particularly during the mid-phase of signaling, was reduced in the 

presence of the EZH2 mutation. Treatment with tazemetostat normalized this effect, 

suggesting a pivotal role of EZH2 in the canonical NF-əB signaling pathway. Lastly, by 

utilizing a novel cell-based mechano-sensor, we demonstrated that B cells with the EZH2 

mutation exhibited diminished activation of SynNotch cells, indicating a compromised 

mechano-sensing capability. This effect was mitigated upon tazemetostat treatment, thus 

affirming the mutant cells' altered dependency in T-cell interactions. At last, we have 

shown the EZH2 mutant causes abnormality in BCR mechanosensing and can be 

influenced by EZH2 inhibitor in an opposite manner as CD40. 
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 Interestingly, the CD40 expression level remains constant between WT and mutant 

EZH2 expressing cells. Such expression level wonôt change after the treatment of 

tazemetostat (Fig 5.12). This indicates the impact of EZH2 mutant on CD40 biophysical 

properties and signaling is not through the change in CD40 expression but changes the 

mechano-sensing property of CD40 itself in B cells. 

 

Figure 5.12: CD40 expression level remains constant between WT and mutant EZH2 group, 

even after the treatment of tazemetostat.  
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 Based on the findings in this chapter, we proposed a model to potentially interpret 

how EZH2 impact B cell lymphoma development (Fig 5.13). Germinal center (GC) B cells 

undergoes selection by interacting with Tfh cells, which is called ñTfh barrierò. With the 

mutant in EZH2, it impairs CD40 mechano-sensing by interrupting its TRAF-dependent 

signaling pathway. With the impaired CD40 mechano-sensing ability, B cell becomes 

insensitive to the CD40 signaling, by representing an attenuated signaling intensity and 

showing a status as ñTfh-independentò. It impairs p50 nucleus translocation and thus 

attenuates canonical NF-əB pathway, which is important to GC reaction and B cell function. 

It also increases the endogenous force exerting on BCR, representing a status as ñFDC-

dependentò. Because EZH2 mutant harms the CD40 mechano-sensing, thus limiting its 

interaction with CD40L expressing Tfh, and attenuates the CD40 signaling via canonical 

NF-əB pathway, GC B cell evades Tfh barrier and initiate lymphoma transformation.   
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Figure 5.13: Graphic model to demonstrate how EZH2 mutant promotes the B cell 

lymphoma development 

 Building on these findings, future research will aim to elucidate the precise 

molecular mechanisms by which EZH2 mutation affect B-cell lymphoma mechano-
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sensing. We will investigate the downstream signaling pathways and gene expression 

profiles altered by EZH2 mutations and how mechano-sensing influences these processes. 

Further characterization of the interplay between EZH2, TRAF proteins, and the 

cytoskeleton could reveal novel therapeutic targets. 

 Additionally, the potential for leveraging mechano-sensing pathways in B-cell 

lymphoma treatment presents an innovative approach. Understanding the force-dependent 

aspects of B-cell receptor signaling could lead to the development of therapies that 

specifically disrupt aberrant mechano-sensing in B-cell lymphomas. Our research could 

pave the way for mechano-biological therapies that modulate force-based signaling, 

offering more personalized and targeted treatments for patients with B-cell lymphoma.  

Moreover, the application of advanced imaging techniques and single-molecule force 

spectroscopy in live-cell environments could deepen our understanding of the dynamic 

mechano-sensing behavior of B cells in lymphoma. These investigations may also extend 

to other hematological malignancies, potentially uncovering a universal mechano-

biological framework applicable across various cancer types. 

 In conclusion, our study bridges a significant gap in the understanding of B-cell 

lymphoma mechano-sensing and opens new avenues for the development of innovative 

therapeutic strategies that could transform the clinical management of B-cell lymphomas. 
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CHAPTER 6. MECHANO -TRANSDUCTION INVESTIGATION 

IN OTHER IMMUNOLOGICAL SYSTEM  

6.1 PD-1  

6.1.1 PD-1 suppresses T cell spreading on pMHC surface 

 Programmed cell death 1 (PD-1) and PD-1 ligand 1 (PD-L1) targeting therapy have 

shown significant clinical success by modulating T cell functions for immunotherapy [160-

