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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 LargecBll Lymphoma (DLBCL) originates from
germinal center (GCB cells. During this transition, precursor B cells undergo several
critical processes including proliferation, somatic hypermutation, -slagsh
recombination, and affinity selection facilitated by interactions with T follicular helper
(Tth) cells andfollicular 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 pocess. Approximately 30% of DLBCL patients exhibit gafrfunction
mutations in the EZH2 Y641 residue. EZ%" GC B cells evade Tfulirected clonal
selection and affinity maturation, evading Jffediated elimination and promoting
lymphomagenesis. Recestudies suggest that the EZ2F mutation impairs B cell'th

interactions via the CD4QD40L pathway.

Utilizing advanced biophysical assays, our research demonstrates that such
impairment is due to dysregulated mechanical control of théTifhimunological synapse
(IS), altering intercellular recepttigand interactions and signaling in DLBCLs.
Comparedd EZH2"T, the EZH2%*! mutation reduces in situ CD#GD40L affinity by
approximately 50%. Treatment with an EZH2 inhibitor does not affect COBA0L
affinity in EZH2T B cells, but doubles the affinity in EZMZ! B cells, thus eliminating

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

Xi



targeting actin dynamics (Cdc42 inhibitor) and specific CD40 signaling components
(TRAF-STOP) decrease CDAGDA40L affinity, while others (JAK3 inhibitor and Nystatin)
show minimal effects. Interestingly, foredicited CD40CD40L catch bonds are
unaffectedby EZH2'%4F mutation or inhibitors, except for cdcd4ated B cells which
exhibit a 50% decrease in peak bond lifetime, suggesting a relationship between actin

dynamics and EZH2 activity.

RNA-seq data indicatea potential force transduction loop involving these
components, highlighting the role of integrins in CB@D40L interaction and its
modulation by EZH2 mutation. B cells exert endogenous force through CD40, significantly
reduced by the EZH%*! mutation. EZH2 inhibitor treatment alters endogenous force on
CDA40, eliminating differences seen between E¥Hand EZHZ54'F B cells. Mechanical
force on CD40 increases phosphorylation of p38 and ERK1/2, with EZfnutation
associated with decreased p50 nuclganslocation upon CD40 pathway activation

compared to EZH%'.

To further validate our findings in a physiologically relevant setting,have
developed a pioneering technology platform enabling thetiraal monitoring of cel
generated forces targeting specific receptors within living organisms. Our approach
harnesses the mechasensitive andresponsive properties of the Notch recepidre
cornerstone of our technology is a synthetic molecule termed SynNotch, derivedfrom re
engineering the wildype Notch receptor. This innovative design involves replacing the
receptor's ligand binding domain with a singleain variable fragment of an antibody,
thereby enabling precisketectingof thetargetof interest. Concurrently, we have modified

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

Xii



(Reporters such as green fluorescence protein (GFP) or luciferase enzymes serve as
indicators of force applicatignWhen SynNotctbinds 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 sucls dlow 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 employidgrkatT 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 SynNetqgbressing cells into animal
models, subsequent interaction with &rgells expressing the desired receptor, and
monitoring of reporter signals, we successfully measured the magnitudeeas éxerted
on the target receptor in vivbhese 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 leghr interactions and force dynamics within living
organismsBY utilizing this platform, wedemonstrateé impaired SynNotch activation in
EZH2"%4F mutant B cells compared to Waind such difference can keen dter EZH2

inhibitor treatment.
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CHAPTER 1. INTRODUCTION

The transition from singleelled organisms to multicellular life is one of the most
significant steps in the evolutionary history of life on Eadilst like living in a modern
society, where no one cand independently, the intricate dance of life unfolds through

remarkable interplay of cells

Almost all thetime, cels communication with each other through multiple say
including direct contactwith nearby cells, secrete/receive chemical signals (cytokines,
chemokines, etc.jo communicate.T h o s e-mdid h ibave ahighly sophisticated
mechanisms, signaling pathway, to transduce extracellular sigfiaftmnality response.
Typically, cell response is orchestrated by a variety of surface prdigshlike other cells,
the function of immune cells is determined by the collective sigfral® various
immunoreceptorsa type ofreceptoron the cell membranghich binds to a ligand (usually
another protein) and causasesponse in the immune systémthe lifespan of a typical
immune cells, they traffic through the body the blood and lymphatic circulation to guard
the body During this process, they experieramuntless types of forces. Recent studies
have shown the presence of mechanical force on several immunordicegtdrpairs.

They have also shown the important role of force in regul@ti@gheraction and function.

For example, studies have shown the existence of endogenous forces applied on the T cell
antigen receptor (TCR)-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 celk use force to amplify

antigen discriminatiof8-10, 1415] and respond to changes in substrate stifffle&21].



In the field of biophysics, scientisthave noticed forces applied on
immunoreceptotigand bonds can lteansmitted across the cell membrane and potentially
induce mechantransduction.To investigate mechanical impact on immunoreceptor
ligand bonds,various singlemolecule force tools have been developatimicforce
microscopy [24-27], biomembrane force probgBFP)7, 912, 17, 2829, optical
tweezerg8, 14, 3032], magnetic tweezel[28], molecular tension probe (MP) [4-5, 11],
DNA tension gauge tether (TGTJJ], tractionforce microscopy (TFM)1, 6, 23, micro-
pillar array detectors (MPADs23], etc. Those tools are largely conductedvitro, and
they are challenging tbe usedn vivo to capture live mechargensing behaviofThis
proposed thesis will go through the process of developi@agnéhetic Notch (SynNotch)
based mechanrgensing platform (chapter @hich can be used in physiologigalevant

environment (organoid or live animad) probe mechantransduction behaviaf its target

B cell is one of the most important players in adaptive immune respdmse.
germinal center (GC), B cells interact physically vidhicular helper T cells (Tfh) to form
crossjunctional bonds between several recefdigand species. Of these, CD4DD40L
interaction signals B cell activation and differentiati88]. EZH2 is an enzymatic catalytic
subunit of PRC2 under CD40 signaling pathyia4]. Mutations in EZH2 epigenetically
reprogram GC B cells to alter their interactions with Tfh cells, facilita¢& malignant
transformation and establish characteristic features of the follicular lymphoma
immunological nichg35]. This proposed thesis wilhowhow EZH2 mutation in B cell
lymphoma altes CD40' CD40L interactionand regulate its corresponding mechano
transductionchapter 5)Tools developed in chapter 4 will be utilizexdshow the change

in B cell mechaneensingfrom the influence of EZH2 mutatio@therrelated study of



mechanearansduction will also be listed in this thesis (chaptetr6}he end (chapter 7),
we summarize the contribution of this study and discuss the important questions to continue

from this point



CHAPTER 2. BACKGROUND

2.1 Mechanosensing and Mechanotransductiothrough 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, exhibitin
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 vamousnoreceptor

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 dmutt
to many physiologically important cedell interactions. Constrained diffusion, particularly
within cell membranes, influences the behavior of sureanbedded 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.



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 [4244].

Additionally, deformable coiledoil 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 functicAg§6
Through interactions with the actin cytoskeleton, immunoreceptors can sense, respond to,
and apply mechanical forces, highlighting the intricate interplay betvesdolar

mechanics and immune function [36,3744].

2.1.2 Mechanotransductioof 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 intera@mntigen
presenting cells (APCs), cytoskeletal changes control receptor localization and cellular

morphology, with mechanosensitive mechanisms shapingeiltontacts [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 canddg funed,
offering potential applications in cddlased therapies.Although current techniques do not

permit direct in vivo measurement of forces on immunoreceptors, the evidence outlined



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 functiodividual
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 force$$9

2.2 Notch receptor and synthetic Notch receptor

2.2.1 Notchreceptor

The discovery of Notch geres dong history, which can biaced back to
1910sin the studies obrosophila melanogastevi t h finot EAXd wi ngso
Homologs of Notch shared similar structures and signaling compdnergsous
species [5#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 hakiree major components: A ligand binding domain with
multiple EGF repeat, a negative regulatory region (NRRYotch intracellular domain
(NICD) [61]. Canonical Notch signaling beginen its ligand binding domain binds to
the ligand62]. 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]. This liganddependent cleavage
requires certain level of external forces and has been medsyi@ndy in 2015 [65].

Following the first cleavag@\ICD is released by cleavage &f-secretase and



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
Neuralized66-69] and Mindboml70] can facilitate epsiilependent endocytosis of

ligands in the liganexpressing cellg71-76]. Other modulators of signaling exert effects

by regulating ligand responsivenggs-82], controlingligand andCN turnover[83-88],

and by other leswell-characterized mechanisi&9-93].

2.2.2 Synthetic Notch receptor

Development of synthetic biology and cell engineetiage advancethe
targetedpatient specific therapyustomized cell sensing and response pathways have
been extremely useful for engineering immune cellsraakie them int@ngineering
therapeutic cells, which sense udefined disease or injury signatieploy therapeutic
or repair functions [9496]. These customized cektould also be useful in reporting on

cell connectivity and environmental conditions.

Given thefihigh-specificityo, ficonserved activation coreregon A di rect and
simple mechani sm ¢éturef97pohNotch receptomisisdan idgai o n 0
platform tobe customized and developed irdglatform allowing to deploy therapeutic
agents or detect sign&rior studies have domenstratedt the intracellular domain of
Notch can be replaced with an artificial transcription factore (e.g.-@a6#) to creat a
reporter of Notch activity [999].We ndy 6 s wor k in 2015 showed
binding domain of Notch receptor can be replaced with alternative dorg&ins [

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

[100-101]. Wendell in UCSF has develop#te synthetic Notch platform into a powerful



tool to treat canceterminate CART, shape local immune environment, Et02-110].

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

2.3 CDA40 signaling in B cell lymphoma

2.3.1 CD40signaling

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 cgtimulatory signals in conjunction with B cell receptor (BCR) signaling
This cooperative signaling is pivotal in preventing B cell silencing or deletior]13]L
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]. Whin GCs, CD40 signaling facilitates immunoglobulin (lg) isotype
switching, a process crucial for generating antibodies with diverse effector functions
tailored to combat different types of pathogens. Furthermore, CD40 signaling drives
somatic hypermutatn (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 longlived plasma cells and memory B cells, pivotal components of the
adaptive immune response responsible for providing-terrg immunity upon subsequent
encounters wh 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 [12%17]. This intricate network of signaling pathways



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 Igog¥s.
Follicular lymphomas (FLs) are the second most common [fbi®)] of B cell ymphoma
which are incurable and eventually transform into aggressive and refractorgrhug
lymphomas [119]The current US agadjusted incidence rate of B cell lymphomais 17.2
cases per 100,000 perspaars for both sexeRecent studies have focus on the origination
of FLs, GC B cellswhich are most rapidly dividing cell typeBhoughthe puzzle of how
highly proliferative GC B cells could transform into indolent astowly proliferative
tumors has not been solved yiets 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-a§ gain
function mutaitons of the EZH2 histone methyltrasferaseurring in 25%30% of FL
patients, as well as in GClike diffuse large B cell Imyphomas (DLBCL) [12126]. A
single amino acide substitution affection the Y641 residue within the EZH2 catalytic
domain has been vastly founBzZH2"%*! mutants are far more efficient than wilgpe
(WT) enzyme in converting H3K27me2 to H3K27mE27-128], which manifesting
increased abundaa of the H3K27me3 repressive histone mark {128. 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 (FDI3S).
Exposure of EZH2 mutant or WT diffuse large B cell ymphomas to EZH2 inhibitors leads

to proliferation arrest and plasma cell differentiation4fl37]. Recent findings have



shownEZH2 mutant GC B cells have reduced dependency on T cell help, suggesting that
they no longer need to compete for access to Talkllving the massive number of B cells

arriving in the light zone (LZ) to survive and persist as slowly proliferative centrocytes.
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CHAPTER 3. MATERIALS AND METHODS

3.1 Cells

3.1.1 Celllines

Jukat cells clone E6.1Chinese hamster ovary (CHO) sIHEK 293T/17 and
P40.2B4 were purchased from American Type Culture Collection (ATE&Zage cells
Daudi cells, Ly3 cells and Ly7 cellsere a generous gift of DAri Melnick (Cornell
University, Ithaca, NY USA). Ramos cells were a generous gift of Dr. Jurgen Wienands
(University Medical Center GottingeGermany)All cells were cultured at 3%C with 5%
CO,.HEK293T/17 <cells were cultured in Dul
glucose (4.5¢g/L), with supplements ofglutamine (6mM), MEM NorEssential Amino
Acids (NEAA, 0.1mM), Sodium Pyruvate (1mM), Fetal Bovine Serum (10%). Jurkat cells
Farage cells, Ly cells, Cho cells Daudi cellsand 2B4 cells were cultured in RPMI 1640,
with supplements of FBS (10%), Penici8treptomycin (1%), HEPES (10mM), Sodium
Pyruvate (1mM). Ramos cells were cultured in RPMI 1640, with supplements of FBS
(10%), PenicillinStreptomycin (1%), HEPES(10mM), -glutamine (1mM), sodium
pyruvat e (-Merciploetharsin5D uN). Ly7 cells were cultured in IMDM with
supplements of FBS (10%), Penici8treptomycin (1%), tglutamine (1mM), MEM
Non-Essential Amino Acids (NEAA, 0.1mM

3.1.2 Primary cells

P14 transgenic mice were housed at the Emory Univddgipartmenof Animal
Resources facility following protocol approved by the Institutional Animal Care and Use

Committee of Emory UniversityThe OTI transgenic mice and C57BL/6 mice were
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housed at the Georgia Tech Animal Facility following protocol ZM10016807/26/2025

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 proteior mCherry and the original antiCD19SynNotch construct are gifts
from Wendell lab an&wong lab.antiCD40SynNotch construct was designed by replacing

the ligand bindin@ntiCD19scfvin original SynNotch construetith antihCD40scfv.

