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CHAPTER 1

INTRODUCTION

*Sections 1.2-1.4 in this chapter are adapted from Yinnian Feng, Ellis L. Reinherz, and

Matthew J. Lang, “a/3 TCR mechanosensing forces out serial engagement” under review.

1.1 Overview

The term immunity can be traced back to the Latin word immunitas, which originally
comes from the Roman Senators with the authority of exempting people of Rome from mil-
itary service, tax payments or other public services and lawsuit [1]. Nowadays, the mean-
ing of immunity has been evolved to indicate the protection ability of cellular organisms
to defense disease while having/building adequate tolerance and resistance to allergy and
autoimmune diseases. The immune response, comprised of innate and adaptive immunity,
is the reaction we make against infection by potential pathogens as well as dysfunctional
cells such as cancer [2]. Innate immunity, as the first line to defense the invaders, responds
nonspecifically to the antigen immediately or within hours after its appearance in the body
[3]. The second line, termed as adaptive immunity, is a specific immune response towards
the pathogens by the cooperation of abundant lymphocytes [4]. The adaptive immunity
distinguishes itself from innate immunity with the properties of higher specificity and im-
munological memory [2]. The antigen must be digested at first, and then the heterogeneous
fragment can be presented by the antigen presenting cells (APCs). Once an antigen has
been recognized as an “enemy”, the ammunition of adaptive immunity will be expanded
by creating an army of immune cells that specifically aims and attacks that antigen. Adap-
tive immunity also includes a “memory” that responds more rapidly and effectively to a
pathogen that has been encountered previously, granting long-lasting protection to reinfec-

tion with the same pathogen. Thus, it is more sophisticated than the innate immunity. With



these advantages, adaptive immune response has been focused on for most of the immu-
nologists, trying to understand the mechanism in order to design personalized medicines,

especially for the cancer therapy [5].

1.2 Adaptive immunity and a3 T-cell recognition

The adaptive immune response is executed by two key lymphocytes known as B cells
and T cells [6]. The former performs their tasks in antibody responses while the latter
functions in cell mediated immune response. B Cells are the major cells to secret antibodies
that circulate in blood stream and lymph, where they interact specifically to the pathogen
to deactivate it or mark it for clearance or destruction [7]. Cell-mediated immunity is
comprised of the activation of various immune cells such as macrophages, natural killer
cells (NK), helper T-lymphocytes (CD4 T cells), antigen-specific cytotoxic T-lymphocytes
(CD8 T cells), and the release of various cytokines in response to an antigen [8].

T-cell recognition of antigen forms the basis of adaptive immunity. Heterogeneous pep-
tide information of the antigen needs to be presented on the surface of the APC and cradled
by a cell surface glycoprotein termed as MHC (major histocompatibility complex). In-
vaders information is submitted to T cells by cell-cell attachment [9]. There are generally
two subtypes of T cells involved into the T-cell recognition based on the types of corecep-
tors on their surface. T cell is termed as CD4 T cell or helper T cell with the expression
of CD4 coreceptor on its surface whereas expression of CD8 coreceptor is the hallmark of
CD8 T cell or cytotoxic T cell. CD4 and CD8 have the primary function of cooperating
with the T cell receptor (TCR) for recognition of antigen-bound MHC. There are also two
types of MHC molecules [10]. MHC class I are expressed on the surfaces of all nucleated
cells, and class II, which are expressed exclusively on the surfaces of professional APCs
such as macrophages, B cells and dendritic cells, presenting foreign antigens to CD4 T
cells. The recognition of antigen-MHC II complex forms a TCR-MHC II-CD4 trimer that

allows the activation and proliferation of antigen specific CD4 T cells and release of certain



cytokines. TCR on the CD4 T cells then interacts with the antigen-MHC II complex on B
cells inducing the proliferation and differentiation of B cells. B cells change into plasma
cells which secrete large quantities of antibodies targeting at the foreign agent with great
sensitivity and specificity (affinity on nM scale). Infected nucleated cells can also func-
tion as Non-professional APCs, which submit antigens originating inside the cell to CD8
T cells. CD8 T cells can then discriminate peptides presented by MHC Class I molecules
with the help of MHC I-CD8 coreceptor interaction. Compared to the antibody that deals
with extracellular pathogens, CD8 T cells play a critical role in immune defense against
intracellular pathogens such as viruses and bacteria as well as in recognition and elimi-
nation of cancer cells. When a CD8 T cell recognizes its antigen and becomes activated,
it creates major weapons to kill infected or cancer cells, including secretion of cytokines
(e.g. TNF-a and IFN-7), production and release of cytotoxic granules into target cell by
destruction of its membrane, and induction of programmed cell apoptosis inside the target
cell through Fas/FasL interactions [8].

At the heart of this recognition process is a receptor-ligand interaction between vari-
able domains on the T-cell receptor (TCR) and a peptide cradled in the groove of a major
histocompatibility molecule, pMHC (refs. [11, 12] and references therein). A majority of
T cells have a TCR composed of two glycoprotein chains called a- and - TCR chains.
There also exists a small subset of T cells that possess a distinct T cell receptor (TCR) on
their surfaces. Such TCR is made up of one y-chain and one d-chain. This dissertation is
focus on the af3 T cells and omit the af3 unless specifically mentioning.

T cells specifically recognize “foreign” peptides displayed on infected or otherwise per-
turbed cells through a process that discriminates with exquisite specificity. In so doing, T
cells can discern a single amino-acid difference between two antigens. Antigen present-
ing cells (APCs) displaying peptide even at single molecule level (~1-3 molecules) can
be recognized by T cells [13, 14]. From an equilibrium perspective and our basic un-

derstanding of receptor-ligand associations, one expects high affinity like the traditional



antigen-antibody interaction. TCR-pMHC affinities, however, as conventionally measured
are in the micromolar range. Given the absence of somatic mutation in T cells, unlike in B
cells, poor equilibrium affinity is not unexpected.

Notwithstanding, the paradox that a mere handful of foreign peptides is sufficient for
cytotoxic T-lymphocytes (CTLs) to mount a deadly response or helper T cells to activate de-
spite apparent weak affinity was thought to be explained through a concept known as serial
engagement [15]. Conceptualized 25 years ago, serial engagement (or serial triggering)
recycles a single pMHC through multiple sequential TCR binding events to collectively
stimulate a T cell over a time period (seconds to hours) [16]. One ligand with intermediate
affinity (Kp=~1-5 uM) on an APC can thus activate in series a number of TCRs on a given
T cell where the sum of integrated receptor activation collectively suffices to turn the T cell
‘ON’ [17]. A fundamental limitation of this model is that it is not based on direct visual-
ization and continuous measurement of the in situ dynamic interactions between TCRs and
pMHC:s at the live cell membrane, but instead on TCR down-regulation as a parameter of

TCR occupancy to hypothesize reutilization of pMHC over a period of hours [18].

1.3 Nonequilibrium property of a3 T-cell recognition

Physiologically, T cells undergoing immunosurveillance are highly mobile [19]. The
polarized cells exhibit directed motion with frequent stops and turns, where, from such
global motions, the underlying adhesions experience local stress and directional physical
force [20]. Cellular structures such as lamellipodia and microvilli at the leading edge will
facilitate T-cell activation [18, 21, 22] as well as the adoption of a scanning behavior that
promotes local exploration of the microenvironment to find the strongest antigenic stimu-
lation [23]. Later, T cells cluster their TCRs in the uropod, which is central to the cell and
associated with actin retrograde flow [24, 25]. Collectively, immunosurveillance-based cell
crawling, microvilli protrusion and cytoskeletal movements can generate forces ranging

from pN to nN [26, 27, 28], as shown in Fig. 1.1.
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:_ kinapse

Figure 1.1: In vivo T-cell immunosurveillance. Cartoon showing in vivo T-cell immuno-
surveillance (red arrow) against the surface an epithelium or other interacting cells. Note
that substantial mechanical forces are exerted by protrusion of microvilli (dashed red ar-
rows) at the leading edge and the retrograde flow (dashed green arrows) due to cytoskeletal
reorganization. The TCRs, initially localizing in microvilli [21, 29], will be transported by
retrograde flow to the uropod, forming a kinapse.

After activation, a structure known as an immunological synapse (IS) on stationary cell
interaction or a kinapse on motile cell interaction is formed [30]. Internal forces associated
with these structures can be directly visualized by traction force microscopy (such as defor-
mation of underlying elastic substrate or PDMS pillars) [31, 32, 33] or by signal changes
in tension gauge tethers (TGT) (such as DNA/peptide force sensors) that open under force

to emit a fluorescent signal (Fig. 1.2) [34].
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Figure 1.2: Technologies for measuring and visualizing force generation during im-
mune synapse maturation at the T cell-APC interacting surface. Traction force mi-
croscopy (Polydimethylsiloxane (PDMS) pillar and lipid bilayer) and DNA force sensor
are two typical methods. The detailed method descriptions are reviewed in [35]. Such
internal forces are mainly driven by retrograde flow through reorganization of cellular cy-
toskeleton system, as highlighted in the purple box.



Technologies for applying external force and monitoring local stiffness include atomic
force microscopy (AFM) [36], biomembrane force probe (BFP) [37, 38, 39], optomechan-
ical actuator nanoparticles (OMA Np) [40], and optical trap/tweezers (OT) among others
(Fig. 1.3) [41, 42].
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Figure 1.3: Technologies for generating external force to imitate T-cell scanning APC/-
target cell surface. External force generated at the leading edge during T-cell scanning
APCltarget cell surface can be imitated by optical trap, AFM, BFP and OMA Np methods.
All the methods are based on the spring-like features of the devices/material. With pre-
cise directional and distance control, optical traps are a superior technology for testing the
mechanosensing of TCR on the T cell surface through a pMHC coated bead.

1.4 Optical trap and fluorescence microscopy

The optical trap, also known as optical tweezer, was first demonstrated and employed
in the 1970’s and 80’s by Arthur Ashkin [43, 44, 45]. An optical trap is formed by tightly

focusing a laser beam typically to a diffraction limited, micron sized volume. Light enters



and exits this region in a steep cone forming a gradient of intensities near the focus. The
trapping strength and quality can be maximized by expanding the laser beam width to fill
the back aperture of a high numerical aperture (NA) objective before being focused to a
diffraction-limited point on the specimen. If a tiny object such as a micron sized plas-
tic bead is near the focus, it is moved by photons entering, exiting and scattering off the

object in a way that pulls it towards the center axis of the laser beam (Fig. 1.4). Optical

AX AX

Trap
center

ki

rap

F

trap=ktrapAX

ﬂ Laser in

Figure 1.4: Optical trapping. An optical trap is formed by a tightly focused laser with
a gaussian intensity closed to its diffraction limit by means of a high numerical aperature
objective. The trapping phenomenon is usually applied to a dialectic polystyrene bead on
a um size scale. Brownian motion of the trapped particle near the trap center will balance
with the restoring force by the trap. Principle of optical trapping has been well elaborated
in [46]. The optical trap has a parameter termed as trap stiffness (k;4p) that is akin to the
spring stiffness so that a trapped bead with AX distance from trap center will function as a
Hookean spring system.

traps effectively represent a light based ‘pick and place’ tool for manipulating small ob-
jects. If one moves the laser one moves the trapped object. Using position-sensing systems
akin to super-resolution methods, one can determine the center location of an object to
nanometer level precision. Typically, an optical trapping system can be interlaced with a

second laser, termed as a detection laser, to track the position of trapped object relative
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to the trap center with precise spatiotemporal resolution [46, 47, 48]. The spatial resolu-
tion is generally on the nanometer scale but can be enhanced with resolutions up to 3 A
[49, 50]. In our case, position detection is performed by an NIR (near-IR,) laser at low
power (~ 1/10 the power of the trapping laser) with a wavelength (975 nm) slightly below
the trapping laser (1064nm) to limit interference with the trap by creating a secondary trap
as well as to allow for combination with trapping laser but differentiation of the signals.
In addition to exceptional position resolution, the properties of the optical trap for small
displacements (~200 nm) are spring like or Hookean. The effective stiffness of the spring
can be controlled by changing the power of the laser. An object in the center of the trap
will exhibit fluctuations (Brownian motion) due to thermal energy of surrounding water
bath kicking the object against the center position of this optical spring. This spread in
position has a Gaussian distribution that can be linked to the stiffness of the trap. The
trapping property exists when the object has a refraction index larger than the surrounding
medium and when the size of the trapped object and wavelength of the trapping laser are
close to each other. However, the sizes of many biological species (e.g. soluble protein)
ranges from 1 nm to several tens of nm so that direct capture of interest protein becomes
less practical as the force that can be applied is limited and they are difficult to visualize
as restriction of diffraction limit. The modern super-resolution microscopies (e.g. PALM,
STORM, STED and SIM, reviewed in [51]) make the direct observation of proteins possi-
ble but still their precise mechanobiology properties are obscure. Therefore, biophysicists
use dielectric beads functionalized with certain motor protein or ligand respectively to in-
directly apply precise force to visualize the mechanobiological behavior of motor protein
or ligand associated receptor. For biological system, the laser heating is a big issue as it
may cause some serious disruption due to the absorption [52]. Here we use an 1064-nm
trapping laser as light at these wavelengths cause the least absorption in biological samples

[53, 54, 55]. The trap stiffness k4, is calibrated based on equipartition method



1 1
ShsT = Ek,m,,(Ax)2

in which AX is the distance from the center of the trapped particle to the center of the
trap, k, is Boltzmann constant and T is the experiment temperature. If one can track the
position variance of a trapped object, then the trap stiffness can be calculated without taking
the viscosity of the surrounding medium or the geometry of the object into consideration.
Measuring the displacement of the bead from the center of the trap, one multiplies this by
the spring constant of the trap k to obtain the force. Force = k;,,AX. (The trap stiffness
is measured straightforwardly and is in typically in units of pN/nm). Optical traps are
excellent for exerting forces in the range of sub-pN to ~100 pN.