162]. The activation of PD-1 signaling begins when its immunoreceptor tyrosine-based 

inhibitory motif (ITIM ) and immunoreceptor tyrosine-based switch motif (ITSM) are 

phosphorylated, a process that occurs upon the concurrent engagement of PD-1 and the T-

cell receptor (TCR) with their respective ligands. This activation prompts the enlistment 

and stimulation of SHP (Src homology region 2 domain-containing phosphatases) enzymes, 

which in turn dampen the signaling pathways that follow TCR and CD28 activation. As a 

result, this modulation diminishes various cellular activities, including cell activation, 

growth, metabolic control, cytotoxic functions, and the release of cytokines [163-167]. The 

recognition of antigens by T cells is contingent upon the specific binding of the TCR to the 

corresponding peptide-major histocompatibility complex (pMHC). This interaction 

initiates the phosphorylation of the immune receptor tyrosin-based activation motifs 

(ITAMs) within the CD3 complex and various nearby signaling molecules, setting off the 

T cell activation process [168]. Recent studies have pointed out the potential role of PD-1 

on T-cell antigen recognition. Here, we utilized P14 TCR-transgenic CD8+ T cells and the 
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cognate antigenic peptide lymphocytic Choriomeningitis Virus (LCMV) gp33-41 bound to 

H2-Db MHC to investigate such effect.  

 We seeded CD8+ T cells from PDCD1-/- P14 TCR-transgenic mice re-expressing 

PD-1 or vehicle on gp33:H2-Db (but not BSA) surface (Fig 6.1a-c). These results indicated 

antigen recognition machinery alone can support spreading without adhesion molecules 

(such as integrins) used in most immunological synapse (IS) studies [169]. The area of cell 

expansion on PD-L1 surfaces was significantly smaller, albeit still above the baseline levels 

observed with BSA surfaces or T cells treated with a control vehicle (Figs 6.1aïc). While 

both gp33:H2-Db and PD-L1 could independently promote cell spreading, the presence of 

both ligands simultaneously resulted in a notably reduced expansion area for cells 

expressing PD-1, but not for those with the control vehicle (Fig 6.1aïc). Interestingly, even 

though the combined density of ligands was equal to the sum of each ligand presented 

alone, the spreading area on the dual-ligand surface was considerably smaller compared to 

gp33:H2-Db alone. This phenomenon was also observed in activated CD8+ T cells from 

wild-type P14 mice, which naturally express PD-1, further validating the findings (Fig 

6.1d-e). In contrast, cells spread more extensively on surfaces that presented both gp33:H2-

Db and Intercellular Adhesion Molecule-1 (ICAM-1) than on those with either ligand alone 

(Fig 6.1f-g), aligning with previous studies that showed ICAM-1 enhances cell spreading 

on anti-CD3 coated surfaces and the synergistic interaction between TCR and LFA-1 with 

their ligands. These results imply that PD-1 negatively impacts the antigen recognition 

process driven by the interaction of the TCR-CD8 complex with specific pMHCs, an effect 

that contrasts with the facilitative role of LFA-1 in immune synapse formation. 
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Figure 6.1: PD-1 inhibits T-cell spreading on surface co-presenting pMHC and PD-L.  

(a) Representative images by reflection interference contrast microscopy (RICM). 

PDCD1ī/ī P14 transgenic CD8+ T cells re-expressing PD-1 (left column) or vehicle (right 

column) were added onto glass coverslip coated with BSA (1st row), gp33:H2-Db (2nd row), 

gp33:H2-Db and PD-L1 (3rd row), or OVA:H2-Kb and PD-L1 (4th row). Cell spreading was 

imaged by RICM 20 min after their addition. (b) Quantification of a showing reduced 
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spreading of PD-1-expressing cells on surfaces co-presenting gp33:H2-Db and PD-L1 

(n = 31, 31, 32, and 31 cells). (c) Quantification of a showing no change in spreading area 

of vehicle-expressing cells on surfaces co-presenting gp33:H2-Db and PD-L1 (n = 28, 37, 

68, and 27 cells). (d) Representative RICM images showing the spreading of in vitro 

activated wild-type P14 transgenic CD8+ T cells expressing endogenous PD-1 20 min after 

adding onto glass coverslip coated with gp33:H2-Db (top) or gp33:H2-Db and PD-L1 

(bottom). (e) Quantification of d showing reduced spreading of endogenous PD-1-

expressing cells on surfaces co-presenting gp33:H2-Db and PD-L1 (n = 56 and 56 cells). (f) 

Representative RICM images showing the spreading of in vitro activated wild-type P14 

transgenic CD8+ T cells 20 min after adding onto glass coverslip coated with BSA, 

gp33:H2-Db, gp33:H2-Db and ICAM-1, or OVA:H2-Kb and ICAM-1 (indicated). (g) 

Quantification of f showing larger spreading area on surfaces co-presenting gp33:H2-Db 

and ICAM-1 than on gp33:H2-Db or ICAM-1 surfaces alone (n = 62, 83, 61, and 56 cells). 