Jurkatcells were transduced with the response element containing plasmid and
antihCD40 SynNotch construsequentially. To generate stable cell lines, transduced cells
went through multiple rounds of FACS sorting for unifosarface BFP/mcherry
expression level, amgceptor expressidabeledby respective antibodies conjugated with

PE/AF647 SynNotch construct hamanyc tag to trace)

3.2 Reagents

Tablel 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® 64
Cell Signaling Technology 2233S
Conjugate)

PE antthuman CD40 antibody Biolegend 313005
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Table2 continued

Biotin antrhuman CI3 antibody OKT3 Biolegend 317319
Biotin antrhuman CD40 antibody, 5C3 Biolegend 334343
PE p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody Cell Signaling Technology 14095
PEanti humanCD19antibody Biolegend 982402
Biotin antthuman CD2 Biolegend 300203
NF-kB1 p105/p50 (D4P4D) Rabbit mAb Cell Signaling Technology 13586
FaeB2 p100/p52 (D9S3M) Ra CellSignaling Technology 52583
Phosphep38 MAPK (Thr180/Tyrl82) (3D7) Rabbi

Cell Signaling Technology 6908
mAb
Chemicals, peptides, and recombinan
proteins
RPMI 1640 Medium Corning 10-040-CV
IMDM Quality Biological 112035101
DMEM with L-Glutamin, 4.5g/L Glucose an8odium

Corning MT10013CV
Pyruvate
Fetal Bovine Serum R&D Systems S11150H
Penicillin-Streptomycin Thermo Fisher Scientific 15070063
HEPES Thermo Fisher Scientific 15630130
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Table3 continued

Sodium Pyruvate

MEM Non-Essential Amino Acids

Biotinylated Bovine Serum Albumin

Phosphate Buffered Saline

Absolute Ethanol 200 Proof

3-Aminopropyltriethoxysilane (APTES)

Hydrogen peroxide 30%

Sulfuric Acid

Sulfo-NHS-Acetate

mPEGSC

LA-PEGSC

TrypLE

Poly-L-Lysine

HBSS (calcium, magnesium, no phenol red)

Biotinylated Human CD40 / TNFRSF5 Protei

AvitagE ,His Tag (MALS verified)

Azide-PEGNHS Ester

14

ThermoFisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Decon Labs

Thermo Fisher Scientific

JT Baker

MilliporeSigma

Thermo Fisher Scientific

Biochempeg

Biochempeg

Thermo Fisher Scientific

Sigma

Thermo Fisher Scientific

Acro Biosystems

Click Chemistry Tools

11360070

11140050

29130

MT21040CM

2716

AC430941000

218601

SX12445

26777

MF0010232K

HE0390233.4K

12605028

P4832

14025076

CDO-H82E825ug

AZ103-100



Table4 continued

Maleimide Streptavidin ThermoFisher Scientific 21102

MEM Non-Essential Amino Acids Solution Thermo Fisher Scientific 11140076
Paraformaldehyde, 4% Thermo Fisher Scientific J19943K2
Streptavidin Thermo Fisher Scientific 434302
Biotin-PEG (3500NHS Ester CD Bioparticles CDN1602
Biotin SigmaAldrich B4501

LB broth powder RPI L24060500.0
Lenti-X concentrator Takara Bio 631232
Polybrene Millipore Sigma TR-1003G

Custom 8.8nm Gold Nanoparticiles, Tannic Ac

nanoComposix NCX-Custom
0.05mg/mL, 400ML
Lipofectamine 3000 Transfection Reagent Thermo Fisher L3000008
NEB StableE. Coli NEB C3040
EZ-link Sulfo-NHS-LC-Biotin Thermo Fisher Scientific 21327

4 arm Maleimide functionalized polyethylene glyc

Layson Bio N/A
(PEG4-MAL, 20kDa)
VPM ( GCRDVPMZSMRGGDRCG [ AAPPTec N/A
Dithiothreitol (DTT) Sigma Aldrich DTT-RO
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Table5 continued

REDV oligopeptide (GREDVGC) AAPPTec N/A
Worthington Biochemical Corporation

Fisher Scientific NC9482366
COLLAGENASETYPE |
Oligonucleotides
4.7 pN hairpin strand
GTGAAATACCGCACAGATGCGTTTGTATAAATG DT N/A
TTTTTTTCATTTATACTTTAAGAGCGCCACGTAG
CCCAGC
A21B strand

. IDT N/A

/SAMMC6/CGCATCTGTGCGGTATTTCACTTT/3Bio
/
BHQ2 strand
/5ThioMC6- IDT NIA
D/ITTTGCTGGGCTACGTGGCGCTCTT/3BHQ_2/
Cy3bstrand

Khalid Salaita lab N/A
/5Cy3W/CGCATCTGTGCGGTATTTCACTTT/3Bio/
15 mer locker strand (4.7 pN)

IDT N/A

AAAAAACATTTATAC
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Table6 continued

Recombinant DNA

Plasmid: GA021-

Wendell Lim lab N/A
pHR_pGK_CD19scFv_ChimericNotch_G4VP64
Plasmid:GA170-pHR-GAL4_GFRPGK_BFRHF_seq Wendell Lim lab N/A
Plasmid: GA170pHR-GAL4 Luciferase

Gabriel Kwong lab N/A
PGK_mcherry seq
Critical commercial assays
The QuantiBRITE PE beads (PQuantitation Kit) BD Bioscience 340495
LIVE/DEADE Fixable Blue Dead Cell Stain Kit Thermo Fisher Scientific L23105

Software and algorithms

SnapGene

GraphPad Prism

Flowjo

17

Dotmatics

GraphPad Software

BD Bioscience

https://www.snap

gene.com/

http://lwww.graph
pad.com/scientific

-software/

prism/

https://www.flow;j

o.com/



Table7 continued

http://www.ni.co

Labview National Instruments
m/enus.html
https://www.math
Matlab MathWorks works.com/produ
cts/matlab.html
https://www.solid
SolidWorks Dassault Systems
works.com/
Other
Coverslip MiniRack, teflon Thermo Fisher Scientific C14784
Attofluor Cell Chamber, for microscopy ThermoFisher Scientific A7816
Sticky-Slide VI 0.4 Ibidi 80608
Dynabead§ 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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Table8 continued

Magnetic lid In this paper N/A

96 Well Polypropylene Plates Thermo Scientific EK20201

3.3 Flow cytometry and fluorescentimaging

3.3.1 Surface staining and general flow cytometry

Samples (ells or beadswere collected and washatl4°C with FACS buffer (PBS
without C&* or Mg?*, 5mM EDTA, 2% FBS)wo times.Then samples were stained for

30 min at 4°C in 100& | of FACS buffer containing 1@ g/ml (or as suggested by the

product instruction) of antibodies of intereSamples were washed twice with 1ml of

FACS buffer fixed with 300€ | of 4% PFA for 15 min at 2C. Then samples were washed
once with 1ml of FACS buffer, and then resuspended in 800f FACS buffer for

analysis under BD Fortessa (BD Biosciences). For samples loaded in-tedl §fhate,
cytlfex (Beckman Coulter) was used to allow hiphoughputreadout.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 with0MPBS, then fix with 50@ | of Cytofix

(BD Biosciences)Cells were washed with washing buffer (PBS with 2% FCS, 0,05%
Azide) using highspeed centrifugation (700g, 5min?@, acct7, Decel7. The rest steps

were using the same settinResuspended cells in 180l 15 Ab at 4°C for 30 min. Then
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cells were washed with 1ml washing buffer and resuspendéfl Ab2t 4°C 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 -it068 | 7-AAD

containing washing buffer to stain the nucleus aftashing.

3.3.3 TIRF imaging

After cells were loaded in the imaging chambad incubated witllesiredtime,
the imaging chamber will be imaged using Nikon W1 spinning disk confocal microscope
with TIRF mode, equipped with a Pl#&pochromat 60x/1.40 oil objective.lhe same
microscope was equipped with an RICM module to allow detection of cell bottom and
spreading areaaccording to the-ication of the cell bottom, TIRF mode was tuned to

focus thdaser beam

3.4 DNA based biesensor

3.4.1 Molecular Tension Probe (MTP)
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Target cells

Receptor/ligand
of interest
]
Force>F1/2
Presenting 0 T
protein/Ab <
| | Force<F1/2 _
Cy3b &' —
BHQ2 ¢
] Hairpin

OFF ON

Figure3.1: Schematiof molecular tension probe (MTP)

25 mm glass coverslips were sonicated in 50% ethanol for 15 min and 3iKsed
with di-H20. Following rinsing, the coverslips wemamersedn 40 ml Piranha solution
(mixing 25mlsulfuric acidand 15mIH20) for 30 min. Coverslips were washed 6X with
di-H20 and 3X with 100% ethanol. The surfaces were then salinized with 3% APTES in
200 proofethanol for 1 h, then washed 3X in ethanol and dried &&0r 30 min. After
drying, 200 lof 10 mg/ml LAPEG, 50 mg/ml mPEG in 0.1 M NaHG@as added to
each surface and incubatied 1h at room temperatur8urfaces were then washed 3X with
di-H20 and 20Ce lof 1 mg/ml SulfeNHS-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 dH>.O and 500¢ IAu-NP (8.8nm) solution was added to each

sandwichand incubated foBOminsat room temperature. During AWP incubation, 300
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nM hairpin strand, 330 nM quencher strgBeiQ2), and 330 nMCy3bstrand in 1 M NacCl

were annealed in a thermocycler by heating t8®%or 5 min and gradually cooling %
°C/min) to 25°C. After rinsing AUNP coated surfaces with 3X-Hi-O and 2X 1 M NacCl
washes, 100 bf DNA probes were added to each sandwich and incubated overnight at 4
°C. The foll owing day, the MTP coverslips
streptavidin in PBS was added to each sandwich and incubated for 1h at roonati@érape
Foll owing 3X r i ns ehuman COMrRaBi€D3 adtiBodysngPBe+ o f

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

3.4.2 Tension Gauge Tether (TGT)

an . ‘

Receptor/Ligand
of interest

Presenting 8 E“Z_'F’]sz?\l ?hefr;r;gN
Protein/Ab =12l n=56p
Strepavidin-

PEG coated cover-slip of PMMA- bead

Figure3.2: Schematic offension Gauge Tether (TGT)

25x75 mn3 coverslips were sonicatesvashed, salinized, dried as described in
MTP section After drying, an Ibidi Stickyslide VI 0.4with 6 microfluidic channelsvas
mounted on each coverslipress hard multiple time to remove any bubbles from the
adhesive areas to avoid leaking. Then, NMS54Azide was diluted in 0.1M NaHCQ0
make the final concentration to 10mg/ml. Added &80mixture to each channel and
incubated at room temperature for 1h. Then washed 3x with 1#HkQ@liand blocked with

superblock buffe(Thermo Scientific) During the incubation, the DBC®ottom strand
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and the biotirtop strand of TGT probg®220nM each in 1M NaChvere annealed using
similar setting in MTP sectiofWWhen blocking is done, channels were washed with 3x with
PBS (50 ¢l PBS was always left inside in all the washing steps to prevent drying). 50
TGT probes were added each channel and incubated overnight at room temperature. The
following days, channels were washed with 3x with PBS, and coate8®stlof 20eg/ml
streptavidin solution in PBS for 1h at room temperature. After that, channels are washed