When a trapped bead binds to an object, the distribution of fluctuations changes due to
the system now being effectively coupled to an additional spring. Thus one can observe the
width of the distribution to track molecular association, binding and unbinding, and even
re-binding events with optical traps (optical tweezers) based single molecule methods. As
the TCR-pMHC interaction initiates T-cell recognition that happens in a non-equilibrium
process, Chapter 2 of this dissertation will first focus on this interaction under certain load
from both single molecule and single molecule on single cell level. The manipulation abil-
ity of tweezers paired with the ability to directly visualize binding events also make this
an ideal tool for testing serial engagement mechanisms. In Chapter 3, beads that mimic
antigen presenting cells, are coated with pMHC at known molecular densities. By using
a combination of optical trapping and single cell epifluorescence imaging one can directly
visualize the external force induced early T-cell activation. Beads are then trapped and
transported to a surface bound cell where associations are actively facilitated. We sys-
tematically monitored the ability of forced induced T-cell activation with a range of beads
from high molecular densities (non-physiological) to single molecule interactions. Using
the same methodology, in Chapter 4 we are focusing on two additional molecules involved

in early T-cell activation. Locally, CD3 complex as a TCR signaling transduction com-



ponent may undergo force involved reorganization. Meanwhile during activation, CD45
molecules as an activation inhibitor will segregate away from the T-cell/APC contact area
where TCRs are accumulated. The possible biophysical mechanism of such segregation

will also be explored.
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CHAPTER 2

SINGLE-MOLECULE OPTICAL TRAPPING REVEALS THAT a3TCR IS A
MECHANOSENSOR

*This chapter is adapted from Das et al, “Force-dependent transition in the T-cell re-
ceptor 3-subunit allosterically regulates peptide discrimination and pMHC bond lifetime”
Proceedings of the National Academy of Sciences 112 (5), 1517-1522 (2014) by permis-
sion granted under the Liberalization of Proceedings of the National Academy of Sciences

(PNAS) copyright policy.

2.1  Summary

The a3 T-cell receptor (TCR) on each T lymphocyte mediates exquisite specificity for
a particular foreign peptide bound to a major histocompatibility complex molecule (pMHC)
displayed on the surface of altered cells. This recognition stimulates protection in the
mammalian host against intracellular pathogens, including viruses, and involves piconew-
ton forces that accompany pMHC ligation. Physical forces are generated by T-lymphocyte
movement during immune surveillance as well as by cytoskeletal rearrangements at the
immunological synapse following cessation of cell migration. The mechanistic explana-
tion for how TCRs distinguish between foreign and self-peptides bound to a given MHC
molecule is unclear: peptide residues themselves comprise few of the TCR contacts on
the pMHC, and pathogen-derived peptides are scant among myriad self-peptides bound to
the same MHC class arrayed on infected cells. Using optical tweezers and DNA tether
spacer technology that permit piconewton force application and nanometer scale precision,
we have determined how bioforces relate to self versus nonself discrimination. Single-
molecule analyses involving isolated cv3-heterodimers as well as complete TCR complexes

on T lymphocytes reveal that the FG loop in the 3-subunit constant domain allosterically
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controls both the variable domain modules catch bond lifetime and peptide discrimination
via force-driven conformational transition. In contrast to integrins, the TCR interrogates
its ligand via a strong force-loaded state with release through a weakened, extended state.
Our work defines a key element of TCR mechanotransduction, explaining why the FG loop

structure evolved for adaptive immunity in a3 but not ydTCRs or immunoglobulins.

2.2  Introduction

Antigen recognition by T lymphocytes is a crucial feature of adaptive immunity. This
process requires the interaction of a clone-specific T-cell receptor (TCR) via its membrane
distal variable module with a cognate peptide bound to a major histocompatibility complex
molecule (pMHC) (refs. [1, 2] and references therein). Foreign peptide antigens derived
from infectious or other cell-altering processes including oncogenic transformation are pre-
sented either on a surface of the perturbed cell directly or indirectly via cross-presentation
on antigen-presenting cells (APC). In either case, ligation of the relevant TCRa3 het-
erodimer initiates a cascade of T-cell signaling events following exposure of the immunore-
ceptor tyrosine-based activation motif (ITAM) elements in the cytoplasmic tail of the non-
covalently associated subunits (CD3e~y, CD3ed, and CD3( () composing the TCR complex
in 1:1:1:1 dimer stoichiometry. This accessibility allows the active kinase, Lck, to bind and
phosphorylate ITAMs followed by recruitment and activation of a second tyrosine kinase,
ZAP-70 [3, 4, 5, 6]. In turn, multiple downstream pathways are engaged, including tran-
scriptional regulators controlling activation and differentiation of T cells [7, 8]. Thymocyte
development is also regulated by the TCR-pMHC interaction as it relates to repertoire se-
lection, generating millions of useful TCRs with diverse specifications (reviewed in ref.
[9D).

The MHC-bound peptides recognized by T cells are typically 811 amino acids in length
with single amino acid substitutions readily sensed and discriminated by a TCR. During

immune surveillance, an individual high-avidity T cell has the capacity to detect several
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copies of a specific pMHC on the APC that expresses 100,000 chemically similar pMHC
molecules. Discrimination of foreign vs. myriad self-peptides is manifest with precision;
if this were not the case, then either autoimmunity or immunodeficiency would result.
How TCRs are capable of mediating such exquisite specificity and sensitivity has remained
a mystery, especially in view of the fact that, unlike with B-cell receptors, there is no
somatic hypermutation of TCR genes and monomeric TCR-pMHC affinities are orders of
magnitude weaker than high-affinity antibodyantigen interactions [10].

Very recently, it has become clear that the TCR functions as a mechanosensor. Kim
et al. provided the first, to our knowledge, direct evidence of the influence of mechani-
cal force in TCR activation [11]. Using an optically trapped bead coated with pMHC or
anti-CD3 monoclonal antibody for engaging the TCR, T cells were mechanically triggered
by applying an oscillating tangential force to the cell surface while monitoring their acti-
vation via intracellular calcium flux. Importantly, piconewton (pN) force application with
cognate pMHC but not irrelevant pMHC triggered activation. Additional mechanosen-
sor evidence was provided in subsequent studies by Li using a micropipette to demonstrate
shear force associated with activation [12] and by Husson using a biomembrane force probe
(BFP) to reveal pushing and pulling associated with T-cell triggering [13]. Triggering was
also shown to depend on substrate stiffness [14]. Prediction that a nonlinear mechanical
response such as catch bond formation might facilitate TCR-based recognition [11] was
elegantly confirmed by Zhu and coworkers using a BFP [15]. Given the complexities of
surface-antigen display on an APC and the physical forces associated with cellular migra-
tion, specific structural adaptations must exist for the TCR to work in such a chemically
and physically noisy environment. Here we use single-molecule (SM) techniques to search
for such relevant mechanotransduction features, identifying the TCRa3 heterodimer as a

finely tuned allosteric regulator of force-driven peptide discrimination.

21



D __TCRp

o

TCR-B (10GA)
TCR-a(10GA)
Fab-h (3ZL4)
Fab-A (3ZL4)
Fab-k (4JHA)
TCR-5 (1HXM)
TCR-y (1HXM)

ARAOAHCWVTM
OVROWNZO
roOoxOP»PHr
OUu—-HUOTw0no A
PIL<AHZZ
O-H4>»>AT<
<AP>POOmT
WNTVUUTUTUTIR

Lo o o N Y TR Y N |

Figure 2.1: The CBFG loop region includes a structured element expanding the 3-
subunit interface between its variable and constant domains and an adjacent V3-C3
connector. (A) Comparison of TCRa3 heterodimer (10GA) and Ig Fab (4JFX) fragments
with comparable domains delineated in their respectively colored CPK format. (B) Ribbon
diagram of TCRa3 heterodimer with FG loop highlighted in yellow. (C) Magnified view
of the CAFG loop region with three conserved hydrophobic loop residues indicated in
blue and hydrogen bonds in dashed red. Note the 3¢ helix in the connector linking V3
and CB3 domains in brown. (D) Connector sequences of different V-C domains indicated
with numbering of sequence according to TCR3 and relevant structural alignment. PDB
numbering for each structure is indicated.

2.3  Results

2.3.1 Structural Features of the C3 FG Loop as a Focus of Single-Molecule Analysis

As shown in Fig. 2.1A, the TCRa3 heterodimer is very similar in overall topology to

an Ig Fab fragment, consisting of a paired variable module (VaV3 vs. V; V) linked to
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a constant domain module (CaCg3 vs. C;Cg). Moreover, the overall height and width
of these structures are similar [16]. Closer inspection, however, reveals two striking differ-
ences. First, the CaaC3 module manifests an obvious asymmetry, exposing residues on the
ABD [-sheet of the C3 domain that are buried in the symmetrical Fab (Fig. 2.1B, green).
Second, the size of the VBCS interface is very different from that of the V5 Cp interface.
In particular, the buried surface area between V3 and C/3 domains is 350 A? on each side
whereas that between Vg and Cpy is only 150 AZ2. This more robust V3CQA interface is
contributed to by the COFG loop (Fig. 2.1A, red), a 12-residue-long insertion unique to
mammalian a3TCRs [17] and accounting for almost one-third of the buried surface area

(Fig. 2.2). As shown in Fig. 2.1C, the CBFG loop is well structured. At the middle of the
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Figure 2.2: Surface area of each species and its ratio relative to VaCo.

loop is W223, which uses the NH group at its indole ring to form two hydrogen bonds to
the main chain carbonyl oxygen atoms from Q225 and R227. This fixes the W223 residue
in a position to serve as the center of a mini-hydrophobic core joined by L217 and P230
(cyan) [16]. In addition, a 3¢ helix connector between the V3 and C3 domains is spatially
adjacent to this CBFG loop. This helix is unique to TCR3 (Fig. 2.1D). A 3¢ helix is an
overwound secondary structure and might be induced to extend when subject to a pulling
force, as could the CBFG loop, given the absence of disulfide bonds therein to preclude
force-driven extension. Because deletion of the CBFG loop attenuated antigen-triggered

T-cell function [18, 19], we focused on this a3TCR feature to determine if it is associated
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with mechanotransduction. Note that throughout the designation a3TCR will be used to
refer to the complete TCR complex (i.e., including the associated CD3 subunits) whereas
the designation TCRa3 refers exclusively to the clonotypic heterodimeric component of

the complex.