Data are presented by box-whisker plots with the center line labels median, the box 

contains the two middle quantiles, and the whiskers mark the min and the max. p values 

were calculated using MannïWhitney test by comparing each group with BSA control or 

two groups as labeled. 

6.1.2 PD-1 suppresses T cell spreading on pMHC surface requires mechanical 

support 

 Previous study from our lab has shown T cells exert endogenous forces on PD-1-

PD-L2 bonds promote the hypothesis that mechanical force might be critical to PD-1 

triggering, which is missing in the soluble ligand case due to the lack of mechanical support 
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afforded by surface-anchored ligand. To investigate when removing or dampening 

mechanical support on ligand, whether function of PD-1 will be eliminated or reduced, we 

used similar experiment in 6.1.1 but comparing PD-1 effect between mechanical support 

(bead coated PD-1) and soluble form (tetramer). Soluble tetramer group was supplied with 

same number of beads coated with BSA as bead treatment group. Results have shown the 

PD-1 inhibitory effect, both engaging with PD-L1 and PD-L2, requires mechanical support. 

(Fig 6.2B, left five columns). Next, we investigate whether such inhibitory effect holds in 

tumor microenvironment. To mimic the complex tumor microenvironment, we repeat the 

experiment and supply cells with tumor outgrowth medium. Results indicate in tumor 

microenvironment, inhibitory effect of PD-1 also requires mechanical support (Fig 6.2B, 

right five columns). Interestingly when compared to spreading in normal imaging medium, 

tumor groups represent an overall decrease in cell spreading, which potentially indicating 

the inhibitory effect from tumor microenvironment itself. 
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Figure 6.2: PD-1 inhibits T-cell spreading on surface require mechanical support.  

(A) Representative images by reflection interference contrast microscopy (RICM). 

Activated OT-1 CD8+ T with normal imaging medium (left column) or with tumor 

outgrowth medium (right column) were added onto glass coverslip coated with BSA (1st 

row), WT OVA pMHC (2nd ï 5th row). Cells were pretreated with 30 mins incubation with 

bead coated PD-L1/2 (2nd, 4th row) or soluble tetramer form PD-L1/2 (3rd, 5th row) before 

imaging. Tetramer group was supplied with same amount of bead coated with BSA. Cell 

spreading was imaged by RICM 20 min after their addition. (B) Quantification of cell 
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spreading in A (n =59, 52, 60, 57, 55, 51, 60, 57, 60 and 59). Numerical number stands for 

p-value using one-way ANOVA. 

6.1.3 Molecular Tension probes reveal active cellular forces applied to PD-1-PD-

ligand bonds 

 We next used MTP-tagged PD-L1 or PD-L2 to directly measure forces applied to 

single PD-1ïPD-ligand bonds by activated OT-1 T cells (Fig. 3.1). Reflection interference 

contrast microscopy (RICM) show that activated OT-1 T cells spread similarly on 4.7 and 

12 pN MTPs conjugated with both PD-Ligands, but Total internal reflection fluorescence 

(TIRF) imaging reveals significantly higher Cy3B signals from the 4.7 than the 12 pN 

MTPs, yet both cell spreading and tension were nearly eliminated by an anti-PD-1 blocking 

antibody (Fig 6.3B-C). These results indicate that activated OT-1 T cells spreading and 

pulling are mediated by specific PD-1ïPD-Ligand interaction. While the spreading areas 

are similar for PD-L1 vs PD-L2 or MTPs with 4.7 pN vs 12 pN threshold forces (Fig 6.3B-