3x with PBS andtoated again with 58I of 20eg/ml protein/antibodyor 1h.
3.5 Parallel magnetic force activation (PMFA) assay
3.5.1 Designing magnetic force profile in PMFAA

PMFA assay

\ Supply w

B — Complete

Medium Harvest cells £

=¥ 5-hour Flow )8
ey - Cytometry

3-hour . Tcal GFP
Cell:Bead (1:4)*. |eBead

TYT,

Figure3.3: Schematic of Palial Magnetic Force Activation (PMFAgssay

To design the configuration of magHet and chamber to generate a wedlfined
magnetic force on magnetic beads in a welined space, a wellefined magnetic field
gradient is needed. Positimeagnetophoretics a phenomenon that occurs when magnetic
objects €.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’ (k * ¥ where’ and’ are the permeability values of the magnetic
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particle and of vacuum, respectiveligalways higher than that of buffer, cells, or tissues
(which isinessentiallyjnon-magnetic ie., * “ ). 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,

D GOPI B @

Where(P is the magnetization of a particle per unit volumes the volume of the

magnetic particle, an@®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 magnetid i el d i tself is strong enough, by Le
magnetization vector reaches a saturated value of0P , the saturated magnetization per

unit volume. Hence, the magnetic force can be reduced to simple form sud® that

-4Y 07 ngHswhere” is the density of a magnetic bead (1.4 g/dor

M270),Y is the radius of a magneét ischebmasad (1.
saturation magnetization (10.88 J/T/kg for M270§* To calculate the magnetic field, in

the absence of both electric fields and external currents, the magagtostate for hard

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

with a 1 mm gap in between can be descritzed a

® & P m )
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Where(Pis the magnetization from the remanent fi@@f for & = 1.24 T for a pair of

two N50-grademagnet¥?. Using the above equations, due tofihie size constraint of

cell media in each well of a 24 wagilates, 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 irhouse designed and made magnetic lid to apply magnetic force
in a parallel fashion across all wells of a\&dll plate (seqg138]). First, we applied a
droplet of 5min epoxy using a pipette tip to the center of each well of aftiasme culture
treated 24well plate. At the same time, 5 mdiameter glass coverslips were cleaned by
sequential washes in 70% EtOH andH&0. Each coverslip wakied by a kimwipe tissue
and gently placed on top of the epoxy droplet in the center of the Afadl 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 ¢l cdrefulypadded to eath 0. 0 1
coverslip to incubate at 4 °C overnight. Next, wells were washed with PBS in the same
manner on the following da¥. x180&I1 cefl | cé 118
added on top of each cover slip and incubated for 19=ir87 °C to immobilize cells.
Then 2¢l-mixed CDaOcoated nhagnetic 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 °Cto allow beadstbsel e on t he cell s by g
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 recepttigand bondcalibration

Let density of CD40 coated on the magnetic beads\tand the site density of
SynNotchexpressed on the Jurkat cells ie From the measured effective 2D affinity
AcKa of the CD40 SynNotch interaction, we can calculate a stestdye average number

of bonds between the bead and the cell.
&0 a4 ado (1)
The probability distribution of bond number follows the Poisdistribution.
oA @BEO 2)
The probability of there is at least one bond connecting the bead and the cell is
Bn pn p Agpad (3)

Let the magnets exert a force foper bead. The average force per bond can be

calculated by

oD o—2%8 2% B 2% 3)
Q W , 0 &o &o Aged &0
w00 %80 P me Ta FAT &0 TAN9PEO

00 \ o0 2 ,
2% g SCp Agpad —Aoed o 4)
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0, — Qo — R (5)
3.6 2D and 3D kinetic assays

3.6.1 Micropipette adhesion frequency assay

Red blood cells were biotinylated using -{Eibk Sulfo-NHS-LC-Biotin.
Biotinylated RBCs were then incubated with tetrameric streptavidin, followed by
biotinylatedprotein/antibody of interesThe adhesion frequency assay was performed as
previously describedsée[139-141]). Briefly, protein/antibodycoated RBCs anthrget
cellswere 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. Indiidual cell pairs were aspirated onto pipette tips, one RBC andaihef
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 aoimesi
frequency. Quantification of receptor and ligand site densities using flow cytometry and
reference beads was used to calculate average number of bonds and -ligesptor

kinetics.
3.6.2 Biomembrane force probe (BFP)

The custorrdesign and hommade BFP can be foundgge[142]). In brief, beads
and cells were prepared similarly in thecropipette adhesion frequency asshay the
retraction phase of the mechanical cycle, if a bond survived the ramping and reached a

preset tension level, the force was clamped spbintaneous bond dissociation and a pair
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of values of the clamped force f and bond lifetime/¢re measured.o ensure that most
adhesion events were mediated by single molecular bonds, we controlled the adhesion to
be infrequen{ O 2 Bo¥d lifetimes were measured at forces ranging from4PpN,

pooled, and binned into >5 force bins (>35 measruements per bin) to reduce system errors,
and presented as mean bond lifetifip€® SEM. The SEMf 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 Timelapsed activation usin§6-well plate

Coculture time point (h)
1 2 3 4 5 6 7 8 10 12 14 16 '®
10 11 12 ¢ 3

000000000008 | | s
‘@00000000000 ..
‘900000000000 and spir-down
(000000000000,
1000000000000
H000/00000/000@, « o

¢ OOOOOOOOOOOO < SynNotch cells
H OOOOOOOOOOOO ranizizguwith 3x

and spin-down

Figure 3.4: Schematic of experimental system and procedure of SynNmbeHapsed

activation profile in 2D 9éwvell plate coculture system

SynNotch expressing Jurkat cells and sender ¢&{3-Ly7 as experimental group,
2B4 as negative control) were counted and mixed in SynNotch:Sender = 1:3 ratio. Cells
were resuspended i n -dh&pé g6lwellplaté andispdewnmmsind i um i |

centrifuge (100g, 1min) to allow interaction. Differetarting points were chosen to obtain
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SynNotch timelapsed activation profile. At end point, cells were fixed and their

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

3.7.2 Timelapsed activation using organoid

Coculture time point (h)
0 1 3 6 12 24 48 96

1000000000000
» OOOOO0OOOOO0
‘000000000000 | .

Jolo! 16! 1111 T tole) i —
000000000000 ,
‘000000000000 Vi AN
0000000000 0 Lo
* 000000000000 = B

Figure 3.5: Schematic of experimental system and procedure of SynNotcHapsed

activation profile in 3D organoid system

Hydrogetbased organoids were composed of 4 arm Maleimide functionalized
polyethylene glycol (PE&-MAL) functionalized with integrin specific peptides and
crosslinked with matrix metalloproteinase (MMP) degradable, VPM
( GCRDVPMZSMRGGDRCG pegmdable Bithiothreitat (@TTh o n
peptides. VPM and DTT were incorporated at 1:1 ratio. 7.5 wt%-#HEEL organoids
were functionalized witfRRGD, a vascular cell adhesion molecule (VCANMmimetic
t hat binds t o-LyJand $SynNotclexpressirig durkatedsGiere
encapsulated at a 1:3 ratio (50K QIGA7: 150K Jurkatcells) and were cultured for
varying time periodsQ 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 inthe dorsal subcutaneous (SQ) space of mice using a minor surgery, as
described elsewherg218. Briefly, male NOD.CgPrkd¢®yJ mice were anesthetized
under isoflurane (3% v/v for induction followed by 2% v/v for maintenance) and
transferred to a waring 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 n the skin and the underlying connective tissue cleared to make a small SQ pocket.
Precast hydrogels (maintained in media from the time of preparation to the time of
implantation) containing cells in the desired ratio were implanted into this spacegidllo
by wound closure using-@ sutures. This procedure was performed for up to 4 implants
per mouse. To manage pastrgical pain, animals were administered buprenorpBiRe

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

3.7.4 Invivo Imaging by IVISpectrum

We evaluated the successful activation of SynNotch signaling in implanted
hydrogels by quantifying their bioluminescent activity. Briefly, mice were anesthetized at
predetermined tim@oints as mentioned earlier and were injected wHhdiferin (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 Livinglmage® 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, distributithe, and
study design. This section outlines the statistical techniques utilized, including the student
t-test and onevay 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 testd-or examplenormality testwasusedto test he assumption of normality
for each group of datayhich isa powerful method for assessing normality in small to
moderate sample sizes. This test was chosen for its sensitivity in detegtartudes 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. Consisteraryance across groups
wasalsoexamined through the inspection of standard deviations within each sample set.
This step is crucial as equal variances across groups are a key assumptiosttateiie

t-test and ANOVA employed in this study.
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Then,l appliedStudent #testor oneway ANOVA to datasegiven situationsThe
student #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 speaifiables or
conditions compared]. The twailed ttest with a confidence interval of 95% was used,
where a pvalue less than 0.05 was considered indicative of a statistisiglhyficant
difference. Oneway ANOVA was conductedof 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, posthoc comparisons using kKey 6s HSD test were perf
which specific groups differed from each other. This step is essential to control for Type |
errors that may arise from multiple comparisdherposthoc comprisons 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 recepiediated mechanosensiisg
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 ligan@s8, 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 attaaheia receptdrligand interaction to a stationary
surface or another cell, have to be balanced by the adhesive forces, which are transmitted
through the receptbligand bonds. Endogenously, it has long been observed that cells
generate and exert cytoskeletand motordependent forcesaheir adhesive recepior

ligand bonds to power locomotion and deform the underlying subgdag

In the past two decades, several techniques have been developed to measure the
endogenous forces exerted through specific reddmand bonds. Traction force
microscopic (TFM) technigue immobilizes ligands on elastic substrate with-breerds
imbeddedas 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-piitao
array detectors (mPADSs) 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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techniqud4, 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 onhe receptdrdigand 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 floogoph
guencher pair is replaced by a fluorescence danoeptor pair and the force can be
determined from the stretch of the peptide from the measured changes in the fluorescence

resonance energy transfer (FRET) sigfiad].

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 meftiéd] based on the
synthetic Notch techniqu&08-110], we developed a technology platform to enable in
vivo reporting of cellgenerated forces on any specific receptor. Similar to the putblishe
method, our technology is based on the mecismmsitive andresponsive properties of
the Notch receptor. We designed a synthetic molecule (SynNotchjdmgneeering the
wild-type Notch receptor by replacing its ligand binding domain with a stigie
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 spedgpta 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
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flow cytometry or microscopically. Adoptively transferring cells that express this
synthetic Notch molecule in animals, letting them find and bind tangatessing cells,
and monitoring the reporter signals would allow us to measure whether, and & so, th

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 0 kgaad
(CD40L) delivers complementary signals alongside B cell antigen receptor (BCR)
signaling to prevent B cell silencing or deletjdi1]. Our recent in vitro studies showed
that that B cells exert tension on CDAD40L bonds and force enhances CD40
signaling as well as antibody clessitch[138]. Importantly, CD40L mutations found in
X-linked Hyper IgM syndrome patients suppress B cell endogenous tension and reduce
force-enhanced CDA40 signaling, leading to deficiencies in antibody class $%8&h
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 SyaNotch
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

scenario®f 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 $fidfies
110]. The configuration of the SynNotch receptor in this study consists of two main
components: a response element and amembrane construct of aftCD40 synthetic
Not ch (-S/hNotEh (Figd.1). To emulate T cell B cell interactions and
investigate B cellnduced 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 ctirgain
GAL4-VP64 transactivation system, which upon activation, can express GFP or
luciferase enzyme. Subsequently, thenmembrane construct was transduced into the
same Jurkat T cells, allowing it to bind to CBdxpressing target cells and become

activatel by mechanical force input.

This onmembrane construct comprises three major components: a-ljgaaidg
antrhuman CD40 scFv domain, a negative regulatory region (NRR), and a Notch
intracellular domain (NICD). Specifically targeting human CD40, this construct reports
tension actiity 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 reguhted intramembrane proteolysis (RIP), where Notch is initially cleaved at the S2
site by a metalloprotease of the ADAM family. This ligadependent cleavage
necessitates a certain level of external fo[68§ Following the initial cleavage, NICD

i s r el e a ssedaletaseltleasagegahd 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.