2.3.2 Single-Molecule Assay Isolating the TCRa3-pMHC Complex

Two single-molecule assays were developed for probing the TCRa3-pMHC complex
under load. The first isolates the N1STCRa3-pMHC interaction to a coverslip surface
(Fig. 2.3A) in a tethered bead configuration. This TCR is specific for the vesicular stom-
atitis virus octapeptide (VSV8) bound to murine H-2K”. Biotinylated pMHC molecules
(VSV8/K”) were bound through streptavidin to a PEG-pacified surface containing sparse
biotin-PEG molecules. The TCRa3 heterodimer is fused to an acid-base leucine zipper
(LZ) at the C terminus and tethered to an 300-nm-long 1,010-bp DNA molecule covalently
bound to the zipper-specific antibody 2H11 and functionalized with digoxygenin on oppo-
site 5 ends. Force is applied to the TCRa3-pMHC complex through an optically trapped
anti-digoxigenincoated bead. To measure the TCRa3-pMHC bond strength in the isolated
SM assay, tethered beads were visualized, centered in the detector laser, and calibrated for
position sensing using automated procedures. Lifetime measurements were performed by
translating the sample relative to the fixed trap and holding at a fixed position/force until
bond rupture, identified as an abrupt snap back of the bead position within the trap. Confor-
mational extensions are seen as upward displacements of the bead within the trap (Fig. 2.3
B and C). In addition to analyzing conformational extensions (Fig. 2.3C), bond lifetime
measurements as a function of force were performed using wild-type (WT), CBFG loop-
deleted (AFG) [18, 19] and H57 Fab-stabilized TCRa3 heterodimers paired with pMHC
molecules (Fig. 2.3D). Note that H57 binds the CBFG loop [16]. The MHC class I H-2
K’ molecules were complexed with the strong agonist peptide VSVS, the weak agonist L4

containing a single valine-to-leucine substitution at the p4 position of VSV8, or the unre-
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Figure 2.3: SM studies. (A) Cartoon showing single-molecule tether assay for probing
the lifetime of a3TCR-pMHC bonds. AX denotes displacement of bead out of the center
of the trap. (B) Loading profile for measuring bond lifetime. Increase in distance repre-
sents greater separation along the system path. An initial ramp phase, indicated by a black
dashed line, loads the tether to a fixed force, Pre-transition dwell, indicated by a green line.
Frequently, a signature structural transition is observed, indicated by green to blue line,
followed by a Post-transition dwell, in blue. Rupture, indicated by red line, is seen as an
abrupt upward step. (C) Representative traces at 10 pN for WT, AFG, and H57 Fab. The
WT trace shows a typical transition and rupture. AFG traces typically transition early,
here occurring during the initial ramp phase. H57 Fab traces typically show no transition
and dwell for longer periods before rupture. Low-amplitude motions in the green base-
line (see WT) were also observed. (D) Force-bond lifetime plots for WT, AFG, and H57
Fab showing catch bonds for both VSV8 and L4 and slip bond character for SEV9. Catch
bonds peak at 15 pN for WT and shift to lower force for AFG with significant reduction in
bond lifetime. H57 stabilized the FG loop exhibiting dramatic amplification of catch bond
lifetimes.

lated Sendai virus nonamer peptide SEV9. SEV9 binds to K” with comparable affinity to

VSV8 but is unable to activate N15TCR-expressing T cells [20]. SM measurements for
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the WI-TCRa3 showed catch bond behavior with peak lifetimes at 15 pN for VSVS, a
weaker catch bond character for L4, and a slip bond for SEV9 (Fig. 2.3D). AFG shows
significantly reduced bond lifetime, shifting the maximal lifetime to a lower force of 10
pN (Fig. 2.3D), and lessens the ability of the TCR to discriminate different ligands bound
to the same MHC molecule (see below). In contrast, stabilizing the CBFG loop via H57
Fab ligation amplifies catch bond lifetimes (Fig. 2.3D). By comparison, the Ca-binding

antibody H28 only modestly extends bond lifetime (Fig. 2.4).
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Figure 2.4: Force-lifetime relationship for wtN15a3 in the presence of H28. Effect of
H28 on bond lifetime vs Force diagram shows that bond lifetime increases with force up
to 15 pN (Catch bond) followed by decrease of lifetime with force for VSV8 (red) and L4
(black). For SEV9 (Blue) the bond lifetime decreases with increment of force. The data
are presented along with the fitted curve (solid line).

2.3.3 Conformational Transition Is Linked to the FG Loop

Before rupture, we frequently observed a signature conformational transition spanning
815 nm (Fig. 2.3C). The upward transition represents an extension of the system incorpo-
rating rotations of domains, extensions, and potential unfolding. The transition is coupled
to the state of the CBFG loop in several respects. First, removing the CGFG loop weakens
an energetic barrier, as TCRa8AFG transitions frequently occurred during the ramp phase
(compare Fig. 2.3C, WT vs. AFG). Second, stabilizing the C3FG loop with H57 Fab vir-

tually abolished the transition (Fig. 2.3C, H57), suggesting that this loop region controls
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access to the transition. Third, AFG altered the displacement magnitude, described below.
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Figure 2.5: Single molecule on Single-cell studies. (A) Cartoon showing the SMSC as-
say along with a photomicrograph of a T cell with tethered bead in the yellow box. (B)
Lifetime-force plots comparing N1SWT and N15AFG T-cell ligation with VSV8/Kb and
VSV8/K?,,, a mutant pMHC lacking the ability to bind CD8, show catch bonds peaking
at 15 pN. (C) Representative traces at low force (5 pN) and high force (16 pN) comparing
WT to AFG for VSV8/K?,,, where the structural transition is clearly visible. AFG traces
at 16 pN exhibit transitions early on, here during the loading phase of the trace. (D) IL-2
production requires a 2-log-greater VSV8 peptide concentration for AFG than WT despite
comparable capacity to produce equivalent maximal IL-2 production triggered by phorbal
myristate acetate (PMA) plus ionomycin (ION). (E) Flow cytometry confirms similar CD3
and CD8 density and lack of FG loop seen in H57-binding assay. Color code is as in D
with gray curve showing background staining.
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2.3.4 Single-Molecule Measurements on Isolated Single Cells

Single-molecule measurements on isolated single cells (SMSC), the second assay, cor-
roborate the SM observations (Fig. 2.5). Single tethers on single cells were constructed
using anti-digoxygenin beads that linked a digoxygenin-adducted 3,500-bp DNA molecule
covalently bound to the thiol group in the hinge domain of a biotin-specific antibody that
binds single biotin-labeled pMHC molecules (Fig. 2.5A). SMSC studies were performed by
trapping and calibrating a bead, positioning cells to facilitate tether formation, displacing
cells to a fixed load, and recording bead position until rupture, as with SM assay. Although
the cell system is much more compliant due to the cellular connectivity of the load pathway,
the measurements recapitulate a more natural state of the a3TCR-pMHC complex. As
with SM measurements, catch bonds were seen peaking at 15 pN but with generally longer
lifetimes (Fig. 2.5B). Dramatic reduction in bond lifetime was seen for NISTCRaBAFG
cells. Despite the gradual creep in position and other displacements as a consequence of
membrane compliance and cytoskeletal attachment in single-cell measurements, we were
able to identify records displaying the signature conformational transitions found in SM
studies (Fig. 2.5C). The N15aBAFG cells show early transition including some during
the ramp phase (Fig. 2.5C). This difference is functionally correlated with a 100-fold re-
duction in responsiveness to the cognate VSV8 peptide as judged by IL-2 production when
stimulated through the TCR, despite comparable surface TCR and coreceptor levels as as-
sessed by anti-CD3 and anti-CD8a mAbs (Fig. 2.5 D and E). CD8«3 is an important
T-cell surface molecule, absent in the SM assay, that functions as a coreceptor by associat-
ing with the a3TCR-pMHC complex via binding to the membrane proximal a3 domain
of H-2K? (reviewed in ref. [1]). To measure the influence of CD8, we performed our
assay on cells using a mutant pMHC (VSV8/K?,,) unable to bind CD8aax and CD8cx3
dimers (described below). As shown in Fig. 2.5B, a general reduction in bond lifetime
was observed, shifting the curve closer to SM and exposing the TCRaBAFG as form-

ing a weak catch bond. Much of the slip bond character seen in the AFG native system

28



can be attributed to CD8 binding, which masks the diminished pMHC interaction. When
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Figure 2.6: Force-dependent structural transitions, ligand sensitivity, amplification
factors and an a3TCR model.(A) The major structural transition distance, measured as
the difference in bead position before and after the transition, is plotted vs. force for WT-
VSV8 cognate peptide (red), -L4 partial agonist (black), -SEV9 irrelevant ligand (blue), and
AFG-VSVS (green) showing a ligand dependence with greater ligand potency exhibiting
larger structural transition distances in SM systems. Force-transition distance plots for cell
systems; SMSC (diamonds with dotted lines) exhibit greater displacement with VSV§ for
AFG than for WT and are generally larger than the SM transitions. (B) Sensitivity plots
comparing lifetime ratios of various antigens for WT (solid), H57 (dashed), and AFG
(dotted). Plots were constructed from fits in Fig. 2. (C) Amplification factors associated
with lifetime enhancement for VSV8 binding including ratios of WI-H57/AFG (red), WT-
H57/WT (black), and WT/AFG (blue). Amplification factors rise abruptly at 10 pN, are
greatest with stabilization of the FG loop, and increase generally as a function of force.
(D) Model for force-induced motions and gating associated with the C3FG loop region.
The FG loop region couples to the binding interface strength and conformational change
magnitude. Associations with molecules such as CD3 may dramatically stabilize the CBFG
loop, influencing bond lifetime and force transfer response of the loaded aGZTCRpMHC
complex system.

comparing transitions, plots of magnitude vs. force (Fig. 2.6A) demonstrate that greater
transition displacements are seen for agonists than for nonagonists and in SMSC vs. SM
systems. Analysis of the relative response to agonists and nonagonists by comparing ratios

of lifetimes for pairs of peptides bound to the same MHC, sensitivity index plots, reveal a
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peak for VSV8/SEV9 at 15 pN but minimal, if any, discrimination at low loads (Fig. 2.6B).
Plots comparing ratios of lifetimes for VSV8 demonstrate greatest amplification for the

stabilized C3FG loop region and with increasing force (Fig. 2.6C).

2.4 Discussion

Using both SM and SMSC assays, we have compared the strength of pMHC interac-
tions with WI-TCRa3, TCRaBAFG, and H57 Fab-stabilized WT-TCRa3. We have
found strong evidence for allostery in that the state of the CBFG loop region dramatically
modulates the strength of the TCRa3-pMHC bond. Moreover, we observe a mechanical
extension, the displacement of which correlates with ligand potency and the strength of
which correlates with the CBFG loop region structure. Single-molecule records are consis-
tent with a model where an unloaded compact TCR binds weakly, a loaded compact TCR
binds strongly, and a stabilized CBFG loop region further strengthens binding, whereas
release occurs through an extended TCRa3 heterodimer. The adjacent CD3 ectodomains
may stabilize the CBFG loop region, prolonging bond lifetime under force in SMSC rel-
ative to SM experiments as detailed below. Our model implies a mechanism whereby the
CBFG loop enhances mechanosensor action through force-driven gating of initial access
and stabilization of productive pMHC interactions but release of unproductive interactions,
thereby controlling catch bond strength and bond lifetime (Fig. 2.6D).

These data confirm that the a3TCR is a mechanosensor activated by pN forces upon
pMHC ligation. More importantly, they show that the C3FG loop region allosterically con-
trols the V domain modules catch bond lifetime and peptide discrimination via force-driven
conformational transitions. By contrast, CD8 neither contributes to catch bond formation
in mature a3T cells as shown here nor is a mechanosensor as revealed by earlier data
showing an inability of CD8-directed force application to stimulate T-cell activation [11].

The force-induced structural transition observed in SM experiments is large, being on

the order of 120 A(Fig. 2.6A). That said, 40 Aof transition is observed differentially be-
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tween VSV8/K? (agonist) vs. SEV9/K? (irrelevant) pMHC ligation of the N15aGTCR
heterodimer (Fig. 2.6A). This distance is more than the 15 Apermitted by simple exten-
sion of the V3-C3 connector. In fact, in SM assays, displacements for TCRa3AFG were
greater than WT-TCRa3 (Fig. 2.6A). Therefore, additional rearrangements, outside of the
FG loop, in the TCRa3 heterodimer-pMHC complex must exist. These might include ex-
tension of the long (>20-aa residues) connecting peptides between C3 and the transmem-
brane surrogate (LZ) and Cax and LZ or possibly even sliding of the V3 and Va domains
relative to one another at the hydrophobic interface of the V module. Major motion within
individual V and C domains of the TCR heterodimer per se is unlikely, given the existence
of intradomain disulfide bonds in each (Fig. 2.1B), but the A and/or G strands nonetheless
might be flayed via force. Although our focus has been on the large transition, conforma-
tional change was also observed featuring reversible, low-amplitude, 1- to 3-nm motions of
the baseline (Fig. 2.5C, WT), suggesting reconfigurations of the o 3TCR-pMHC complex.
Single-molecule FRET analysis with fluorophores placed in individual domains can more
precisely define the nature of domain extension and twisting in future investigation.

Our prior studies [18, 19] revealed that the CAFG loop facilitates thymocyte devel-
opment at both CD4CD8 double negative and CD4+CD8+ double-positive stages. The
former requires the pre-TCR, a molecular complex involving the same 3 and CD3 subunits
but with the 3-chain ectodomain stalk disulfide linked to that of pTe, a surrogate ax-chain
lacking a V domain. Given the current data, it is tempting to speculate that the CBFG
loop-regulated transition observed for the TCRa3 heterodimer may be applicable to the
pre-TCR, but in even greater magnitude in the absence of a Vo pairing constraint. The
suggestion that pMHC or other self-ligands could interact with the unpaired V3 domain
[21] is consistent with this possibility and worthy of further investigation.