C), the tension signals were stronger for PD-L2 than PD-L1 with 4.7 pN MTP but the 

difference vanished as the tension signals for both PD-Ligands decreased significantly 

when the MTPôs force threshold was increased to 12 pN (Fig 6.3A&C). These data extend 

previous results that activated OT-1 T cells pull on PD-1 engaged PD-L2 or anti-PD-1 

antibody detected using a locking strand enhanced MTP to accumulative the weak tension 

signals [155]. The endogenous forces exerted on PD-1 may result from PD-1ôs intracellular 

coupling to cytoskeleton, as ligand-bound PD-1 forms microclusters and moves 

centripetally on T cell membrane [167, 170. The finding that PD-1 forces are observed in 

activated OT-1 T cells in addition to T cells suggests that such forces may be intrinsic to 
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OT-1 cells irrespective of PD-1ôs inhibitory function. This supports the hypothesis that PD-

1ïPD-Ligand bonds can sustain forces between 4.7 pN and 12 pN and that PD-1ïPD-L2 

bonds are more mechanically stable than PD-1ïPD-L1 bonds since their affinities are 

similar [171-172]. 

 

Figure 6.3: DNA-based MTPs reveal active cellular forces applied to PD-1ïPD-Ligand 

bonds.  
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(A) Representative reflection interference contrast microscopy (RICM) and Cy3b 

fluorescence images of PD-1 expressing activated OT-1 cells 30 min after landing on glass 

surface functionalized with MTPs of indicated conditions. For PD-1 blockade, cells were 

pre-incubated with PD-1 blocking antibody clone 29F.1A12 before imaging. (B-C) 

Quantification of cell spreading area (B) and tension signal (C) for conditions in A. (n = 

58, 57, 57, 59, 60 and 58). Numbers on graphs represent p values calculated from two-

tailed student t-test comparing two groups as indicated or each group to corresponding PD-

1 blockade control. Numerical number stands for p-value using one-way ANOVA. 

6.1.4 PD-1 mutants preventing force-induced atomic contacts impairs PD-1-PD-L2 

mechanical stability 

 The structures of PD-1ïPD-Ligand complexes in both humans and mice reveals a 

lateral interaction between ɓ-sheets from two immunoglobulin domains, resembling the 

arrangement seen in the variable domains of the Ŭ and ɓ chains in T-cell receptors (TCR) 

or the heavy and light chains in antibodies [173-175]. Within this configuration, PD-1 and 

PD-L2 align at a pronounced angle relative to each other, creating a lever arm that allows 

the applied tensile force to generate a torque, potentially straightening this angle. We 

applied free molecular dynamics (FMD) and steered molecular dynamics (SMD) to 

stimulate the dynamic responses of PD-1-PD-L2 structure (PDB: 3BP5) without force or 

with force applied to the C-termini of the two molecules, respectively. We noticed that 

some of the force enhanced atomic contacts were not located in the binding pocket or 

disrupt force-free PD-1ïPD-L2 binding when mutated, such as Leu128, Lys131 and 

Ala132 located in the FG loop of PD-1, allowing us to hypothesize that one of their roles 
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is to stabilize PD-1ïPD-L2 bond under force (collaborating with Dr. Kaitao Li and Dr. 

Paul Cardenas-Lizana). 

 We then made single- and double-residue PD-1 mutations K131A, L128A/K131A 

and A132K and expressed these mutants on Jurkat cells at similar levels. To directly 

visualize the effect of these mutations on PD-1ïPD-L2 bonds under active cellular forces, 

we analyzed the cell spreading and tension using PD-L2 coupled MTP of 4.7 pN threshold 

force. Both cell spreading and tension signal were reduced in Jurkat cells expressing these 

mutants with the level of impairment ranking as K131A < L128A/K131A < A132K (Fig 

6.4AïC). Since the 2D affinity of the mutants are similar to that of WT (measured by Dr. 

Kaitao Li), such reductions in spreading and tension indicate that the reduced stability of 

bonds between PD-L2 and PD-1 mutants has decreased the numbers of opened MTPs or 

become less able to support cell spreading. 
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Figure 6.4: PD-1 mutants preventing force-induced atomic contacts impairs PD-1-PD-L2 

mechanical stability.  

(A) Representative RICM and Cy3b fluorescence images of Jurkat cells expressing PD-1 

WT or indicated mutants 30 min after landing on glass surface functionalized with PD-L2-

coupled MTP of 4.7 pN threshold force. (B-C) Quantification of cell spreading area (B) 

and tension signal (C) for conditions in A. (n = 59, 58, 59, and 59). Numbers on graphs 

represent p values calculated from two-tailed student t-test. 

 








