Sender Cell

o anti-hCD40
g scFv

Target Molecule Extracellular

Recognition
Domain

Receiver Cell

Notch Core

-
-
. ~
>
' .
e .
y- \ S
N
\ y
S

— “\\ 23
Intracellular
Nucleus translocation |
Initiates reporter expression ™ Gala-VP64
- EGFP/Luciferase S2 cleavage site: ADAM

S3 cleavage site: y-secretase

Figure 4.1: Conceptual design d h C DSyONotch receptorSc he mat i ¢ - of Uh

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 (EGiFg?4se)
expression. Response element constitutively express blue fluorescent protein/mcheery to
all ow receiver cells to be di st-4iSynigoich shed

receptor is consist of an atuman CD40 scfv binding domain, a nativaah core (NRR
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domain) which responds to mechanput and an intracellular domain which can activate
downstream signaling pathway (GalP64) by translocating into nucleus to interact with

response element

422 Activati on ki #BgNdtchisa 2DfcoclltireCsPstet

We initially evaluated SynNotchctivation using a 2D coculture system in a 96
well plate setup (Fig.4). SynNotchexpressing Jurkat T cells were mixed with target cells,
OCI-Ly7 or 2B4, at a 1:3 ratio and centrifuged to facilitate interaction-IQCIcells, a
human diffuse large Bell ymphoma cell line, express human CD40 on their membrane,
making themrspecifically 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 pots were selected to initiate the mixing of SynNotch cells (SynN)

with sender cells.

SynNotch activation, indicated by GFP expression, commenced approximately 3
hours postoculture, reaching its peak around 10 hours-postilture (Fig4.2A-B).
Subsequently, there was a decrease €853 in activation after the peak at approximately
12 hours postoculture, followed by a subsequent increase. This fluctuatiorppagtmay
reflect the dynamics of reporter expression or be influenced by theedinsulture

conditions within the 96vell plate.

The specificity of SynNotch activation was demonstrated as there was ne target
independent activation observed when cocultured with 2B4 cells. Furthermore, SynNotch

activation exhibited high sensitivity. Altering the mixing ratio between SynNotch cells an
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sender cells did not significantly affect the detection capability in early time points post
coculture (Figd.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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(A) (Left) Schematic of experimental system gmdcedure that generated the results in B
and C. A different wellayout but the same procedure generated the results in C and D.
U h C DSyONotch expressing Jurkat cells were cocultured with CD40 expressing B cell
line OCELy7 or hybridoma T cell line 2Béhegative 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) Fluoreseetivated cell
sorting plots of the restihg GFP reporter intensity in SynNotch cells with indicated
conditions. (B) Representative flow stack of GFP+ SynNotch cells at various time point.
GFP+ gate i s de-SynNoehwithost intergcting witG Beader cells. (C)
Fold-change of GFP MI relative to that of Oh (N=3 with n>10,000 cells) at various of time
points. Green | i ne s tSgmNotch withd30k O@GLyx.iBlagck 5 0 k
line stands f o r-Synibtohiwithg 506 2ZB&. Adivatmptadile curve is
fitted based onigmoidal model. (D) Representative flow stack of floresceaaterated

(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 coulture; Lower panel in red was measureehd@r post coculture. (E) Mean +

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

relative to that of SynNotch only condition at various time points

4.2.3 SynNotch endogenous pullingneasurementand 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 DidAsed ultrasensitive molecular tension
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probes (MTP) for reaime mapping of piconewton forces5. To capture slioed forces
transmitted via specific receptors, we employed a recently developed mechanoselection
strategy utilizing a singlstranded "locker" DNA to tag infrequent and sHéd
mechanical events6 (F§3A). The MTP comprises three DNA strands: a folded hairpin
providing a force threshold, a Cy3b fluorophamnjugated strand presenting the
protein/antibody of interest, and a BHQ2 quenatmrjugated strand linked to a gold
naroparticlecoated glass surface. When forces applied exceed the threshold, the hairpin

unfolds, separating Cy3B from BHQ?2 to enable fluorescence.

Refl ecti on interference <contrast- micro
SynNotchexpressing Jurkat cells spread more extensively onCéi antibody and
human CD4€resenting surfaces compared to surfaces presenting BSA4(FH).
However, total internal reflection fluorescence (TIRF) imaging demonstrated significantly
higher Cy3B signals from the ar@D3 antibody surface compared to other conditions.
Although the human CD40 group exhibited a larger spreading area than thgr&$A
there was no signdant difference in Cy3b signal. Quantitative analysis further confirmed

this (Fig4.3C).

We then investigated whether presenting the target without applying external force
woul d act i-SmNKoeh. Bripoying @ similar MTP setup, we utilized-epi
fluorescence imaging to record changes in fluorescent intensity in the GFP channel. Based
on the timelapsed activation profile obtained in the-®6ll plate, GFP activation
commenced approximately 3 hours postulture. We opted to monitor fluorescent

intensity changes within a-bo u r time window to all-ow suf
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SynNotch activation. Comparing the endpoint with the starting point (30 minutes after
addi ng -SYhNGtEhddthe MTP channel), no significant difference in GFP signal
was observed (Figt3D-E) . This data i syhNaich wid sot heh a t

activated solely by presenting its target without applying forces.

Subsequently, we investigated whether sender cells exerted force through the
CD40/ UhCD40 pai r-Lyd ¢ndogeneus forcei using MTPQHESBFG).
Quantitative analysis revealed that QGi7 cells in the antCD40 antibody group
exhibited significantly higher Cy3B signals compared to the BSA group. These findings
suggest that OGLy7 cells exert endogenous force through CD40 when binding to

UBD40SynNotch, ther ebSynNatcht i vati ng UhCD40
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Figure43: The f or c e -SynNotch)wa€ fedebated by the sender cell instead of

the receiver cell

(A) Schematic of molecular tension probe (MTEQ]. An MTP consisbf a DNA hairpin
providing certain force threshold (k= 4.7pN), a fluorophore (Cy3b) strand and a

guencher (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 arGD8/anttCD40 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 dslfesce
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, whiclsatioe
fluorescent signal to accumulate23. (B) Representative reflection interference contrast
mi croscopy (RICM) and Cy 3b-SynNotclo geles@eimce i n
after landing on glass surface functionalized with MTPs of indicated conditiGi3) (
Quantification of spreading area (C) and tension signal (D) for conditions in B. n=55, 58,
48. (E) (Left) Representative efbiorescent images (GFP) obtained. (Right)
Quantification of GFP MFI for conditions in left. n=58, 55. (F and G) Quantificatio
spreading area are (F) and tension signal (G) in E (n=58, 55) (H) Representative reflection
interference contrast microscopy (RICM) and Cy3b fluorescence images 4fy@CElls

20 min after landing on glass surface functionalized with MTPs of ireticainditions. ¢l

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 standsviaug using

student #test or onevay ANOVA.

4.2.4 SynNotchactivation calibration with external force input

We then employed a higihroughput platform to investigate whether SynNotch
could be activated by external force and whether there was any correlation between the

force input and SynNotch activatideirst,we employed a biomembrane force probe (BFP)
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to conduct beadell assay(Fig 4.4A). A biotinylated human red blood cell (RBC) is
aspirated by a micropipette and a CEdfctionalized glasbead (probe) is attached to its
apex via biotirstreptavidin (SA) coupling. The RBRead assembly also acts as an
ultrasensitive force sensor, as iratied by the spring, to detect binding of CD40 with
LhCD40SynNotch construct expressed on a Jurkat T cell aspirated by an opposite
micropipette We acquired the effective 2D affinjtfcKa, using this setup (Fig 4.4B\:Ka

~1.%7 x 10*é m?).

We developed a parallel magnetic force activation (PMFA) assay4(BiQ),
adapted from a previously published systgth]. In summary, we incorporated two
magnets in an antiparallel configuration within a-Bihted plate lid to apply magnetic
force on paramagneti c bead-SynNotehareceptogs onCD4 0
Jurkat cells positioned beneath the magnets. The rnsagvere positioned as low as
possible without contacting the culture medium, resulting in an average fortgf &
the center oftte well. To confine the bedsbund cells to the well center where the desired
range of magnetic forces was concentrated, we initially attached 4_pgdyne (PLL)
coated 5 mm diameter coverslip in the center of each well. Cells seeded on the coverslip
naurally 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 codaed on
beads to vary the external force applied to each l{bigl4.4D) With the measured
effective 2D affinity, we obtainetbrce per bond with correspondif@pP40 site density
(Fig 4.4E). A serial of forewere selected to investigatd h C DSyONotchactivation

upon externally applied force.
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Utilizing the PMFA platform, -SyrNotchi mul t
with or without exogenous force. The absence of force group employed the same settings
as the presence of force group but used a standane2plate lid. SynNotckexpressing
Jurkat T cells treated with soluble CD40 were used as a referenckoérdead treatment
duration was chosen to allow thorough interaction between @€bD4dfed beads and
U h C DSyONotch 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, t gnNotamteeptasct i on
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
U h C DSyONotch receptors was sufficient, the force per bond was too low t@tactiv
SynNotch. Interestingly, we also observed that when the CD40 coating density on the beads
exceeded a certain threshold, there was a level of-fodependent activation. This
activation exhibited a positive correlation with the CD40 coating densssilply 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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Figure44:Def i ni ng t he f or cSynNoteh qaiviatiore with daldbnatedU h C D 4

externally applied forces

(A) Photomicrographs of BFP setup for bezsdl assay. A biotinylated human red blood

cell (RBC) is aspirated by a micropipette and a Giiutxtionalized glasvead (probe) is
attached to its apex via biotstreptavidin (SA) coupling (Left). The RBkeadassembly

also acts as an ultrasensitive force sensor, as indicated by the spring (left), to detect binding
of CD40 with thCD40-SynNotch construct expressed on a Jurkat T cell aspirated by an

opposite micropipette (Right). (B) Plots of Mean + SEM of averageber of bonds per
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contact ¢ & normalized by site densities of CD4®,j andUnCD40SynNotch ¢ ) vs
contact time d.). 6 0( I o 0,) was converted from the adhesion frequengy#
binding events divided by total # of contacts) directly measured with CD40 coated on probe
beads interacting wittthCD40-SynNotch expressing Jurkat T cells. Data were fitted
(curve) by a previously reported mod&69]. (C) Working principle and procedure of the
parallel magnetic force activation (PMFA) assay. SynNotch expressing Jurkat T cells are
placed on PLEcoated circular coverslip {&1m in diameter) at the well center onto which
magnetic beads (28 m i n { furectoeatizedr with CD40 are added. Cells are
allowed to interact with beads with an ap#rallel pair of Bmm cubic neodymium
magnets for $rour before supplying additional complete medium. This force is supported
by the CD46LhCD40-SynNotch bonds. Aéir 5-hour in additional complete medium, cells

are collected and their GFP expression levels are analyzed byytometry. Force per

bond can be varied by changing siiensity of CD40 coated on bead. (D) Optimization of
CD40 site density vs CD40 conceatton during coating. Points are measured using flow
cytometry. Curve represents trendline. The yellow box shows appropriate site densities of
CDA40L on the bead for the PMFA assay. (E) Force per bond vs site density of CD40 on
the beads calculated usingréefree 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 forgeer bond with indicated conditions. Numerical number

stands for pvalue using studenttest or onevay ANOVA.

425 Activati on ki #BgNdtchis 3DoofganbidcOdDlture system
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We next employed a 3D organoid system to emulate an in vivo environment for
SynNotch cell interaction with O€lly7 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
basel organoids were composed eirdnm maleimide functionalized polyethylene glycol
(PEG-4-MAL) functionalized with integrirspecific peptides and crosslinked with matrix
metalloproteinase (MMPj e gr adabl e VPM ( GCRDVPMZSMRGGDR
nondegradable Dithiothreitol (DTT) peptides. VPM and DTT were incorporated at a 1:1
ratio. Organoidsconsisting of 7.5 wt% PE@MAL were functionalized with RGD
oligopeptide (GRGDSPC) , a fibronectin mime
and OCILy7 cells were encapsulated at a 1:1 ratio (L00K-O¥7I: 100K SynNotch cells)
and cultured for variousme 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 {impsed profile similar to
that of the 2D coculture systerkig 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 andljuinteract with one another. Additionally, we noted
that the 3D system sustained peak activation levels for approximately 24 viitlurs

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.
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Figure4.5: SynNotch timelapsed activation profile iBD organoidcoculture system

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

U h C DSyONotch expressing Jurkat cells were cocultured with CD40 expressing B cell

line OCLLy7 or hybridoma T cell line 2B4 (negative control) were mixed and loadad

physiologicairelevant 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) Fluorescenegtivated cell sorting plots of the resulting GFP
reporter intensity in SynNotch cells with indicated conditions.(B) Representative flow
stack of GFP+ SynNotch cells at vkCD4Gous t i
SynNotch without interacting with sender cells. (C) GFP MFI of activated SynNotch cells
cocultured with OGLy7 cells (green) or 2B4 (black) at various time points (N=5,
n>10,000). Red arrow with START indicates start point of GFHPegplationSynNdch

in vivo mechanesensingsurveillance

4.2.6 Activation kinetics of UhCD40SynNotch 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 constructCipdio) 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, rendeead) it

for live animal imaging.