The CB FG loop evolved in mammals at the same time as molecular speciation of
CD3 and CD3 genes from a single CD3 precursor gene among Gnathostomata, a group of

vertebrates with adaptive immunity involving a recombinatorial system (VDIJ) [17]. The
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sensitivity of allosteric regulation makes this adaptation highly efficient for antigen recog-
nition. That requirement may be less critical for recognition by TCRs, given the potential
for high copy numbers of their less diverse stimulating ligands on APCs [22, 23]. The dis-
tinctive CD3 topology adjacent to the CBFG loop can further maximize antigen activation
by facilitating force transfer from the TCRa3 heterodimer to adjacent CD3 [17, 24, 25].
Perhaps force-mediated structural transitions enrich for conformers with the greatest inter-
subunit ectodomain complementarity, thereby favoring ligation-mediated signaling. That
HS57Fab prolongs TCR-pMHC bond lifetime (Fig. 2.3H) yet blocks pMHC-triggered T-cell
responses [11] is consistent with such a notion. How CD3 may associate with pretransi-
tion, intermediate, or posttransition states is unclear. Pretransition binding of CD3 to a
compact state might extend the lifetime of the aZTCR-pMHC bond. During the transi-
tion, the bound CD3 heterodimer may participate in the mechanical change, being pushed
and pulled to expose sequestered CD3 cytoplasmic tail ITAMs. Posttransition binding to
an extended TCR state may also modulate CD3 binding in a positive and/or negative sense
in ways that need to be defined.

Mechanotransduction is obviously critical for «3TCR function, as evident from the
above studies. Understanding the structural consequences of pN load will be important to
elucidate T-lineage cell biology related to cognate recognition of antigen as well as thymo-
cyte development. Mechanical influence has been established in many systems including
stem cell differentiation [26], cell migration and rolling [27], focal adhesion development
[28], and integrin adhesion [29]. Single-molecule methods have been pioneered largely
through the study of biological motors using classical assays such as our SM system [30],
yet there is great opportunity for using single-molecule methods to probe machinery on
or within intact cells. The approach presented here bridges the classic isolated single-
molecule assays to the more biologically relevant single molecule in a single-cell system.
The SMSC system is ideally suited for in situ study of surface membrane-embedded recep-

tors and represents an evolution of single-molecule technology.
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Our studies begin to address how it is possible that ¢ 3TCRs, whose affinity in the ab-
sence of load (i.e., in solution) is extremely weak, can nevertheless mediate exquisite sen-
sitivity and specificity in a noisy chemical environment on the antigen-presenting cell sur-
face. There, many identically sized peptides are bound to the same type of MHC molecule,
forming an array of 100,000 different pMHC complexes. The challenge for any T lym-
phocyte is to use its clonally endowed 20,000 ot 3TCR surface copies to rapidly scan this
collection of diverse pMHCs on each cell where a dozen or fewer relevant foreign peptides
may be embedded. In this context, load-induced transitions tune a3TCR-pMHC bond
lifetime with high specificity. In particular, maximal nonlinear dynamic bond lifetime
is associated with TCRa/3 structural transitions that readily distinguish among peptides,
even when differences compose a single residue (VSV8 vs. L4). On the other hand, with-
out force, discrimination is minimal. Hence, during immune surveillance as an a3TCR
is gaffed (i.e., hooked) by its specific pMHC, force is generated, bond lifetime extends,
and a structural transition is induced in TCRa3. These features associated with catch
bond formation likely are sufficient to promote further a 3TCR quaternary change, CD3
heterodimer interactions, and transmembrane and cytoplasmic tail segment alterations to
foster downstream signaling events [1, 11, 31]. A small number of those productive inter-
actions in time and space will result in quantal T-cell activation that can be further sustained
at the immunological synapse [32, 33]. Unlike the cognate peptide, unrelated or variant
peptides will not induce either these transitions or extend bond lifetime sufficient to pro-
mulgate a signaling event. Remarkably, then, the TCR is able to detect very few side chains
of a peptide in the MHC groove even though the majority of recognition surface contacts
are shared in common with other pMHC complexes.

That the aBTCR physically goes through a mechanical transition that prolongs the
aBTCR-pMHC bond lifetime has a number of immediate consequences. First, the exten-
sion represents a previously unknown state. As in physical changes observed with integrin

a3 heterodimers, affinities between compact and extended states can be very different.
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Interestingly, the mechanical action of the aBTCR appears to work with a logic opposite
to that of the integrins because in the TCR the compact form binds strongly whereas the
extended form binds weakly. Leading from an on state as opposed to an off state, as in in-
tegrins where ligands are plentiful, may be a consequence of the a3TCR seeking out rare
binding events. Second, the ligand-dependent displacement seen here may differentially
couple to mechanisms that critically depend on distance such as TCR-APC intercellular
membrane proximity. Third, the mechanical transition in the a3TCR-pMHC system is
regulated via the FG loop region, as observed by H57 Fab stabilization, which may also
be occurring through the physiological CD3 associations noted above. This partitioning of
function allows the mechanism of discrimination to be conserved within the constant region
of the TCR while maintaining near-infinite variability in the ligand-recognition elements
in the V-domain module. Fourth, kinetic proofreading mechanisms require working out-
side of thermal equilibrium and are thus generally energy intensive [31, 34]. Mechanical
work through a mechanosensor mechanism can drive such nonequilibrium signaling events,
sustaining triggering during immune surveillance and at the immunological synapse while

using forces derived via concomitant cell movements.

2.5 Conclusion

The a3 T-cell receptor (TCR) on mammalian T lymphocytes recognizes intracellu-
lar pathogens to afford protective immunity. Detection of various foreign peptides bound
to MHC molecules as TCR ligands occurs during immune surveillance where mechani-
cal forces are generated through cell movement. Using single-molecule optical tweezer
assays, we show with isolated and complete receptors on single T cells that both sensitiv-
ity and specificity of the biological T-lymphocyte response is dependent upon force-based
interactions. Our work demonstrates a catch-and-release a3TCR structural conversion
correlating with ligand potency wherein a strongly binding/compact state transitions to a

weakly binding/extended state. An allosteric mechanism controls bond strength and life-
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time, supporting a model in which quaternary o 3TCR subunit associations regulate TCR

recognition under load.

2.6  Methods

2.6.1 a3 Production and Peptide and Protein Preparation.

TCR NI15a and 3-subunits were fused to basic and acidic LZ components, respec-
tively, as previously described [35]. They were then separately cloned into the eukaryotic
expression vector containing human cytomegalovirus promotor designed for expression of
antibody -chain [36] using Agel/Sall to insert each subunit in-frame, retaining the vector
signal sequence while adding a stop codon immediately following the LZ motif. Both
WT-TCRa- and B-subunits were expressed simultaneously after transient cotransfection
in Freestyle 293F cells (Life Technologies) according to the manufacturers recommen-
dations. A second TCRA3 construct wherein the C3 FG loop was excised as previously
described [18, 19], termed N153AFG, was used for cotransfection with WI-TCRa to
create N15aBAFG. Proteins were purified from cell supernatants essentially as described
[35]. Although yields were lower for the N15a3AFG than for N15aGWT, we were able
to confirm purification of the N15a3AFG through SDS/PAGE separation, band excision,
trypsin digestion, and identification of both N15a and N153 subunit peptides via electro-
spray mass spectrometry. Singly biotinylated pMHC were purified [37] and biotinylated
[38] as described. Peptides were synthesized by United Biosystems. The monoclonal anti-
C3 antibody H57 was produced as described [35], and Fab fragments were generated and
purified using a Pierce Fab Micro Preparation Kit (Thermo Scientific) according to the

manufacturers directions.
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2.6.2 Single-Molecule Assay

For single-molecule measurements, a complex of N15a3TCR and pMHC was teth-
ered between a single trapped bead and glass surface. The overall assay geometry in-
cluded a N15TCRa3 heterodimer fused to a leucine zipper at the C terminus. A 1,010-bp
DNA molecule with anti-leucine zipper antibody (2H11) on one 5 end and a digoxygenin
on the opposite 5 end, described below, was used to attach the N15TCR«a/3 heterodimer
to an anti-digoxygenincoated bead. The DNA served as a spacer between the bead and
N15TCRag. A biotinylated pMHC complex, VSV8/K?, was immobilized on a PEG func-
tionalized coverglass surface using biotinstreptavidin chemistry. The schematic diagram
of our single-molecule assay is shown in Fig. 2.3. The DNA linker was constructed by
PCR of a 1,010-bp region of the M13mp18 plasmid with 5 primers of an amino group and
digoxigenin. The 5 amino group was cross-linked to 2H11 using carbodiimide cross-linker
strategy (EDC chemistry). A 10-uL flow cell was prepared using two pieces of double-
sided sticky tape. Cover-glass surfaces were coated with functionalized PEG silane 99%
mixed with 1% biotinPEG silane similar to previously described work [39]. Streptavidin
(1 mg/mL) was introduced into the flow cell, incubated for 10 min, and washed with PBS
buffer. A total of 20 pL of biotinylated pMHC (1 pg/1 pul) was introduced and incu-
bated for 30 min and washed again with PBS buffer. During this time period, N15STCRa3
(100 ng/1 pL) and 2H11-DNA-digoxigenin (200 ng/uL), +/H57 or H28 mAb (1mg/mL),
were mixed, added to the flow cell, and incubated for 30 min. After washing with 30 L
of PBS buffer, anti-digoxygenincoated (Roche Diagnostics) polysterene beads (Spherotech
Inc.) were introduced followed by a 30-uL. PBS buffer wash. The flow cell was sealed
with nail polish and loaded on the optical-trapping instrument for measurements. Tethers
were found by eye, centered using an automated procedure [40], and trapped with typical
stiffness of 0.25 pN/nm. Bead positions were sampled at 3 kHz, antialias-filtered at 1.5
kHz, and recorded until rupture. Control experiments where N15a3TCR was excluded

from the assay resulted in no tethers.

36



2.6.3 Single-Cell Assay

Tethers for SMSC assays were constructed using anti-digoxygenincoated polystyrene
beads (1.0 pm in diameter, Spherotech Inc.) to tether the digoxigenin-labeled, 3,500-bp
DNA at one end. At the other end, a sulfo-SMCC (Pierce) reaction was used to bind the
free thiol group of the half anti-biotin antibody. Finally, biotin-labeled pMHC was linked
to the half anti-biotin antibody. Specifically, 0.5 L 0.25% wt/vol anti-digoxygenin beads
were washed two times by PBS buffer (Cellgro) containing 0.02% Tween 20 (PBST) and
were incubated with 10 pLL of halfanti-biotin functionalized DNA (65 ng/uL). The bead
surface was saturated with these 3,500-bp DNA tethers to reduce nonspecific binding be-
tween the bead and cell surface. After 1 h of incubation, the DNA-labeled bead was washed
three times with PBST buffer and then resuspended in a solution containing 5 puL. of 20
pM biotinylated pMHC in PBS buffer for 1 h incubation. After two washes with PBST
buffer, the bead slurry was diluted 200-fold for bond lifetime measurements. All of the
incubations were performed at room temperature. Cells were cultured in selection medium
[complete RPMI medium 1640 (Life Technology) plus 0.1 mg/mL G418 (Life Technol-
ogy) and 2 mg/mL hygromycin B (Life Technology)] and reached the log phase before the
experiments. Cells were washed one time with PBS and then kept in colorless complete
RMPI 1640 medium (Life Technology) at 2 million/mL; 20 pL of cells were introduced
into the flow chamber, and cells were bound to a poly-L-lysine coverslip prepared as de-
scribed previously [11]. The coverslip surface was further blocked by 1 mg/mL casein
(Sigma-Aldrich) in PBS buffer [11]. After a 10-min incubation at 37 °C, the pMHC-DNA
bead slurry (20 pL) was introduced into the flow cell. The tether-functionalized bead was
trapped and brought in the vicinity of N15aBWT or N15a3AFG cells to form a stable
tether. Tether formation was verified and then loaded by displacing the cell relative to the
fixed trap using fine motions of the piezo stage. Bead positions were sampled at 3 kHz,
antialias-filtered at 1.5 kHz, and recorded until complete rupture. Assays were performed

at 37 °C.
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2.6.4 Production and characterization of NISTCRa3 and NISTCRaBAFG T cell lines

and IL-2 assay

58 a-3- cells previously transfected to express CD8a/3 and N15TCRaBwt or the
NI15TCRaBAFG mutant (1) were sorted to equivalently match both TCR and CD8 ex-
pression levels on the two cell lines. Then R8 (ATCC) cells as APCs were loaded with
VSVS8 peptide concentrations ranging from 0.1 to 100 pg/ml to stimulate N15 TCRaBwt
and N15aBAFG expressing cells. Responding cells were added in triplicate at a density
of 2x10° cells per well in 96 well plates using complete DMEM media supplemented with
1 ng/ml PMA (Sigma). Cells in replicate wells were stimulated with 10 ng/ml of PMA and
500 ng/ml of Ionomycin (Sigma) as a positive control. After 18 h of incubation, plates were
centrifuged and 501 was removed for IL-2 analysis. Conditioned media was analyzed us-
ing mouse IL-2 bead assay from (BD biosciences) according to manufacturers protocol
on a FACSAria flow cytometer. Anti-CD3 mAb 2C11 and anti-CD8a were used for to
quantitate surface TCR complexes and CD8axax andCD8x3 heterodimers (2). subsectio-
nAntibodies (Abs) and flow cytometric analysis The following mAbs were used: FITC-
conjugated anti-V3 5.2 (MR9.4) (ebioscience), PE-conjugated anti-TCR C3 (H57-597)
(BD Pharmingen), PE-conjugated anti-CD3 (145-2C11) (ebioscience), APC-conjugated
anti-CD8a (CD8a) (Biolegend), FITC-conjugated anti-CD83 (CD8b.2) (Biolegend) and
PE-conjugated anti-H- 2K antibody (AF6-88.5) (ebioscience). For flow cytometry, single-
cell suspensions of wt or AFG cells were prepared at 3 x 10° cells/ml in PBS containing
2% FCS. Those cells were single-color stained with the Abs at saturating concentrations.
After incubation on ice for 20 minutes, the stained cells were transferred to a falcon tube
and characterized by flow cytometry. FACScan (BD Biosciences) and FlowJo software
(Tree Star) were used for all samples. Dead cells were excluded from the analysis by for-
ward and side scatter gating. For assessing TCR expression further on both N15a3wt and
N15aBAFG cells, saturating amounts of FITC-conjugated anti-V35.2 were employed.

After 20-minute incubation on ice, the stained cells were subjected to flow cytometry anal-
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ysis.

2.6.5 Partial reduction of anti-biotin antibody

Anti-biotin antibodies (Sigma-Aldrich) at 10 mg/ml were dissolved in the reaction
buffer (pH=7.4) containing 20 mM sodium phosphate (Sigma- Aldrich), 0.15 M NaCl
(Sigma-Aldrich) and 5 mM EDTA (Sigma-Aldrich). A 500-fold molar excess of 2-MEA
(Sigma-Aldrich) over the concentration of anti-biotin antibody was added in the solution,
followed by 90 minutes incubation at 37°C. The reaction product was purified using a 30
MBS desalting column (Millipore). Purified product was immediately used for the SMCC

reaction.

2.6.6 Covalently coupled half anti-biotin antibody to DNA

A 3500 base-pair DNA linker was constructed by PCR using a M13mp18 plasmid as
template with one forward oligonucleotide primer containing a Dig tag at the 5 end (5-Dig-
AAT CCG CTT TGC TTC TGA CT-3) and one reverse oligonucleotide primer containing
an amino tag at the 5 end (5-NH2-TTG AAA TAC CGA CCG TGT GA-3). Following
PCR, the TE buffer in the PCR product was changed to PBS buffer using a 6 MBS desalt-
ing column (Millipore). A volume of 30 ;1 NH2-DNA-Dig solution (conc. 120 ng/ul) was
incubated with 30 pl 10 mg/ml freshly made Sulfo-SMCC dissolved in dd-water at 4°C for
2 hours. A second buffer changing procedure was performed for the DNA-SMCC mixture
by changing the PBS buffer to reaction buffer used for partial reduction of anti-biotin an-
tibody. Maleimide-DNA-Dig was incubated with the purified half anti-biotin antibody for
12 hours at 4°C in order to covalently couple the free thiol group of half anti-biotin anti-
body to the maleimide group on the DNA. The functionalized DNA can be kept in reaction

buffer at -20°C for 2 months without degradation of function.
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2.6.7 H28 measurements

Bond lifetime vs force plots show that, in the presence of H28, bond lifetime increases
with force up to 15 pN (Catch bond) followed by decrease of lifetime with force for VSV8
(red) and L4 (purple). Bond lifetime decreases with force for SEV9 (blue). H28 measure-

ment results and fits are found in Fig. 2.4.
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CHAPTER 3

SYNERGISTIC MECHANOSENSING DRIVES ACUITY OF a8 T-CELL
RECOGNITION

*This chapter is adapted from Feng et al, “Mechanosensing drives acuity of o3 T-cell
recognition” Proceedings of the National Academy of Sciences 114 (39), E8204-E8213
(2017) by permission granted under the Liberalization of Proceedings of the National

Academy of Sciences (PNAS) copyright policy.

3.1 Summary

T lymphocytes use surface o T-cell receptors (TCRs) to recognize peptides bound to
MHC molecules (pMHCs) on antigen-presenting cells (APCs). How the exquisite speci-
ficity of high-avidity T cells is achieved is unknown but essential, given the paucity of
foreign pMHC ligands relative to the ubiquitous self-pMHC array on an APC. Using op-
tical traps, we determine physicochemical triggering thresholds based on load and force
direction. Strikingly, chemical thresholds in the absence of external load require orders of
magnitude higher pMHC numbers than observed physiologically. In contrast, force applied
in the shear direction (~10 pN per TCR molecule) triggers T-cell Ca>* flux with as few as
two pMHC molecules at the interacting surface interface with rapid positional relaxation
associated with similarly directed motor-dependent transport via ~8-nm steps, behaviors
inconsistent with serial engagement during initial TCR triggering. These synergistic di-
rectional forces generated during cell motility are essential for adaptive T-cell immunity

against infectious pathogens and cancers.
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3.2 Introduction

The T cell receptor (TCR) expressed on T lymphocytes of the adaptive immune system
is a stout and squat (12 nm wide x 8 nm tall) multi-subunit surface complex whose ligand
binding moiety is an o disulfide-linked heterodimer buttressed by the associated invariant
CD3 subunits [1, 2, 3]. The af} chains are each encoded by V and J gene segments and,
in the case of the 3, a D segment as well [4]. The clone-specific TCR unique to each
T lymphocyte endows mammals with the capacity to detect perturbations in host cellular
function resulting from myriad infectious pathogens, physical damage (thermal, irradiation,
etc.) or pre-malignant or malignant cellular transformations while averting strong self-
reactivities that could induce autoimmunity [5].

Signaling is initiated through ligation of the clonotype by its cognate antigenic pep-
tide cradled in the groove of a major histocompatibility complex molecule (pMHC) and
displayed on the surface of antigen presenting cell (APCs) [6, 7]. Ligation impacts dispo-
sition and function of the associated CD3 dimers (CD3ey, CD3eé and CD3{ (), as well as
the transmembrane domains of the TCR heterodimer and CD3 subunits that interdigitate
in the membrane to signal into the cytoplasm [8, 9]. A cascade of intracellular events in-
volving phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) on
the CD3 cytoplasmic domains with subsequent ZAP70 activation and downstream signal-
ing follows [10, 11]. Membrane associated CD8 and CD4 coreceptors, marking cytotoxic
T lymphocytes (CTL) and helper T cells, respectively, function to bring the membrane
anchored Src family tyrosine kinase Lck to the TCR-pMHC complex for the initiation of
ITAM phosphorylation. Signaling, in turn, leads to a transient rise of cytosolic Ca** and
other biochemical events resulting in transcriptional activation, ultimately resulting in de-
velopmental decisions or effector functions [11, 12, 13].

A CTL must search for and destroy a target expressing a handful of “foreign” (i.e. aber-
rant) peptides of the relevant specificity displayed among a sea of self-pMHC molecules

(~100,000) on the surface of an altered host cell. Confounding immune surveillance is
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an apparent weak affinity of TCRs for pMHC, often with micromolar to undetectable
affinity in solution, behaviors not reconciled with functional outcomes when examined
by 2D-affinity measurements [14]. T lymphocytes do not utilize somatic hypermutation
to strengthen TCR affinity as do B cells for generation of high affinity antibodies [15].
Nevertheless, T cells confronting “weakly” interacting ligands are able to sense and dis-
criminate antigens with exquisite specificity, even detecting single amino acid differences
between 2 peptides bound to the same MHC allele product [16]. A serial engagement pro-
cess where a single (or low copy number) antigenic pMHC binds and unbinds multiple
receptors (hundreds) on a T cell to amplify and sustain its activation has been proposed
to generate signaling through fleeting encounters, including those important for antitumor
immunity [17, 18]. The original concept of serial engagement (or serial triggering) was
based on reutilization of pMHC over a period of hours that has been recently redefined to
encompass shorter cycles of TCR stimulation over a period of seconds [19].

Of note, however, T cells exert physical force on the & FSTCR-pMHC complex at the
T cell-APC interface through both internal and external processes that impact the above
calculus. During immune surveillance, T cells scan their environment, crawling over tissue
components in various organs, adopting elongated shapes typical of polarized cells [20].
Surveillance-based motility generates tensile, shear and compressive stresses over a wide
range of forces (pN to nN) [21, 22, 23]. Internally, cytoskeletal machinery drives the rela-
tive movements of cell membranes including rearrangement, transport and organization of
TCR complex constituents and other cell-surface molecules [24, 25, 26, 27]. As a conse-
quence, the immunological synapse (IS) is formed with TCRs surrounded by segregated
clusters of other proteins [28]. The transportation of TCRs to the IS center is due to the
centripetal or retrograde actin flow [29, 30].

Experiments directly testing the role of mechanical force in triggering B TCRs were
first provided using an optically trapped bead to present pMHC to a T cell [31]. Such mea-

surements employed an oscillating shear force with a 50 pN amplitude to trigger T cell Ca**
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flux, with as few as 10 pMHC/bead. Experiments with the same beads but force application
normal to the cell surface did not lead to triggering. How T cells might utilize mechanical
force and direction for triggering was conceptually proposed to involve nonlinear bond-
ing kinetic mechanisms including conformational change allostery and bond strengthening
[32]. This paradoxical extension of ot TCR-pMHC bound lifetime under force, so-called
catch bond behavior, was then observed experimentally [33, 19]. The importance of force
on TCR triggering has been confirmed in other work [34, 35, 36, 37, 38, 39, 40]. However,
during the initial T cell surface contact, external (scanning) and internal force (retrograde
flow) appear to operate in opposing directions [41]. How these directional forces cooperate
with each other and orchestrate the TCR triggering is still obscure.

Here, we actively present pMHC-bound beads to T cells, controlling the pMHC surface
concentration, force magnitude and direction using an optical trap. A chemical threshold
is identified in the absence of trapping force that is well above expected physiological den-
sities for triggering by foreign ligands. In contrast, under proper loading profiles, as few as
two pMHC molecules are sufficient to trigger a T cell. Applying force in the shear direc-
tion more readily triggers than does application along the normal direction, highlighting the
anisotropic feature of this mechanosensor. Rather than serial engagement, during receptor-
pMHC ligation, smooth active transport of beads with defined ~8 nm steps through an
actomyosin-based mechanism is directly visualized. The regular stepping of this motility
process is in direct conflict with features of abrupt unbinding, irregular snapback and mul-
tiple binding signatures expected for serial engagement, none of which are observed. Our
measurements support a model where force-stabilized pMHC-TCR ligation of as few as
two pMHC molecules under a load of 10-20 pN per complex is sufficient for a sustained
T cell activation process associated in seconds with processive actomyosin-based displace-
ment. These findings are relevant to establishing signatures of protective T cells arising
from natural infection as well as vaccination efforts for eliciting protective CTL-based im-

munity and tumor immunotherapy.
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Stage Move

Figure 3.1: oo TCR triggering using an optical trap to apply vectoral pN forces over
nanometer distances. (A) Mechanical force is applied using an optical trap. Individ-
ual T lymphocytes are immobilized on a coverslip surface. After a trapped ligand-coated
polystyrene bead is guided into contact with a T cell, a vectoral one-step force is applied
to the bead by moving the piezoelectric stage. AX denotes displacement of the bead out of
the trap center. The bead abutting the T cell surface is shown in the DIC image indicated
by a white arrow and fluorescence image as gray sphere and yellow circle, respectively.
The optimal force along the T cell surface triggers a rise in free Ca2* shown in colorization
as an increase in yellow intensity (State 2) in comparison to the initial state of the same T
cell (State 1). EPF, Epifluorescence. (B) Cartoon detailing the bead-cell contact interface
as expanded from the yellow box in A. Optical traps are employed for application of force
to a streptavidin (SA)-coated polystyrene bead arrayed with specific biotinylated T cell re-
ceptor ligand (pMHC, in this case VSV8/K®) and then saturated with biotin-BSA (bBSA)
to prevent potential non-specific streptavidin binding to cells. The trapped bead was cali-
brated prior to attachment and the trap force calculated as the product of trap stiffness and
AX. The molecular model depicts the TCRo 3 heterodimer from INFD and the pMHC
from 1KPU. For simplicity, only the clonotypic heterodimer in the o¢FTCR complex is
represented. Inset: Side view of a bead attached T cell. (C) Cartoon showing optimal shear
and normal force directions of the bead relative to the cell.