Following the establishment of luciferase SynNotch, we first assessed its
performance in vitro (Figl.6A-B). SynNotch cells were cocultured overnight with ©CI
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 wemmixed with Dluciferin to conduct a luminescence test, and
luminescence levels were recorded using a pkdder (Fig4.6A). Compared to the

negativecontrol group, we observed an approximately-id@ 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 (Ei§B). The
significant signal compared to the background suggests its suitability for live animal

imaging.

We designed an in vivo implantation experiment @&&f) and recorded SynNotch
activation in vivo (Figd.6D). Briefly, four organoids containing 500k SynNotch cells (with
or without antthCD40 construct) and 500k OCY7 cells were implanted in the dorsal
subcutaneous (SQ) space of NOD-Rxgdcscid/J mice. Mice were anesthetized under
isoflurane and transfexd to a warming bed to undergo the imaging procedure (injected
with 3mg Dluciferin intraperitoneally, bioluminescent images were acquired up a5
after injection). We observed approximately a 60% higher luminescence signal compared

to the negative control within a short timeframe (arourtb#@r), indicating SynNotch
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activation. Thus, we have confirmed B cell indeed exert endogenous force on CD40 in vivo.
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Figure4.6: LuciferaseSynNotchtest and validation

(A) Luminescence MFI oBynNotch activation atarioustime points (15mins, record
every 1min)by platereader SynNotch cells were overnightoculture with OCILy7
before conducting luminescence test by addiAgdiferin. Neg group use constrtitee
SynNotch (B) IVIS imaging of overnight activated SynNotch. ROI 1. 500k
ahCD40SynN+500k OCI-Ly7. ROI 2: 500kconstructfree SynNotch+ 500k Odly7.
ROI3: PBS solutionNumber indicating MFLuminescence leve(C) Diagram of in vivo
experimental setup. In brieNSG mice were implanted with 4 organoids. Implant 1&2
contains 500k ahCD48ynN and 500k OCLy7 cells. Implant 3&4contains 500Ctrl-

SynN and 500k OCLy7. Mice wereanesthetize before being imaged using IVIS imaging
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system. (D)Realtimeimage of miceexperiment setup in (G)sing IVIS imaging system
Top two ROIs are implants 1&2 in C, bottom two ROIs are implants 3&4 im&ging

was performed for ufm 35 mins to maximize signal

To obtainactivation kinetics and test its sensitivity in vivee repeated the in vivo
implantation experimentFig 4.7A). We prepared 8 NSG mice and randomized the
implantation conditions tavoid influence frombiological backgroundn mice (ensure
each condition has twepeats for a specific location in mic#e noticed even with low
percentage ofender cells (OGLy7), SynNotch cells ar@able to generate signficiant
amount of luminescence signal compared to control group. Levehifiescence shasv
positive correlation with amount of sender cells in the implantatignal gradually
decays over timeand at day3 postimplantation, only 1:3 implantation shows positive
signal compared to theontrol group(Fig 4.7B) By harvested the implanted gels and
stained for CD20 (OCGLy7), CD4 (SynN) and DARMe were able tmicroscopelydepict
interactions between Odly7 and SynNotch Jurkat cells (Fig 4.7@ompared to the
control group, SynNotch and OCy7 cells are formingsmall clusters, indicating the

strong interaction between SynNotch and its targets.
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SynNotch cells. Dotted circles represent ROIs. (B) Normalized SynNotch cells generated

l umi nescence value with indicated conditio
Representative images of implanted gels harvested and stained for CD20y{Q QT D4

(SynN) and DAPI depict interactions between @71 and SynN Jurkat Cells. Images

include 3D projections, maximum intensity projections and single Z stack/crossections
(right panel) for 1: 3 t r-leyd)tamdel’ wontglrgmouwpp ( Uh

(CtrISynN +OCtHLy7).

4.2.7 Uh C D8ybNotch Jurkat T cells activate B cell CD40 signaling in vivo

We have shown in the previous figure that B cell indeedi®x#rdogenous force
through CD40 in vivo. Then we would like to investigate whethese mechanicdibrce
experienced B cell will get activatédrough CD40 signaling pathway. Previous studies
have shown thaB 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 wesort out B cells from harvested
implanted gels in each condition and check their CD80, CD86 level, as wellaEtkE/ 2
andp-p38 level.We noticed B cells upregulaté&@D80 and CD86 level compared to the
control group (Fig 4.8AC). The higher OCLy7 level resulted highe€D80/86 level. We
also noticed SynNotch largely promote€kl/2" and pp38" population in allratios
compared to the control group. These results have sh@40SynNotch Jurkat T cells
activate B cell CD40 signaling in vivdt also demonstrated the potential for SynNotch

cells to serve aartificial ligand presenting cells to activate signaling pathway in vivo.
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Figure4.8: U h C DRyONotch Jurkal cells activate B cell CD40 signaling in vivo

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

Experimental groups were OCYy7 cells harvested and sorted from implanted organoid
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mixing with ahCD40SynNotch. Control groups were the samelQCicells implanted by

mi xXing with control SynNotch cell s. (B) Me
with n>10,000 cells) of MFI with indicated conditions. (C) Mean £+ SEM with individual

dd a points (NO5 wi tchange of CD80/86Qhat retativé tb tndtained® f o |
sample with indicated conditions. (D) Representatig8® vs pErkl/2 plots of OCly7

cells with indicated conditions. Exp and Ctrl groups settings are the sarareds\p (E

G) Mean N SEM with individual data p-oints
Erk1/2+ and g38+ cells (%) (E) and foldhange of gerk1/2 (F) or pp38 (G) that relative

to unstained with indicated conditions. Numbers on graphs represetes calculated

from oneway ANOVA.
4.3 Discussion

This section representhi@ development and validation of a SynNebased
mechanesensing platformBy 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 mecheasensing 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 compleiological 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 t&ynthe
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, offeai 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 mor
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 biolddne aeation of a luciferase
version of the SynNotch system for in vivo mechaeasing reporting is a testament to
the platform's potential translational impact. This innovation bridges the gap between in
vitro studies and reaborld applications, paving the way for future in vivo studies that
could elucidate the role of mechatransduction in disease progression and tissue
regenerationF-uture development will be focusedapplying SynNotch platfornto a reat
world biological processinvestigating the imptant regulation role of force idisease

progression or cells differentiation

Despite these significant advancements, the journey of the Synbadekl
mechanesensing 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 minimataoffet 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
unpre@dented control over cellular functions, with implications ranging from tissue

engineering to targeted therapies.

In conclusion, this thesis not only contributes a novel meekansing 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 Y¢4F 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 o$B cell
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 wisichagnosed,
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 interactighstivese malignant cells.
Understanding the intricate interplay between these elements is crucial for developing

effective treatments and improving patient outcomes.

Diffuse large Bcell ymphoma (DLBCL) and follicular lymphoma (FL) arise from
germinal center (GC) B cellsGC B cells undergo rounds gfoliferation edit their
immunoglobulins by somatic hypermutation and clasgch recombinationfollowed 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/DLBQI58]. 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 findinghave indicated: 1) EZH2 regulates the hyperproliferativeraaf

GC B cells 159 and 2) gairof-function mutations of the EZH2 Y641 residiiaitiated
lymphomagenesis by attenuating GC B cell requirement for Tfh cell help and shifting the
dependency to FDCs through increasegbression of receptors through whickc@&Is
interface with these stromal cell89. EZH2 in GC B cellsshows critical functions,
including repression of the cadlcle checkpoint genes to support B cell proliferation and
prevent premature plasma cell differentiati@m the other hand, EZM%! mutants are

over 3fold more efficient than WT enzyme in converting H3K27me2 to H3K27rh2g |
However, the consequences of increased abundance of the H3K27me3 repressive histone

mark in EZH2®4! mutant tumors has not yet been clear.

EZH2Y%4 mutant reprograms immune synapse functions to relieve GC B cells from
requiring Tfhby becoming independent ofCEll surface proteins, such@®154 CD40L).
CD40 is a costimulatory protein found on the surface of many immune system cells,
including B cells, dendritic cellspacrophages, 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 activatesiper cells,
it triggers a seds of immune responses that incluBecell activation and differentiation,

immunoglobulin class switching, enhancement of antijg@senting capabilities,
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promotion of cytokine production and T cell activation and differentiat@ur. lab has
recently shown that CD40 serves as a mecis@msing receptor on B calhd its mechanro
transduction governs CD40 function and underlieinKed Hyper IgM syndromel[3§.
Thereforewe hypothesize thah contrast to GC B cells with WT EZH2, the EZ§2
mutation in GCB DLBCL/FL results in dysregulation of key immunoreceptors manifesting
as altered ligand binding and forces that dysregulate the interactions of GG Ritell

Tfh cells The dysregulated receptor mechanobiology impacts downstream B cell signaling,
epigenetics, and sensing of lymphoid microenvironment signals responsible for
extinguishing thefipseudemalignand phenotype of GC B cells, thereby driving the

cancerous transformation of B cells.

In this chapter, we will showComparing to EZH?T, the EZHZ%*' mutation
decreased the in situ CDADD40L affinity by ~50%. Treatment of B cells with an EZH2
inhibitor did not affect the CD4@DA4O0L affinity measured on B cells carrying E42
but doubled the CDA@D40L affinity measured on B cells carrying E2{%%, thereby
eliminating the affinity difference seen in the absence of EZH2 inhibitor. Treatments of B
cells with Cdc42 inhibitor (to affect actin dynamics) and TR&FOP (to specifically
affect e of CD40 signaling components, TRAF6) decreased COB@OL 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 conparison, the force elicited CDAGD40L catch bonds at forces <15 pN that were
not affected by the EZH?*' 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 efeated 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. RNAseq data (published by Beguelin et al.) indicates a potential force
transduction loop with these participating components, pointing out impaodiniof
integrin as a potential binding participant in CB@D40L interaction, which possibly
explains how EZH2 mutation influences CBE@D40L interaction. The B cells exerted
endogenous force through CD40, which was significantly decreased by the®ZH?2
mutation. Treatment with EZH2 inhibitor greatly decreased and increased, respectively,
endogenous force on CD40 pulled by B cells carrying E¥YHihd EZH2%4, respectively,
thereby eliminating the difference in pulling force seen in the absence of EZH2 inhibitor.
Mechanical force on CD40 increased phosphorylation of p38 and ERMid2such
increase has been attenuated with EZH2 muésiathave also shownahEZH2'%4 mutant
influences themechanicakupportedspreading on CD40L presenting surfatieerely
influencingthe signaling of CD40. Sudhfluencecan be even with the treatment of EZH2
inhibitor. At last, we utilized the SynNotch platform developed in the previous chapter to

comparemechanical pulling behavior detween EZH?™ and EZH2%* mutant cells
5.2 Results
5.2.1 2D kinetic analysis using adhesion frequency assay

By collaborating with Dr. HyusKyu Choi, we measured the binding 6D40 on
OCI-Ly7 with CD40L coated beadssing mechanicabased adhesion frequency assay
Although such interactionasbeen studiedsing soluble protein in fluid phase (3D binding)
[205], it did not recapitulate thia-situinteraction between CD40 and CD40la do this,

we first culture OCILy7 B cell expressing WT EZH2 and mutant EZidzhormal culture
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medium orTzemetostat (EZH2 inhibitor, Selleckchemdntaining medium following
manufactoryguideline.We then performed the adhesion frequency assagffiective 2D
kinetics [206] using biomembrane force probe (BFP)41, 207. BFP employs a
micropipetteaspirated human red blood cell (RBC) walCD40L-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 (= # of binding events divided by # of contacts)
was measured by repeated contact cycles for each bead pair, obtéé=ing ° SEM as

a function ofcontact time ¢ ) using 45 probetarget pairs ped value. To examine the
kinetics of the interaction and directly compare among different CD40L constructs, we
converted the contact tirdependend values to the average number of bonds per
contact&8CO 1 Tp 0 , based on the Poissdistribution of bond$20€], normalized
them by the densities of both CDE0 ) and CD40L(& ), and plotted the resulting
normalized bond numbe@(@4 a ) vsO for soluble CD4Q-coated(Fig 5.1A)

or anttCD40 antibodycoated (Fig 5.B) bead and CD40-expressing OGLy7 B cells

We then fitted such data by a Kinetic model, [206]
EPAcpabepaoLOlas o QRA%  to obtain the effective 2D affinitie® (U 4; }of
indicated conditiondRemarkably, we noticed 50%¢duced 2affinities of CD40 binding

to CD40L for OCHiLy7 carrying EZH2 mutant comparted to WT EZKRg 5.1A). Such
decrease can be rescued by the treatment of tazemetabttiie differencen effective

2D affinity between these two groups get evened. Interestitigd\2D affinities of CD40
binding to antiCD40 antibody shows similar level between mutant EZH2 and WT EZH2

(Fig 5.1B)
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Figure5.1: 2D kinetic analysis using adhesion frequency assay.