3.3 Results
3.3.1 Antigen presentation assay to mimic cell triggering through optically trapped beads

TCR triggering was investigated using optical tweezers combined with fluorescence vi-

sualization that permits pN step force application while simultaneously monitoring Ca%*
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flux linked to T cell triggering [31, 42, 43]. Our study employed individual T cells im-

mobilized on the coverslip surface ( Fig. 3.1A and Fig. 3.2). Before immobilization, cells
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Figure 3.2: Supplemental analysis of TCR transfectants. Flow cytometry confirms sur-
face expression of (A) TCR constant domain and (B) CD3¢g, (C) CD3¢ey and (D) CD8«x
on N15 T cells. (E) CD3¢ expression of NP63 T cells. Black curves in histograms A-E
show background staining of the cells in the absence of antibody. (F) IL-2 production from
N15 T cells and NP63 T cells with the indicated peptides as stimulators. Results shown
represent mean and standard deviations (SD) of triplicate samples. Note that when the SD
is very small, it is not visible in this display. The only L4 concentration stimulating IL-2
production above background is at 50t g/ml (p;0.001), consistent with prior studies (Refs
9-10 in SI Materials and Methods). EC50 values are given for VSV8/K’ and NP366/Db
for N15 and NP63 TCRs, respectively.

were pre-loaded with Quest-Rhod 4 as a Ca?* indicator. Thus, Ca?* flux, an early T cell
activation process, could be visualized by fluorescence enhancement. Under bright field

illumination, functionalized beads were held by the fixed trap and the surface immobilized
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T cell was repositioned using a piezo stage to facilitate bead-cell attachment. Binding

A

Empirical Average number
number on at interface
whole bead

29415 pMHCs/bead

Frequency

2.1+1.3 pMHCs/bead

1E-6 1E-5 1E-4 1E-3 001 01
PE labeled anti-H-2K" mAb (ug)

Figure 3.3: Flow cytometric and single molecule TIRF fluorescence imaging analysis of
indicated H-2K” complexes with different numbers of pMHC molecules immobilized
on beads. (A) FACS fluorescence signals of 2x 10° and 2x 10* coated beads (B) Serial
dilutions of mAb for measuring the surface copy numbers of 2x 103 and 2x 10* VSV8/K?-
coated beads with the inflection points (circled) used to calculate the pMHC numbers as
indicated below. MFI: mean fluorescence intensity. (C) Single molecule TIRF fluorescence
imaging analysis of beads calculated to display 200, 20 and 5 VSV8/K” molecules/bead.
More than 200 beads were measured and averaged for each empirically determined surface
expression analysis. The values in the fluorescence field of view indicate the empirically
determined average number +/- SD on the bead-cell contacting surface. Fluorescence sig-
nals of background, single dye and bare streptavidin coated beads were also measured. The
coupled H-2K” complexes were quantitated on beads using directly PE-labeled anti-H-2K?
mADb (AF6-88.5) immunofluorescence (anti-Kb-PE). Detailed bead preparation methods
are found in Materials and Methods.

was visualized directly and through displacement of the bead out of the trap indicated by
changes in signal of our position sensing subsystem, which records the bead position at 3
kHz. After binding, the instrument was transitioned to low light imaging to monitor fluo-
rescence excited by a 532-nm laser with a low light sensitive Andor Ixon camera. Images

were recorded at 0.25 Hz for 10 min. Under optimal conditions, triggered cells exhibited
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fluorescence levels that steadily increased, whereas non-triggered cells showed a steady
drop in fluorescence due to photobleaching. Streptavidin functionalized 1.09 um beads
were coated with biotinylated pMHC (Fig. 2.1B). Methods of quantification of pMHC on
the bead are detailed in Materials and Methods and Fig. 3.3. Beads were sequentially
saturated with biotin-labeled BSA (bBSA) to prevent nonspecific interaction. Vectoral pi-
conewton force was generated by stepping the piezo stage to the desired distance to create
a displacement AX as shown in Fig. 2.1C. The trapped bead was calibrated at first before
the attachment and the trap force was calculated by the product of trap stiffness and AX.
Two different TCRs were used in our studies. The first is the N15 TCR specific for a
vesicular stomatitis virus nuclear protein octapeptide (VSV8, RGYVYQGL) bound to the
H-2K? molecule (VSV8/K?). The second is the NP63 TCR specific for influenza A virus
PR8 nucleoprotein nonapeptide (NP336, ASNENMETM) bound to the H-2D” molecule.
These TCR epitopes are targets of protective adaptive aff T cell immunity against the two
viruses. Comparable results with these diverse specificities imply the broadness of the

dynamic mechanosensing behaviors we observe.

3.3.2 The chemical threshold for triggering in the absence of external force requires

pMHC density exceeding physiological levels

We first tested the sensitivity of triggering N15 T cells using beads displaying different
VSVS8/K? copy numbers at the bead-cell interface in the absence of load, beginning with
saturating ligand coverage and diluting until activation was no longer observed. Beads
were trapped and gently placed on the cell to facilitate attachment. The trap was then
immediately turned off. Bead position and fluorescence levels were monitored for 10 min-
utes. As seen in Fig. 3.4A, a saturated VSV8/K? -coated bead with ~2x 10* molecules at
the bead-cell interface generated robust TCR triggering (18 of 34 cells)(yellow triangles
in Fig. 3.4A). With ~200 molecules at the interface, triggering was reduced (4 of 11 cells)

with minimal fluorescence increase (Fig. 3.5B). However, beads with 29 VSV8/K? at the
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Figure 3.4: Thresholds for ¢ BTCR triggering are dependent on both pMHC ligand
copy number and directional force. (A) Ca?* flux was triggered in N15T cells by using
either a high density VSV8/K? copy number at the bead-cell interface ( 2x 10%) without
external force or physiological densities of VSV8/K? (29 and 2) in conjunction with an
optimal vectoral force. Ca?* flux signal is indicated as the ratio of maximum fluorescence
intensity (I,,4y) to the initial fluorescence intensity (Ip) of the Ca?* sensitive dye. Width
of rectangles illustrates the standard deviation. Mean value and median value are shown
in thick line and thin line, respectively. On the right, a rise in intracellular free Ca2* is
shown by colorization through an rise in red and yellow intensities at indicated times for
representative cells. Boxes with red and black boundaries in the same column were statis-
tically analyzed for triggered T cells (open symbols) and non-triggered T cells (symbols
with x), respectively. MFI, Mean fluorescence intensity; *P < 0.05; **P < 1072, #=xxp <
1073 ; wxsxnp < 104 sekskrn p < 1073 skt p < 10—, p-values referring to significant
analysis were evaluated using One-Way ANOVA for all the datapoints. (B and C) Direc-
tional force vs N15aT cell triggering of Ca?* flux under different load and VSV8/K?
(B), L4/K? (C) or the antiTCR VB MR9.4 fragment (C) copies at the interface. Curves
represents fitting with Gaussian distribution. Error bars represent SEM. The duration of
the increase in calcium for shear and normal directions for VSV8/K? in (B) and half-mAb
in (C) are 269 vs. 132 seconds and 136 vs. 87 seconds respectively.

interface, a pMHC density found physiologically on normal APCs [44], did not trigger (1
of 28 cells)(green triangles in Fig. 3.4A), nor did lower pMHC copies (2 VSV8/K?) activate
the T cells (0 of 10 cells)(cyan triangles in Fig. 3.4A). Measurements on T cells with other

pMHC ligands were also tested, including the weak agonist L4 [vesicular stomatitis virus
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nuclear protein octapeptide (VSV8) with p4 V to L VSV8 mutation]/K? and the unrelated
Sendai virus SEV9/K? complexes. With 200 L4/K” or SEV9/K” molecules at the interface,
no triggering was observed (0 of 17 cells each) (Fig. 3.5A). We also performed controls
with BSA-only coated beads (gray triangles in Fig. 3.4A), with fluorescence signals that
were used as background for the nontriggered cells without external trapping force. These
control beads manifest no cell surface binding and failed to trigger T cells, despite repeated

apposition.

3.3.3 External force enhances TCR sensitivity to achieve triggering thresholds with lim-

ited numbers of pMHC molecules at the interaction interface

To determine if external force can facilitate TCR triggering at lower pMHC copy num-
ber, a step force was applied by actuating the piezo stage to move the cell relative to the
fixed trap yielding a desired displacement and force. Measurements on T cells with 29
VSV8/K? at the bead-cell interface showed robust triggering (16 of 26 cells)(green circles
in Fig. 3.4B) under conditions detailed below using specified directional forces ranging
from 10 to 25 pN compared with those without external load (Fig. 3.4A and B and Fig. 3.5).
Likewise, bead-cell interfaces containing 2 VSV8/K? molecules yielded 8 of 15 triggered
cells at triggering force of 8-12 pN (cyan circles in Fig. 3.4B). In contrast, with an average
0.5 pMHC copy number per interface, where we expect no more than one TCR-pMHC in-
teraction in the bead-cell contacting interface [33], no triggering was observed (Fig. 3.4B,
purple circles). Plots of fluorescence increase vs. force show a narrow distribution of trig-
gering forces at the 2 VSV8/K” pMHC copy number dependent on force application as
described below (Fig. 3.4B). L4/K” shows triggering at 200 but not at 29 copies per inter-
face. To determine whether the TCR can be triggered with a single sustained interaction,
we used one-half anti-TCR V3 MR9.4 mAb fragment at 0.5 molecules per interface, yield-
ing a robust 12 of 18 cell triggering responses (at 8- to 12-pN shear force) (Fig. 3.4C and

SI Appendix, Fig. 3.5A, purple).
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Figure 3.5: Thresholds for TCR triggering are dependent on ligand species, copy num-
ber and directional force. (A) Ca’>* flux was triggered in N15T cells by using either a
high L4/K” copy number at the bead-cell interface ( 200) with external shear or 0.5 half
anti-TCRV antibody (MR9.4) in conjunction with an optimal vectoral force in both normal
and shear directions. The other indicated conditions did not trigger. Ca®* flux signal is
indicated as the ratio of maximum fluorescence intensity (I,,4y) to the initial fluorescence
intensity (I?) of the Ca®* sensitive dye. The rectangle height illustrates the standard devi-
ation. Mean value and median value are shown in thick and thin horizontal lines, respec-
tively. p-values referring significant analysis were evaluated using One-Way ANOVA for
all data points. (B) N15T cell triggering of Ca?™ flux with 200 VSV8/K? at the interface.
(C) Directional force vs N15T cell triggering of Ca®>* flux with 200 SEV9/K? as a function
of the load at the interface. Fit curves show lack of a distinct peak. Error bars represent
SEM.

3.3.4 T cell triggering is anisotropic, preferring shear over normal directionally applied

loads

We directly measured the directional dependence of the TCR-pMHC interaction with
similar step force and identical pMHC numbers at the cell-bead interface. Whereas step

displacements in the shear direction exhibited triggering with as few as 2 pMHC at the
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Figure 3.6: Representative Ca’" signals at indicated force, vectoral direction and
VSVS8/K” copies at the bead-T cell interface. Activation is denoted by the area of
red bars under the red Ca’* signal curves.

interface and 10 pN (cyan circles in Fig. 3.4A and B), forces applied in the normal di-
rection required 18 pN (cyan squares Fig. 3.4A and B) to trigger (Fig. 3.4A and B). Ca*
flux durations triggered by 29 and 2 VSV8/K” molecules at the interface along the shear
direction are 250 + 92 s (16 cells, £SD) and 288 4 119 s (8 cells), respectively, whereas
that stimulated by 2 VSV8/K? at the interface with optimal normal force is only 132 4 43
s (9 cells). Interestingly, beads displaying 29 pMHCs at the interface failed to trigger Ca*
flux with any force application along the normal direction (green squares in Fig. 3.4A and
B) but triggered along the shear direction (green circles Fig. 3.4A and B) using a range of
forces examined (Fig. 3.4A and B and Fig. 3.6). As with shear (Fig. 3.4B, purple circles),
single molecule level pMHC (0.5 VSV8/K? molecules at the interface) failed to trigger
TCR with force applied normal (Fig. 3.4B, purple squares) to the cell surface (Fig. 3.4B,
purple square). In contrast, triggering with the very weak agonist L4/K” was only achieved
along the shear direction (Fig. 3.4C). Triggering with the one-half antibody was possible

in both shear and normal directions.
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3.3.5 T cell triggering is associated with rapid relaxation and large displacements
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Figure 3.7: Relationship between TCR triggering and pMHC bead shear displacement
in the absence of external force. (A) Representative 2x 10* VSV8/K? bead motion along
the shear direction in relationship to contemporaneous measurement of Ca>* signal in a
triggered versus a non-triggered T cell, assessed in the absence of external load. (B) 2x 10*
VSVS8/K? bead displacement along the shear direction correlates with Ca’>* signal in N15
T cells triggering in the absence of external load (R=0.7427). In contrast, beads with 29 or
2 copies of VSV8/K? at the contact interface show no correlation. The red and grey box
upper limits represent statistical regions (mean+SD) for triggered vs. non-triggered cells
respectively, stimulated with 2x10* VSV8/K? bead. 625 nm shear displacement is used
as demarcation. The yellow dash line is the correlation analysis between 2x 10* VSV8/K?
bead shear displacement and Ca®" signal of TCR triggering. Yellow data points with red
circles are T cells defined as Triggered, whose I”*/I° is higher than 1.12, which is the
upper limit of the grey box. p-value refers to the significant difference between values in
red and grey boxes evaluated using a One-Way ANOVA.