(A andB) Plots of Mean + SEM of average number of bonds per comra}inormalized

by site densities of CD40 @nand CD40L (n) vs contact timetnd (= -In(1-Ps)) was
converted from the adhesion frequency €# binding events divided by total # of
contacts) directly measured with the indicated conditions. Beads are coated with CD40L

(A) or anttCD40 antibody B) usingBFP.

5.2.2 Force spectroscopy reveals distinct forcéfetime responses of CD44CD40L

and CD40-anti-CD40 Ab pairs.

After the measurement of effective 2D affinitissown 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 €IDUDL bonds

under the influence of EZH2 mutaiiio address this question, we u&#eP to load single
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CD40-CD40L or CD40ant-CD40 Antibody bonds with precisely controlled forces and
measured the bond lifetimes under a range of constant {&iges.2) We noticed CD40L
formed a catcislip bond with CD40where lifetime increases with increasing force up to
~15 pN (optimal force) and then decreases with further increase in force ZRjg Bhe
bond patterns are very similar across all the conditiblasvever, aniCD40 antibody
formed slip bond with CD40, where lifetime decreases with increasing (eige.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 a@iD40Ab-CD40

2D affinity remains the same compared to WT EZB2tch bonds have been observed in
several immunoreceptarsThe prolonged engagement time astabilize interacting
molecular complexes allows sufficient time for downstream biological processes to
proceed as need, resulting in more protein docking and conformational changes, more
enzymatic modifications, formation of more molecular assembéias Gignalosomes,

biomolecular condensates, focal adhesions, etc.), etc.
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Figure5.2: Force spectroscopy reveals distinct felietime responses of CD40D40L

and CD40ant-CD40 Ab pairs.

(A and B) Mean + SEM of bond lifetime vs force plots (n > 35 lifetime measurements per
force bin) of OCILy7 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 ordBCR P03
and manuscript from our lab have fau@D40 experiences B cajenerated forces upon
engagement with surfadgeund CD40L in the range where the catch bond is observed
[138. We therefore asked wheth@rcell-generated forces on CD40 will be influenced by
mutant in EZH2 To answer this question, we employed the previous described MTP
techniqugFig 5.3) A CD40L or antiCD40 antibody conjugated MTP with force threshold
of 4.7pNwas assembled on a gold nanopatrticle passivated surfaceLy¥Giells with
indicated conditiongpreparedn the same waws described beforayere seeded on the
surfaceto test their tension signal, generated from endogenous pulling separates the
guencher (BHQ2) from the fluorophore (Cy3)d emits fluorescent signal to report a
force of kel > F12 0n the bondWe noticed a decrease in endogenous pudimgntiCD40
antibody conjugated MT&f OCI-Ly7 cellscarryingmutant 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 t@nt-CD40 antibody conjugated MTP surface, while the overall tension signal
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is lower compared to antibody group. This mightexplained by the antibody has higher
affinity when binding to CD40, compared to CD40hterestingly we noticed the effect
of tazemetostat on WT EZH2 and mutant EZ&t2 different. Compared to conditions
without tazemetostat treatment, GIGI7 with WT EZH2decreases its endogenous pulling;
while OCHLy7 with mutant EZH2 increases its endogenous pulling. Such differettoe in
tazemetostat treatment outcomes suggissole of mutant EZH2 is to inhibit Bell

generated forcthrough CD40

A Tazemetostat B 10 p0he
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Figure5.3: EZH2 mutant impairs B cell exerting endogenous force through CD40 and can

be rescued by EZH2 inhibitor.

(A) Representative RICM and Cy3b fluorescence images oflQTLkells with indicated
conditions 30 min after landing on glass surface functionalized withC&aM0 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 foryalue using onevay ANOVA test.

5.2.4 CD40signalling components and RheGTPase inhibitors influence B cell

exerting endogenous force upon CD40

We next investigate how a downstrea@nzyme in CD40 signaling pathway
influencesits interaction with CD40L.Engagement of CD40 by CD40L promotes the
clustering of CD40and induces the recruitment of adapter proteins known FNFR
associated factors (TRAFS) to the cytoplasohienainof CD40 R09. TRAF proteins
initiate various signaling cascades, including the canonical anecr@om o ni c a | NF o
pat hways, MAPKs, pd&hwayKAdditianallg, recentdéindiRgls sliggest the
possibility of TRAFindependent signaling mechanisms, such as the direct interaction
between Jak3 and the cytoplasmic domain of CD40. This interaction leads to the
phosphorylation of STAT5Given that, we chos@hibitor targeting TARFdependent
pathway (TRAFSTOP) and TRAHndependent pathway, JAK3 inhibitoFdfactinib) to
investigatehow EZH2 influencé cellendogenous foraexerting on CD40Kig 5.4).Same
amount of DMSO with no drug was used asnmafiee groupWe noticed thaTlRAF-STOP
significantly reducedspreading area arehdogenous pulling, whil€ofacitinib does not
show reduction. This result indicates the inhibitory effect of EZhlzanton CD40
endogenougpulling is through the TRAKlependent pathwayrhe GTPase cdc4®as
identified as critical to initiating the rise of receptigand forces.Myosin light chain
kinase and Arp2/3 were found to be important in maintaining-ligdhd forces, and their

inhibition caused drastic cell retractiamd ringshaped condensation of tension signals
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We next utilize a Ccd4thhibitor (ML141), to chemically inhibitcdc42 and compared it
with the value in the DMSO control to map the B cell tension gener&tiban the Cdc42|
was used, there were marked reductions in CD40 tersid spreadingindicating the

correlation between CD40 tension and its ligand discrimination
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Figure 5.4: CD40 signaling components and RBdPase inhibitors influence B cell

exerting endogenous force upon CD40.

Quantification of Spreading AreA) and tension signal relative to B$B) with indicated
conditions (n=58, 55, 60, 43, 57, 56, 57 angl. B¥umerical number stands forvalue

using oneway ANOVA

5.2.5 EZH2 mutant influence B cell spreading with mechanical support

Given our finding that B cells generated forces on GB@RIOL bonds,and it will

be influenced by EZH2 mutant, we asked whether such influeasts in CD46mediated
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B cell signaling and function. To address this questiancapped the magnitude of force

that a B cell could exert on any single CB@D40L bond and assessed the ability of B
cells to spread and sign&Ve utilized a technique called tension gauge tether (T&@)

5.5A). TGT and MTP both utilize the characteristic of doufilanded DNA
oligonucleotides to separate when subjected to a force exceeding a specific threshold.
However, MTP consists of a singdéranded 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
singlestranded DNA binds with the unfolded MTP, effectively maintaining itam
unfolded state. In contrast, TGT employs dotditanded DNA with open ends that, when

exposed to forces above the threshold, will break apart irreversibly, as depleig8. BA.

Given the measured bond lifetime vs foorgves(Fig 5.1 andFig 5.2), we chose
two TGT designs that detach at threshold forces of 12 and 58gssd on their unzipping
and shearing rupture modes, respectivétig (5.5A). We seeded Ramos cella, B
lymphocytecell line, on antiCD40 antibody Fig 5.5B and C) or CD40LKjg 5.5 D and
E) conjugated TGT surfacé/hen Ramos cells were placed on®6 TGT surfacewhich
allows up to 56 pndogenous 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 redwsdl there is no significant
difference among all conditionBoth anttCD40 antibody Fig 5.5B and C) and CD40L
(Fig 5.5D and E) conjugated TGT surfagtgow similar pattern, while antibody group has

a higher overa spreading compared t€D40L group. This might be explained that
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antibody has higher affinity compared to ligand when binding to CDHdi8.data indicates

the force is important for B cell spreading through CDA@hest spreading in EZH2
mutant iscounterintuitive 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 engagemeoim CD40L presenting surface with larger

spreading area.
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Figure5.5: 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 openended dsDNAwvith one strand linked to a PE€ated glass surfacéa azide

DBCO conjugation and the other strand tagged to a CD40L mole@l8A-biotin

coupling. If endogenous forces exerted on COZID40L bonds exceed the designed
threshold, the dsDNAs dissociate, limiting the amount of forces that the B cell can
experience through CD40 even i f CD40E r emai
not only on the length and %GC of the DNA sequence but also on the mode of dissociation.
Using the two strands from tharee end to link the dsDNA to the surface and CD40L
forces dissociation to foll cQy =d2 pNUuleftzi ppi n
whereas lining the surface and CD40L via different ends of the dsDNA necessitates

di ssociation to foll owOa=569N &ight).i(Bagd Dmo d e 0,
Representative RICM images of QY7 cell with indicated conditions spreading on TGT

of 56 pN (Top row) and 12pN (Bottom row). TGT are conjugated with@p#d0 antibody

(B) or CD40L D). (Cand B Mean with individual data points (n=4, N=-60) of area of

OCI-Oy7 spreading on TGT surfaces functionalized with-@D40 antibody C) or

CDA40L ).

5.2.6 EZH2 mutant influences CD40signalling and can be rescued by EZH2

inhibitor

Cell spreading has an active component involving signati@212. Based on
the findingof EZH2 influence CD40 interactionith CD40L through TRAFdependent,
we chose to measure phosphorylation of p38 and Erkl1/2, two kinases known to be

important parts of CD4fhdcued signaling pathwag13, 214216. 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 ErkEig 5.6). For Ramos carrying WT EZH2,

the phosphorylationof both molecules showed biphasictime coursethat peaked at
~20min, with levels at most timepoints highdren Ramos cells were allowed to exert up

to 56 pN forces on CD4CD40L bonds than when forces were capped to <1Fi\No(6A

and C, blue vs red). However, mutant EZH2 carry®agnos cells represented a different
pattern compared to WT EZHZhey in general maintains at a higher level compared to
WT EZH2 for both moleculesvhich supports the hypothesis we made earlierB&#at2
mutant carrying Ran® have a higher basal signaling activiapd it promotes its
engagement on CD40L presenting surface with larger spreading Mungant EZH2
carrying Ramoshowed a capped high levdbr both moleculesvhen they were allowed

to exert up to 56pN. Interestingligvel for bothmoleculeswhen mutant EZH2 carrying
Ramos were capped to apply <12pN forcestinues to increase over time. This might be
explained by thalecreased endogenous pulling through CD40 in EZH2 mutant B cells
leading to the increase of inéetion time between the lower force capped TGT probe, thus
the signaling continues to increase over tink@g(5.6A and C). After the treatment of
tazemetostaEEZH2 mutant carrying B cells begin to show similar pattern as WT EZH2 B
cellsfor both moleculesfig 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 caudmsdthe difference in force dynamics between

these two molecules under CDgignalingpathway.
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Figure5.6: EZH2 mutant influences CD40 signalimgth mechanical suppo#nd 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 Erky2(C) level in Ramos with indicated conditions stimulated by CD#gt relative

to the stimuli using BSAt various time points normal culture mediun{B and D Mean

+ SD with individual data points (N = 3 with n > 10,000 cells) of @@Bar Erki2(D) level

in Ramos with indicated conditions stimulated by CD4®t relative to the stimuli using
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BSA at various time points Tazemetostat containing mediuRumerical number stands

for p-value using onevay 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 mutantihcell spreading and signaling when
limiting endogenous forcewje begin to ask whether applying external force to CD40
would enhance B cell signaling and function, and if so, how EZH2 will influence this
processTo answer this question, by collaborating with Dr. Hy(yu Choi, we
developed a parallel magnetic force activation (PMFA) adsigy5(7A), modified from a
published systemlpg. Our assay, which is designed for muliell plates, utilizes a
specially designed 3rinted lid. This lid can accomodate 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 2N per bead and a maximum force of approximately 25 pN in the
center of the wellTo ensure the cells bound to beads remain in the center of the wells,
where the magnetic force is concentrated, we placecha Sliameter 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 stimuld&®adhos cells with
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indicated conditiong parallel in the presence or absence of exogenous force ori CD40
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 noticethe external force input ampkfk the signal for both p38 and
Erk1l/2comparedo force free conditionSuch amplification was impaired by EZH2
mutant(Fig 5.7B and C). When treated with tazemeto3ar, EZH2 carrying Ramos

cells repesented slight increase tbie amplification of p38 signalindrig 5.7B), while

the amplification of Erk1/2 signaling remains the same. On the other hand, tazemetostat
treatment rescuetthe effect caused by EZH2 mutant in signaling amplification for both
molecules Takentogether these findings demonstrate how force on CIAMOL bonds

can enhance CD40 signaling and how EZH2 mutant impair the-ifadloeedsignaling

enhancement
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Figure5.7: 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. Quantification of p38 (B) and Erk (C) with

indicated conditions and difference between group with force input and without force input
(black triangle). Leftyax i s st ands for Mean N SEM with i
n > 10,000 cells) of folthange of p38 or Eik relative to that of soluble CD40L stimuli.

Right y-axis stands for the difference of p38 or fzlevel between presence and absence

of force group.

5.2.8 EZH2 mutant impacts in CD40-induced translocation of p50 and p52

Recent studies have shoWMifr-a Bamily members p50 and p5@ be essential for

mediating LTa R signals in the development and organization of secondary lymphoid

tissues, such as lymph nodd7]. p50 is a product of the processing of p105, which is a
precursor of NFe B 1 . I n the cl as8 calgnald i o@npmrit davlayl
heterodimer with the Rel proteins, such as RelA (p65), and this dimer is held inactive in

the cytoplasm by animhb i t or , | 8 B. Upon activatiaon of
series of enzymatic events |l ead to the pho
This degradation allows the p50/RelA heterodimer to translocate into the nucleus where it

can initiate the transcription of genes involved in immune responsésuceébal, and
proliferation. In Bcell lymphoma, the p50/RelA dimer may contribute to the aberrant
survival and proliferation of B cells by activating genes that promote these propésses.

is generated from the proteolytic processing of the precursteip p100, a process that

is part of the nortanonical or alternatve N6 B pat hway. This pathw
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activated by certain members of the tumor necrosis factor receptor (TNFR) superfamily,
including CD40. The activation of this pathway involves theaNBinducing kinase (NIK)

and leads to the partial degradation of p100 to p52. The p52 protein can timen for
heterodimer with RelB, and this complésanslocateto the nucleus to regulate gene
expression. In B cells, the p52/RetBmplex is involved in controlling the expression of

genes important for B cell development, maturateordthe immune response.

Since EZH2mutant shows impact on B cell CD40 binding to CD40L sigdaling
pathway, we hypothesized it also impact CBd@uced p50 and p52 pathwéyig 5.8A).
To test this hypothesigye utilizedimagingflow cytometry tocomparehe localization of
p50 or p52 following CD40L stimulatiometween Ramos carrying WT EZH2 and mutant
EZH2. We chose three timepoints to refleciuenceof EZH2 mutantin early (30min),
middle (6h) and late (24h) time phagesimilarity score is used to quantify the overlap
between the p50 or p52 (BV421) and the nucleu&8AD) staining.The higher similarity
score, the better translocatioie noticedEZH2 mutant represemtower p50 nucleus
translocation in all the time pointyith the greatest differencen the middle time point
comparedo WT EZH2(Fig 5.8C).Similar to phosphoryldabn of p38 and Erk1l/2ZH2
mutant carrying Ramos celtepresent higher basal level of p50 and p52 translocation,
which again confirms our hypothegigig 5.7D). Treatment of tazemetostat even the
differencein the middle time phase of p%tanslocationFig 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 significadifference of p52 translocatidoetween
WT and mutant EZH2 carrying Ramos cedtsall time points(Fig 5.8F) This indicates

the effect of EZH2 mutant is throughnonicalNFe B si gnalyi ng pat hwa
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(A) Brief summary of B cell signaling downstream of CD40 (B) Representative bright
field (1% column) and fluorescence (4™ columns) images of image flow cytometer
measuring p50 (first two rows) and p52 (last two rows) translocation into nucleus upon
CDA40L stimulation. Nucleus and transcriptional factor EB (p50 or p52) are stained by 7
AAD (2" column) and BV421 (3column), respectively. The pink color in the merged
image (4 column), resulting from overlapping of the red and Hluerescencgereveals

the translocation of p50/p52 into the nucleus, as quantified by the similarity scores
(numbers in the merged images). (C andéfj two columnsMean + SD with individual

data points (n > 10,000 cells) of similarity score with nuclear p50 (C) and p52 (F Right 6
columns:Relative p5QC) or p52(F) similarity scorenormalized by BSA. Different colors
indicate different conditions (blue: EZM2, red: EZHZ%4'%). Two-sided ttest was used

to assess statistical significance in differences amongtemmsi{ns > 0.05, 0.01x< 0.05)

(D andG) 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): ibE&H2"T, red:
EZH2Y6412F Bottom panel (w inhibitor): cyanEZH2VT, magenta: EZH?**2F, Numerical

number stands for theyalue using ongvay ANOVA

5.2.9 EZH2 influencesB cell mechanesensingbehaviour probed by cellbased

force sensor and can be rescued by inhibitor

We next utilized the previous developed d®ked mechanrsensor, ahCD40SynN,
to probe thenechanesensing behavior of Bells andnvestigate how EZH2 influence its

mechanesensing behaviokVe chose to express SynNotch construct in jurkat cell line. By
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mixing the jurkat cells witfOCI-Ly7 cells, wemimic the FB cell interaction in lymph
node It has been reported that EZH2 mutation trans$oBtell to be Icell independent
and eventually developed in to B cell lymphon38][ Here, we mixed Ly7 cells with
indicated conditions with ahCD40SynN at various time p@tig 5.9A). At the end point,
cells areharvestedand their GFP expressidevel is measured using flow cytometile
then made a tim&psed activation profile of these conditiofr$y(5.9B-C). Compared to
WT EZH2 carrying OCLy7, mutant EZH2 carrying OGLly7 showed decreased
capability to activate SynNotch cels all time pointsThe difference reaches the peak at
10h postcoculture. After the treatment of tazemetasthe difference between mutant
EZH2 and WT EZH2 get eveneithis confirms the finding that EZH2 mutant carrying B

cell becomes T celhdependentomparedo WT EZH2.
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Figure5.9: EZH2 influencesB cell mechaneensing behavior probed by cblsed force

(A) Schematic of experimental system and procedure-#@D40 SynNotch expressing
Jurkat are cocultured with CD40 expressing B cell line in different wells of a-meilti

plate at various time points. Cells are harvested and their GFP expressiordenelcded

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 floreseactivated (GFP)



SynNotch cells at various time point. Difference color Q€T with indicated conditions.

(C) Mean = SD with individual data points (Mwith n>10,000 cells) of GFP MFI in B

5.2.10 EZH2 mutant causes abnormality in BCR mechaneensing

After showing the EZH2 mutant impact in CD40 mecharansing angignaling
pathway, wenext investigate another important plgyBr cell receptor (BCR). Recent
studies have shown thexistenceof mechanical force exerted on BCR when B cell
engaging the targeGiven EZH2 mutant influences CD40 mechamsing, it will be
interesting to investigate whether it influences BCR mecisamging Here we utilized
MTP with different force thresholtb investigate B cell lymphoma pulling through BCR
(Fig5.10). Interestingly, we did not see significant difference in spreadingeaveeenN'T
and mutant EZH2 B celpotentially indicates the BCR signaling pathway is not influenced
by the EZH2 mutantRig 5.10B). However, we noticed the EZH2 mutant B cell represent
a changedorce pulling pattern compared to the WT EZH2, with it in general shows

stronger endogenous pulling through B&#Ry(5.10C and5.1MD).
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Figure5.10: EZH2 mutant causes abnormality in BCR mechs@asing.

(A) Representative reflection interference contrast microscopy (RICM) and Cy3b
fluorescence images of Ramos cells with E¥Hand EZHZ%41F 20 min after landing on

glass surface functionalized with indicated MTPs. Locker strand complimentary to the
hairpin was added before recording the Cy3b signaC)YBuantification of cell spreading

(B) and tension signal (C) for conditions in A. (n=58, 51, 56, 58 and 53). (D) Mean +
SEM of relative tension signals obtained from placing Q¢4 B cells with indica¢d
conditions on the CD40L MTP surfaces. The relative tensions are normalized by the >4.7
pN tension MTP surface with WT EZH2 OCY7 (n = 51-58 cells).Numerical number

stands for thejvalue using onevay ANOVA.
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We further tested ihe change iendogenous pulling on BCR can be restored with
EZH2 inhibitor Fig 5.11). We noticedthe spreading aredetween WT and mutant EZH2
are different (not statistically different but with smaliyalue) same after treated with
EZH2 inhibitor. In terms of tensionnterestingly 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 mutahhis observation is in line with the previous study

of EZH2, while ittransformsB cell into Tfhindependent but FD@ependent.
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Figure5.11: EZH2 mutant amplifies the endogenous pulling through Cldd can be

restorecoy EZH2 inhibitor

(A) RICM and Cy3b fluorescence images of Ramos cells with indicated conditions 20 min
after landing on glasssurfateu nct i onal i zed wi t B)FdddcgaNgec onj u
of Cy3b MFI relative to the BSA of indicated conditions in (E). (n=58, 55, 60 and 61)

Numerical number stands for thevplue using onevay ANOVA.

5.3 Discussion

Our study embarked on an exploration of the impact of EZ¥2mutant on B-
cell lymphoma mechansensing 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 effectivéfi@byaf
CD40-CD40L binding in OCILy7 cells harboring the EZH2 mutation comparedNd®
EZH2. Notably, this diminished affinity was restorablaNa levels upon treatment with
the EZR inhibitor, tazemetostatlsing theBFP, we observed that CD40L forms a catch
slip bond with CD40, with bond lifetimes increasing under forces up to approximately 15
pN and then decreasinghe bond behavior remained consisteetweenWT EZH2 and
mutant EZH2, evemfter the treatment of tazemetost&urthermore, our investigations
usingMTP 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 betwedfl 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
mechanesensing operates via the TRAEpendent pathwalganonicaNFa B p a4t hway
asevidenced 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 CD4CD40L 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 Erkl1/2, which were
sustained at higher levels in mutant cells compar&dTpunder both forceestricted and

force-permitted conditions.

Moreover, our research delved into the ¢
and p52 and their translocation in response to CD40 signaling. We discovered that the
translocation of p50, particularly during the mpidase 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 canonicatNB s i gnal iLasty, by at hway
utilizing a novel cellbased mechanrgensor, we demonstrated that B cells with the EZH2
mutation exhibited diminished activation of SynNotch cells, indicating a compromised
mechanesensing capability. This effect was mitigated upon tazemetostat treatment, thus
affirming the mutant cells' altered dependency #oell 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 Gvashange after the treatment of

tazemetostatHig 5.12). This indicates the impact &ZH2 mutant on CD40 biophysical

properties and signaling is not through the change in GB¢g@ession buthanges the

mechanesensing property of CD40 itself in B cells.
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Figureb.12: CD40 expression leveemains constant between WT and mutant EZH2 group,

even after the treatment of tazemetostat.
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Based orthe findings in this chapter, we proposed a model to potentially interpret
how EZH2 impact B cell ymphoma developmeiy5.13) Germinal center (GC) B cells
undergoes selection by interacting with Tfh cells, which is cdiléd barrien. With the
mutant in EZH2, it impairs CD40 mechagsensing byinterruptingits TRAFR-dependent
signaling pathwayWith the impaired CD40 mechasensing ability, B cell becomes
insensitive to the€CD40 signaling by representing mattenuatedignaling intensity ad
showing astatus adiTfh-independernt It impairs p50 nucleus translocation and thus
attenuates canoniddF-a Bpathway, which is important 8C reactiorand B cell function.

It alsoincreaseghe endogenous force exerting on BCR, representing a stafiF&s
dependerit BecauseEZH2 mutant harms the CD40 mechaemsing, thus limiting its
interaction with CD40L expressing Tfh, and attens#te CD40 signaling via canonical

NF-a Boathway GC B cell evades Tth barrier aidtiate lymphoma transformation.
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Figure 5.13: Graphic model to demonstrate how EZ#utant promotes the B cell

lymphoma development

Building on these findings, future research will aim to elucidate the precise

molecular mechanisms by which EZH2 mutation affeeteB lymphoma mechano
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sensing. We will investigate the downstream signaling pathways and gene expression
profiles altered by EZH2 mutations and how mechsasing influences these processes.
Further characterization of the interplay between EZH2, TRAF proteins, and the

cytoskeeton could reveal novel therapeutic targets.