Our measurements in the absence of force simultaneously monitor bead trajectory and
Ca2* flux caused by T-cell triggering. In Fig. 3.7A, cells with pMHC-saturated beads
(2x 10* VSVS/K? at the interface) that triggered without force exhibited relatively large
displacements (~1000 nm in 200 s) and rapid positional relaxation (peak velocities of 30
nm/s). Note that, during these measurements, the trap is off, only actuated to facilitate
the initial bead to cell contact; thus, bead motions originate from the cell. Change in

position is contemporaneous with Ca?* rise with peak flux occurring at the end of positional
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relaxation and within minutes of the initial bead-cell association. Statistically, unloaded
pMHC-saturated beads with limited displacement (below 625 nm) typically did not trigger
(Fig. 3.7B). Cells which have fewer pMHC molecules at the interface (29 and 2 VSV8/K?)
show little responsiveness, with no correlation between displacement and Ca2* flux, even
for those showing large displacement.

In the presence of shear force, cells exhibit complete positional relaxation as shown in
Fig. 3.8A. Here, force increases as a step and steadily decreases as the bead moves back
to the trap center. Triggered and nontriggered traces were pooled, normalized and fit to
a single exponential decay to extract representative time constants for the average force-
displacement transients (Fig. 3.8B) [45]. Force- triggered cells exhibit rapid positional
relaxation (Fig. 3.8B, dash lines) followed by a rise in Ca®* signal (Fig. 3.9, red lines).

Traces were also fit individually to map the relation between trigger state, relaxation
time and force (Fig. 3.8C). The detailed fitting procedures are illustrated in Fig. 3.10A. Our
results illustrate that, for cells stimulated with 20 VSV8/K? at the interface, triggered cells
relaxed more quickly than nontriggered cells, 0.44 4+ 4.65x10~* s compared with 52.42 +
8.82x 1073 s, respectively, for all measured forces. For T cells stimulated with cognate lig-
ands at identical interface copy number (two pMHCs), triggered cells can be represented by
a window centered around 10 pN exhibiting a relaxation width of 10 s compared to nontrig-
gered cells neighboring this window. The subset of particularly fast relaxing, nontriggered
cells (average 0.44 4+ 4.89x 10~ s) remained bound but was effectively only under load
for a fraction of a second (Fig. 3.8B and Fig. 3.10C). A few beads with single molecule-
level array (0.5 VSV8/K?) led to abrupt unbinding, where the bead snapped back to the trap
center within 5 ms (n=19) (Fig. 3.10B and C) and failed to trigger. Fig. 3.8C shows clearly
that the triggered N15 T cells were centered in the same window irrespective of whether
pMHC was competent to bind the CD8 coreceptor (VSV8/K?) or mutated to abrogate core-
ceptor binding to the K? a3 domain (VSV8/K?,,). The NP63 TCR-expressing T cells also
yielded the same profile using NP366/D?,,,. Results with triggered N15 and NP63 T cells
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Figure 3.8: Relationship between aSTCR triggering and external shear force relax-
ation. (A) Cartoon showing shear force relaxation (blue arrow) with characteristic time
constant 7 after a step displacement of the trap relative to the bead. (B) External force
relaxation for different densities of VSV8/K” bead on the cell surface interface with fits
to a single exponential decay profile. External forces were firstly normalized, shifted to
the same time zero and then averaged. Traces from top to bottom were averaged from
16 (olive dash), 11 (olive solid), 8 (blue dash), 25 (blue solid), and 10 (blue dot) sepa-
rate experiments, respectively. A, activated. NA, nonactivated. (C) Scatter plots showing
relationship among relaxation rate, external force magnitude and @B TCR triggering at dif-
ferent pMHC densities for wt VSV8/K? as well as the mutants VSV8/K?,, and NP366/D?,,,.
For 29 VSV8/K?, Activated is defined as an I,,4,/Iy higher than 1.04 (the upper boundary
of 29 VSV8/K? box without external force in Fig. 2A). For 2 VSVS8/K?, an Lnax/To higher
than 1.05 (upper boundary of 2 VSV8/K? box without external force in Fig. 24) is defined
as Activated. For 2 VSV8/K?,, and NP366/D?,,, Lnax/To higher than 1.00 (upper boundary
of other forces box in SI Appendix, Figs. S7A and B) is defined as Activated. Note the
trigger window depicted by dashed lines is the same in VSV8 K?,, and NP366/D?,,,. In all
cases with 2 pMHC at interface, the window spans a force range from 8 to 12 pN.

using VSV8/K?,, and NP336/D?,, beads were pooled and illustrated in Fig. 3.11A and B.
A possible triggering mechanism is illustrated in Fig. 3.11C, highlighting that because the
pulling direction is shear, TCR-pMHC bonds at the back edge of the bead will sustain the

load. TCR-triggered Ca2* flux requires that the magnitude of pulling force on each single
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Figure 3.9: Optimal external trapping force relaxation along the shear direction de-
picted with concurrent Ca’" signal of a triggered T cell at 29 VSVS8/K” (top row) and
2 VSV8/K? (bottom row) conditions. Activated cells are denoted with red bars under the
Ca?t signal curves. A, activated. NA, nonactivated.

TCR-pMHC complex achieve a 10-pN physical threshold as well as an optimal relaxation
rate. A greater force (i.e. 20 pN) is required for TCR triggering with 29 VSV8/K? at the
interface, because the load is distributed across multiple bonds.

For pulls in the normal direction (Fig. 3.12A), relaxation includes an initial exponen-
tial decay and then, a terminal position, where unlike pulling in shear, complete relaxation
to the trap center is not achieved (Fig. 3.12B). The initial relaxation portion exhibited ex-
ponential time constants (0.1-10 s) similar to shear pulls above. However, unlike pulls in
the shear direction, large displacement relaxations in the normal direction were not pos-
sible. In Fig. 3.12C, with 2 VSV8/K” at the interface, the T cell can be triggered and
exhibited partial relaxation (n = 9). Bead-cell interface with higher density (29 VSV8/K?)
did not trigger the TCR but exhibited frustrated motion caused by active intracellular pro-
cesses with a sustained displacement similar to 2 VSV8/K”. Single-molecule densities (0.5
VSV8/KP?) failed to trigger the TCR because of abrupt unbinding returning to the trap cen-
ter within 5 ms (n = 16). A possible triggering mechanism along the normal direction is
illustrated in Fig. 3.12D. Force, shared evenly by the 2 VSV8/K? molecules, requires 20
pN to reach the TCR triggering threshold for any single TCR. For 29 VSV8/K? at the inter-
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Figure 3.10: Fitting procedure for force relaxation time calculation and representative
traces for T cell triggering under 10 pN shear force and individual VSV8/K” molecules
at the interface. (A) Original and truncated traces and fitting curve (navy) based on ex-
ponential decay equation associated with T cell activation for a bead type with an average
of 29 VSVS8/KP” at the interface. Detailed fitting steps are: 1) finding the peak position,
2) obtaining the Ist derivative from peak to end, 3) truncating the data which shows the
zero derivative and 4) fitting the truncated data to the model: Distance released=A-e ™’ / L
relaxation time(s), t: time (s), A: Initial distance between trap and bead (nm) (B) Repre-
sentative trace for 0.5 VSV8/K? bead along shear direction showing single bond rupture
and no T cell activation. (C) Normalized representative traces for 0.5 VSV8/KP? bead (left)
along shear direction showing single bond rupture with five data points and 2 VSV8/K?
bead (right) along shear direction showing fluid-like motion with eight data points and no
T cell activation. Data points are separated by 1/3 ms.

face, however, force is distributed among many TCRs, where any single TCR is below the
threshold force for triggering. These data and those in Fig. 3.8 also rationalize the distinc-
tions among the vectoral pulling forces required to trigger T-cell activation in Fig. 3.4B.
Similar optimal triggering windows were obtained for L4/K” and one-half antibody shear

triggering Fig. 3.13.
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Figure 3.11: External shear force-induced TCR triggering does not need engagement
of the CD8 co-receptor with the same activating pMHC ligand. (A) N15 TCR triggering
in the absence of CD8 co-receptor ligation to 2 VSV8/K?,, at the bead-T cell interface.
p-value referring significant analysis was evaluated using One-Way ANOVA. Triggered
and non-triggered cells are represented as red and black circles, respectively. 74 cells in
total were used. (B) NP63 TCR triggering in the absence of CD8 co-receptor ligation
to 2 NP366/D”,, at the bead-T cell interface. p-value referring significant analysis was
evaluated using One-Way ANOVA. Triggered and non-triggered cells are represented as
red and black circles, respectively. 45 cells in total were used. (C) Cartoon of shear force
facilitated TCR triggering. The red force arrow illustrates the force vector. Each TCR
complex is represented as a spring. Force-loaded TCRs are in red and force-free TCRs
are in grey. To simplify, we omit the 23 no force-loaded TCR-pMHC complexes for 29
VSV8/K? as well as non-bounded TCRs. Along the shear direction, when external force is
applied on the bead, the TCRs at the back edge sense most of the pulling force, leading to
TCR triggering with 10 pN optimal force and favorable relaxation time.

3.3.6 Regular steps linked to actomyosin machinery rather than TCR serial engagement

Given the prominence of T cell-induced bead motion on TCR-pMHC ligation, we stud-
ied these movements in greater detail. Bead motion reveals discrete steps after shear force
application at threshold pMHC numbers (2 VSV8/K? at the interface). The traces are

characteristic of single-molecule motility of motor proteins on cytoskeletal filaments [46].
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Figure 3.12: Force facilitated TCR triggering along the normal direction. (A) Car-
toon showing partial normal force relaxation (blue arrow). (B) Representative traces for 2
VSV8/K? (cyan), 29 VSV8/K? (green), and 0.5 VSV8/K? (purple) at the bead-cell contact
area. Orange dash line shows the position of the trap center. (C) Bead displacement and
Ca* signal. Optimal external trapping force along the normal direction with concurrent
measurement of Ca?>* flux in an activated T cell (top) in comparison with absent T cell
activation due to insufficient force (middle) and single bond rupture (bottom) at the con-
tacting interface. Activation is illustrated by the area of red bars under the Ca®* signal
curves. (D) Cartoon of normal force facilitated TCR triggering. The arrow illustrates the
force vector with TCR shown as a spring. Force-loaded TCRs are in red and relatively
force-free TCRs are in grey with omission of unbound TCRs. While complete fast relax-
ation is dispensable, optimal 10 pN force per TCR-pMHC interaction is essential. Thus 20
pN loaded on 2 TCRa3-pMHC interactions using 2 VSV8/K? beads offers each TCR a
10 pN force whereas the same force magnitude loaded on 29 interactions distributes too
little force ( 0.7 pN) per complex.