Additionally, the potential for leveraging mechasensing pathways in -Bell
lymphoma treatment presents an innovative approach. Understanding theejpecelent
aspects of Bell receptor signaling could lead to the development of therapies that
specifically disrupt aberrant mechasensing in Bcell lymphomasOur research could
pave the way for mecha#mological therapies that modulate fotlcased signaling,
offering more personalized and targeted treatments for patients vaéll BBmphoma.
Moreower, the application of advanced imaging techniques and simgliecule force
spectroscopy in liveell environments could deepen our understanding of the dynamic
mechanesensing 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 understandineceli B
lymphoma mechansensing and opens new avenues for the development of innovative

therapeutic strategies that could transform the clinical managemestedf Igmphomas.
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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 and PB1 ligand 1 (PBL1) targeting therapy have
shown significant clinical succebg modulating T cell functions for immunothergg0-
162]. The activation of PEL signaling begins when iismmunoreceptor tyrosinbased
inhibitory motif (ITIM) and immunoreceptor tyrosinbased switch moti{ITSM) are
phosphorylated, a process that occurs upon the concurrent engagemeyit anéihe T
cell receptor (TCR) with their respective ligands. This activation prompts the enlistment
and stimulation of SHESrc homology region 2 domagontaining phosphatases)zymes,
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 releasetokines[163-167]. The
recognition of antigens by T cells is contingent upon the specific binding of the TCR to the
corresponding peptidmajor histocompatibility complex (pMHC)This interaction
initiates the phosphorylation of thenmune receptor tyrosirbased activation motifs
(ITAMs) within the CD3 complex and various nearby signaling molecules, setting off the
T cell activation procegd.68]. Recent studies have pointed out the potential role e1 PD

on T-cell antigen recognitiarHere, weutilized P14 TCRtransgenic CD8T cells and the
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cognate antigenic peptide lymphocytic Choriomeningitis Virus (LCMV) gpBBound to

H2-D° MHC to investigate suchffect

We seededD8' T cells from PDCD1 P14 TCRtransgenic micee-expressing
PD-1 or vehicle on gp33:H®P (but not BSA) surfaceijg 6.1ac). These results indicated
antigen recognition machinery alonan support spreading without adhesion molecules
(such as integrins) used in most immunological synapse (IS) stu@i@sThe area of cell
expansion on PIL1 surfaces was significantly smaller, albeit still above the baseline levels
observed with BSA surfaces or T cells treated with a control vethie 6.1a c). While
both gp33:H2D" and PBL1 could independently promote cell spreading, the presence of
both ligands simultaneously resulted in a notably reduced expansion area for cells
expressing PEL, but not for those with the control vehi¢kg 6.1a c). Interestingly, even
though the combined density of ligands was equal to the sum of each ligand presented
alone, the spreading area on the dig@nd surface was considerably smaller compared to
gp33:H2DP® alone. This phenomenon was also observed in activated TB&ls from
wild-type P14 mice, which naturally express-BDfurther validating the findings-{g
6.1d-e). In contrast, cells spread more extensively on surfaces that presented both-gp33:H2
D" and Intercellular Adhesion Moleculle(ICAM-1) than on those with either ligand alone
(Fig 6.1f-g), aligning with previous studies that showed ICAMNnhances cell spreading
on anttCD3 coated surfaces and the synergistic interaction between TCR antl WRA
their ligands. These results imply that -BDhegatively impacts the antigen recognition
process driven by the interaction of the TCI8 complex with specific pMHCs, an effect

that contrasts with the facilitative role of LFAIn immune synapse formation.
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Figure6.1: PD-1 inhibits T-cell spreading on surface-poesenting pMHC and RD.

(@ Representative images by reflection interference contrast microscopy (RICM).
PDCD1’ 'P14 transgenic COST cells reexpressing PEL (left column)or vehicle (right
column) were added onto glass coverslip coated with BS£ot), gp33:H2DP (2" row),

gp33:H2DP and PBL1 (39 row), or OVA:H2KP and PBL1 (4" row). Cell spreading was

i maged by RICM 20 ml)Quaatifidatem of & $hewing recduckd i t i o |
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spreading of PEL-expressing cells on surfaces-p@senting gp33:H®® and PBL1

(n = 31, 31, (cRnantifieationl of 8showmgno thange in spreading area

of vehicleexpressing cells on surfacespesenting gp33:HP° andPBL 1 (n = 28,
68, and 27 cells)(d) Representative RICM images showing the spreading of in vitro
activated wildtype P14 transgenic CD8 cells expressing endogenous-BD 20 mi n af t
adding onto glass coverslip coated with gp33B¥2(top) or gp33:H2DP and PDBL1

(bottom). (e) Quantification of d showing reduced spreading of endogenoud-PD
expressing cells on surfacesp@senting gp33:HP?andPBL 1 (n = 56(fand 56
Representative RICM images showing the spreading of in vitro activatedywddP14

transgenic CD8T <cel l s 20 min after adding onto ¢
gp33:H2D® gp33:H2D" and ICAM-1, or OVA:H2K" and ICAM-1 (indicated).(g)
Quantification of f showing larger spreading area on surfacgsasenting gp33:HDP

and ICAM-1 than on gp33:HPPorICAM-1 sur faces alone (n = 62,
Data are presented by bwhisker 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 Manwhitney test by comparing each group with BSA control or

two groups as labeled.

6.1.2 PD-1 suppresses T cell spreading on pMHC surfagequires mechanical

support

Previousstudy from our lab has shown T cells exert endogenous forces-dn PD
PD-L2 bondspromotethe hypothesis that mechanical force might be critical telPD

triggering,which is missing in the soluble ligand case due to the lack of mechanical support
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afforded by surfacanchored ligand. To investigatehen removing or dampening
mechanical support on ligand@hether function of PEL will be eliminated or reduced, we
used similar experiment in 6.1kt comparing®?D-1 effect betweemechanical support
(bead coated PID) andsolubleform (tetramer)Soluble tetramer group was supplied with
samenumberof beads coated with BSA as bead treatment gi@epults have shown the
PD-1 inhibitory effect, both engaging with PIDL and PBL2, requires mechanical support
(Fig 6.2B, left five columns)Next, we investigate whether such inhibitory effect holds in
tumor microenvironmentTo mimic the complex tumanicroenvironmentwe repeat the
experiment andupply cells with tumor outgrowth mediurResults indicate in tumor
microenvironment, inhibitory effect of RD also requires mechanical suppaiig(6.2B,
right five columns). Interestingly when compared@poeading in normal imaging medium,
tumor groups represent an overall decrease in cell spreadiich potentially indicating

the inhibitory effect from tumor microenvironment itself.
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Figure6.2: PD-1 inhibits T-cell spreading on surfacequire mechanical support.

(A) Representative images by reflection interference contrast microscopy (RICM).
Activated OF1 CD8" T with normal imaging mediunfleft column) orwith tumor
outgrowthmedium(right column) were added onto glass coverslip coated with BSA (1
row), WT OVA pMHC (297 5" row). Cells were pretreated with 30 mimsubation with

bead coated PID1/2 (2'9, 4" row) orsoluble tetramer form PD1/2 (39, 5" row) before
imaging Tetramer group was supplied with same amount of bead coated withC@8A

spreading was imaged by R(@BCQaniCatiombdfcell af t er
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spreadingn A ( n59752, 60, 57, 55, 51, 687, 60 and 59 Numerical number stands for

p-value using onevay ANOVA.

6.1.3 Molecular Tension probes reveal active cellular forces applied to RD-PD-

ligand bonds

We next used MTRagged PEL1 or PDL2 to directly measure forces applied to
single PD1i PD-ligand bonds byctivated OFL T cells(Fig. 3.1). Reflection interference
contrast microscopy (RICM) show thedtivated OF1 T cellsspread similarly on 4.7 and
12 pN MTPs conjugated with both ADgands, bufTotal internal reflection fluorescence
(TIRF) imaging reved significantly higher Cy3B signals from the 4.7 than the 12 pN
MTPs, yet both cell spreading and tension were nearly eliminated by dfCahtblocking
antibody Fig 6.3B-C). These results indicate thattivated OTL T cellsspreading and
pulling are mediated by specific PDPD-Ligand interaction. While the spreading areas
are similar for PBL1 vs PBL2 or MTPs with 4.7 pN vs 12 pN threshold forcEggy(6.3B-
C), the tension signals were stronger for-EDthan PBL1 with 4.7 pNMTP but the
difference vanished as the tension signals for botFLigBnds decreased significantly
when the MTPO6s force t hFig63A8C). dhessdataedtendc r e a s
previous results that activated QTT cells pull on PEL engaged P2 or anttPD-1
antibody detected using a locking strand enhanced MTP to accumulative the weak tension
signalg155. The endogenous forces exerted onPay resultfromPEL 6 s i nt r acel |
coupling to cytoskeleton, as ligadund PD1 forms microclustes and moves
centripetally on T cell membran&67, 170 The finding that PEL forces are observed in

activated OTL T cellsin addition to T cells suggests that such forces may be intrinsic to
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OT-1cellsirrespectiveof PR 6 s i nhi bi

tory function.

1i PD-Ligand bonds can sustain forces between 4.7 pN and 12 pN and tiaPPB.2

bonds are more mechanically stable thanIPPD-L1 bonds since their affinities are

similar [171-172].
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Figure 6.3: DNA-based MTPs reveal active cellular forces applied telPED-Ligand
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(A) Representative reflection interference contrast microscopy (RICM) and Cy3b
fluorescence images BD-1 expressing activated GI'cells30 min after landing on glass
surface functionalized with MTPs of indicated conditions. ForlPlockade, cells were
preincubated with PEL blocking antibody clone 29F.1A12 before imaging-Q)
Quantification of cell spreading are)(and tension signald) for conditions inA. (n =

58, 57, 57, 59, 60 and 58Jumbers on graphs represent p values calculated from two
tailed student-test comparing two groups as indicated or each group to corresponding PD

1 blockade controNumerical number stands foryalue using onevay ANOVA.

6.1.4 PD-1 mutants preventing forceinduced atomic contacts impairs PB1-PD-L2

mechanical stability

The structuresof PD-1i PD-Ligand complexes in both humans and mice reveals a
|l ater al i nt e-shaetstfronotwo irbneubogl@delin dofmains, resembling the
arrangement seen in the var i-clbréceptod GR)I n s
or the heavy anddht chains in antibodig4 73-175]. Within this configuration, PEL 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 straighteningntiies We
applied free molecular dynamics (FMD) and steered molecular dynamics (SMD) to
stimulate the dynamic responses of-PIPD-L2 structure (PDB: 3BP5)ithout force or
with force applied to the @rmini of the two molecules, respectivelye noticed that
some of the force enhanced atomic contacts were not located in the binding pocket or
disrupt forcefree PD1iPD-L2 binding when mutated, such as Leul28, Lys131 and

Alal32 located in the FG loop of PD allowing us to hypothesize that one of theileso
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is to stabilize PBELI PD-L2 bond under forcécollaborating with Dr. Kaitao Li an@®r.

Paul Cardenakizana)

We then madsingle and doubleresidue PBL mutations K131A, L128AK131A
and Al32Kand expressed these mutants on Jurkat eelsmilar levels.To directly
visualize the effect of these mutations on-BIPD-L2 bonds under active cellular forces,
we analyzed the cell spreading and tension using.ZBoupled MTP of 4.7 pN threshold
force Bothcell spreading and tension signanereduced inJurkatcells expressing these
mutants with the level of impairment ranking as K131A < L128A/K131A < A132i (
6.4Ai C). Since he 2D affinity of the mutants are similar to that of \(ffleasured by Dr.
Kaitao Li), such reductions in spreading and tension indicate that the reduced stability of
bonds between PD2 and PD1 mutants has decreased the numbers of opened MTPs or

become less able to support cell spreading.
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Figure6.4: PD-1 mutants preventing foréaduced atomic contacts impairs AEPD-L2

mechanical stability.

(A) Representative RICM and Cy3b fluorescence imagdsigtcells expressing P
WT or indicated mutants 30 min after landing on glass surface functionalized witR-PD
coupled MTP of 4.7 pN threshold forc®&-C) Quantification of cell spreading are)(
and tension signald) for conditions inA. (n =59, 58, 59, and59). Numbers on graphs

represent p values calculated from {taded student-test.

10¢




























