Regular stepping occurs with average displacements and dwells of ~7.7 nm for the primary
peak (Fig. 3.14A). Additional step analysis is found in Fig. 3.15A. To rule out steps being
caused by sequentially unbinding and rebinding of TCRs, we stabilized the pMHC-TCR
interaction with H57 Fab, with a single-TCR binding site on the FG loop of Cf3 domain

that leads to a 10-fold increase in bond lifetime [33]. HS57 Fab-ligated T cells exhibited
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Figure 3.13: Relaxation vs. force and calcium response of N15 T cells with L4/K”
and half mAb stimulation. (A) Relationship between activation force and relaxation time
for 200 L4/K? (left) and 0.5 half anti-TCRV antibody (MR 9.4) (right). Note the trigger
window for the half mAb is similar to Fig. 3.8C with 2 antigen pMHC coated beads. (B)
Typical traces showing bond rupture and no stimulated Ca?>* flux when using 29 interfacial
L4/Kb (top row), whereas 200 L4/Kb along shear direction (middle row) and 0.5 half anti-
TCRV antibody (MR 9.4) along both shear and normal directions (bottom row) induced
robust Ca>* flux when optimal forces were applied.

similar step size and dwell times of 8.1 nm (Fig. 3.14B). To unveil the origin of the steps,
we challenged the cells with cytoskeletal disrupting drugs, including Nocodazole (Nozo),
Cytochalasin D (CytoD), and Blebbistatin (Blebb). Drug studies were conducted using
concentrations that significantly disrupt the cytoskeleton but avoid cell toxicities that alter
overall cell shape or ability to obtain measurements. Step probability and peak location
were unaffected by 10 um Nozo, a microtubule depolymerizer (Fig. 3.14C) [47]. Nozo
blocks Lck phosphorylation [48] but enhances myosin regulatory light-chain phosphoryla-

tion, which induces activation of the motor [49]. However, both CytoD, an actin depoly-
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Figure 3.14: High avidity TCR triggering is a dynamic process requiring actomyosin
rearrangement rather than serial engagement. (A to F) Typical step-wise traces for
N15 T cells, treated with H57 Fab, Nocodazole, Cytochalasin D or Blebbistatin with 11-13
pN shear force and 2 VSV8/K? at the interface. Stepping traces are common for NP63 T
cells at 11 pN with 2 NP366/D?,,. Insets show relative overall step lognormal distributions
with indicated numbers of steps. (G) Hypothetical trace under load of serial engagement
(grey) in comparison to the empirically observed completely rupture at 0.5 VSV8/K? and
stepwise trace at 2 VSV8/K” conditions. At between adjacent dwells are averaged from 2
VSV8/K? at the interface (steps) for the observed regular stepwise trace under shear force.
For the hypothetical serial engagement trace, an upper bound of At=5 ms is obtained from
0.5 VSV8/K? bead (single rupture) measurements where unbinding and complete snapback
to the trap center is observed. Serial engagement, which is not observed, would either show
rebind to a random location or, alternatively, return to baseline within this 5 ms (H) H57
Fab or drug treated N15TCR triggering under load. Mean fluorescence intensities of T cells
triggering by external forces were monitored at 2 VSV8/K? cases through shear direction.
Error bars represent SEM. (I) Comparison of relaxation times resulting from the indicated
treatments. Box height illustrates standard deviation. Red and black boxes illustrate the
triggered and non-triggered conditions, respectively. Mean value is shown in thick line.
kkp < 107 2; #**P < 103 were determined using One-Way ANOVA.
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Figure 3.15: Detailed step distribution characterization for N15 T cell. (A) Step distri-
bution comparison between step-finding code (left) and hand selection of dwell locations
(right) for 18 traces. (B) Power spectrum density analysis for wt N15 T cell and Blebbis-
tatin (Blebb) treated cells under the conditions in Fig. 3.14. Curve of wt N15 T cell shows
a visible spatial frequency peak at 0.135 nm-1, which corresponds to 7.4 nm. However,
Blebb treatment abolishes distinct peak exhibiting a relatively smooth curve.

merizer at 500 nM, and Blebb, a myosin inhibitor at 25 uM, showed clear reduction in
step probability (Fig. 3.14D and E and Fig. 3.15B). Normally, we can extract 7.5 steps per
trace, which were reduced to 3.4 and 1.2 steps for CytoD and Blebb, respectively. Blebb
also shifted the step size distribution to 11.0 nm and reduced bead velocity returning to the
trap center. Regular ~8 nm steps were also visualized for another TCR-pMHC pair (NP63
TCR-NP366/D?,,) (Fig. 3.14F). Purified, naive N15 transgenic CD8" T cells (Fig. 3.16A)
exhibited step-linked triggering (Fig. 3.16B-D). All cells challenged with drugs did not trig-
ger as expected given the significant role of the cytoskeleton in TCR triggering (Fig. 3.14H
and Fig. 3.17) [50]. Although H57 typically inhibits triggering (31), at high forces (23 pN),
some cells showed an increase in Ca’"-mediated fluorescence but with reduced Ca’* flux:
85429 s (8 of 20) above 22 pN. Force relaxation time also shows significant difference

when cells are treated with CytoD and Blebb (Fig. 3.14I).
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Figure 3.16: Naive N15Tg CD8+ T cells from N15tg™/*RAG2~/~B6 mice show a sim-
ilar triggering behavior as N15 T cell transfectants with respect to shear load and 2
VSVS/K? per bead-cell interface. (A) Naive N15tg T cells were fluorescently stained
with CD8-AF488 (eBioscience), VB 5.1/5.2-PE (BioLegend), CD44-APC-Cy7 (BioLe-
gend), and CD62L-PE-Cy7 (BioLegend) and analyzed by flow cytometry using the BD
LSRII. Cell debris and dead cells were excluded from the analysis based on scatter sig-
nals and 7-Aminoactinomycin D (BD Biosciences) fluorescence. The Data was analyzed
by FlowJo software (Tree Star Inc.). FACS gating analysis was performed from left to
right on the delineated populations. Note that essentially all CD8 V5™ tg T cells are naive
(CD44-CD62L 7). (B) Ca®* flux was triggered in Naive N15Tg CD8+ T cells at 9-12 pN.
*P < 0.05. p-value referring significant analysis was evaluated using One-Way ANOVA.
Triggered and non-triggered cells are represented as red and black circles, respectively.
(C) T cell activation of Ca>* flux under different load (left) and the relationship between
activation force and relaxation time (right). Error bars represent SEM. (D) Typical trig-
gered trace showing fast relaxation via steps (left) whereas non-triggered T cells manifest
no relaxation in the trace (right).

The concept of serial engagement was suggested, because very few pMHC ligands

on an APC induced loss of hundreds of copies of surface TCRs on the relevant antigen-
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Figure 3.17: External shear force-induced TCR triggering requires an intact cytoskele-
ton network. Representative Ca®* signal for N15 T cells treated with a saturating amount
of H57 Fab and or indicated drugs at the specified concentrations when using 2 VSV8/K?
copies at interface. Activation is illustrated by the red bars under the red Ca>* signal curve.

specific interacting T cell over a timeframe of many hours [17]. However, rather than a
direct serial single-pMHC ligation of many TCRs at initial TCR triggering, establishment
of a network of cytoskeletal interactions might indirectly modulate TCR distribution and/or
surface expression. We tested this possibility by developing a two-bead assay, with both
beads apposed to a T cell in the absence of external force. One bead is coated with a low
copy number of nonactivating anti-CD3€y mAb 17A2 [31] to monitor pMHC-unligated
TCRs on the cell, while a second bead of different size arrays high density-specific pMHC.
As shown in Fig. 3.18, only in activated T cells (i.e. fluxing Ca?*) does the 17A2 bead move
a greater distance to become more proximal to the pMHC bead. This phenomenon may
relate to activation of motors in the vicinity of the motor ligated to the triggered (Fig. 3.18).
The convergence of TCRs is consistent with initiation of IS formation. Hypothetically,
serial engagement in the early timeframe (seconds to minutes) would exhibit random dwell
displacements caused by sequential bond rupture and rebinding with step time intervals
no greater than ~5 ms (Fig. 3.10C, Fig. 3.12B, and Fig. 3.13B), the time measured for
a ruptured bead to completely snap back to the trap center, whereas we observed a dwell
time between steps ranging from 100- to 400-ms intervals (Fig. 3.14G). Fig. 3.2F shows
functional avidity plots of N15 for VSV8 and L4 as well as NP63 for NP366 depicting IL-2

production in response to graded peptide stimulation. Given that the functional avidities
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differ by 10,000-fold among these receptor-ligand pairs and no pattern of 5 ms At was

observed, the phenomenon of serial engagement is not occurring in this timeframe.
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Figure 3.18: pMHC triggered T cell cluster ligand engaged as well as unengaged
TCRs. (A) During triggering, more N15 aBTCRs (binding with 1.03 um bead, olive
arrow) translocate to the interface where the pMHC-specific triggering initiates (1.25 um
bead, dark blue arrow, n=7 cells). By contrast, nonactivated cells manifest limited ot TCR
motion (n= 10 cells). (B) Changes of distances between the two beads for activated and
non-activated T cells. The two clusters are significantly different at p < 1x107°.

3.3.7 TCR triggering impacted by directional tangential force

Failed TCR triggering associated with slow force relaxation could be rescued by rapidly
reversing the pulling direction, resulting in a fast relaxation response. Representative stud-
ies were performed on beads presenting 29 VSV8/K? at the interface with N15 T cells
(Fig. 3.19A and Fig. 3.20). Since TCRs are reported to directly link to actin filaments via
CD3{{ chains [51], the fast- vs. slow-force relaxation could be explained by the assis-
tance or hindrance, respectively, of the optical trap force as shown in Fig. 3.19B. Concor-
dance of force direction resulting from actin motion and optical trap as applied to the TCR
could facilitate release of the force-dependent structural transition of the TCR heterodimer-
pMHC complex [33, 52]. In contrast, the structural extension would persist in the case of a
pMHC-arrayed bead, slowly relaxing back to trap center. This behavior is consistent with
that of a T cell performing immune surveillance on an APC surface; force loaded on the
TCR through one direction (e.g. cell moving/spreading direction or microvilli protrusion
[53, 54, 55]) may be quickly released by the motion along the other direction (e.g. actin ret-

rograde flow), as shown in Fig. 3.19C [41]. Although N15 T-cell triggering rescue is hard to
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Figure 3.19: External force in the direction of retrograde flow synergizes with acto-
myosin motion to facilitate o STCR triggering. (A) Preference in external pulling force
direction revealed by optical trap analysis. Failed o8 TCR triggering by 29 VSV8/K”
beads after a slow relaxation (blue) lacking Ca>* flux (red curve) can be rescued by quickly
switching pulling force direction (magenta). This directional change induces fast relaxation
(green) and attendant Ca>* flux (red curve) without altering pulling force magnitude. The
portion of the trace in orange represents the position of the trap center. (B) Possible acto-
myosin motion when rapid trapping force relaxation initiates along the tangential direction.
Polarization of F-actin is indicated by plus and minus marks. Relative motion of F-actin is
indicated by the green arrow. Different external force directions are indicated by blue and
green arrows, which correspond to slow and fast relaxation, respectively. The actomyosin
motion will facilitate force relaxation and steps when pulled in the green direction gener-
ated by myosin II pulling (gradient red arrows). In contrast, pulling in the blue direction
will exhibit a tug of war that results in a slow relaxation, such that the TCR cannot be trig-
gered, despite application of identical force magnitude. (C) Cartoon of synergistic shear
forces-facilitated TCR triggering during T cell-APC contact; CD3 components were omit-
ted for clarity. A T cell scans an APC surface in search of specific pMHC. Shear force could
be generated either by cell motion (as drawn) or actin retrograde flow (RF, green arrow).
Scanning force (red arrow) loaded on the TCR caused by T-cell motion (large red arrow)
may be quickly released by the force generated by local actomyosin stepping (red curved
arrows). Synergy between these two forces may foster TCR molecular recoil to facilitate
T-cell activation and recruit more TCRs to the uropod. Note that the actin cortex is a much
more complex array of actin and myosin filaments but simplified here for illustration.

actuate for 2 VSV8/K? at the interface, hallmarks distinguishing fast relaxation from slow

relaxation are evident when the position of VSV8/K?-coated bead is close to trap center
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Figure 3.20: Examples of triggering rescue through switching the direction of applied
force from the optical trap. Pulling started at the orange portion at time zero that rep-
resents the trap center, followed by a failed TCR triggering by 29 VSV8/K” beads after
a slow relaxation (in blue) lacking Ca%t flux (red curve). The event can be rescued by
quickly switching the pulling force direction (in magenta). This directional change induces
fast relaxation (in green) and attendant Ca?* flux (red curve). A detail blowup of the second
example is shown in the far right panel.

(Fig. 3.21). There, bead traces exhibiting fast relaxation smoothly return to the trap center
(Fig. 3.21A and B). However, slow trajectories exhibit fluctuations and even step against
the trap at low displacements (Fig. 3.21C). Collectively, these results reveal a clear force
vector directionality linked to successful TCR triggering by pMHC at the single-molecule

level.

3.4 Discussion

T cells executing surveillance motions orchestrate a complex process that operates on
many length scales. The cells leading edge, microvilli, uropod and trailing elements exhibit
extensions and retractions as adhesions are formed and broken, exerting nanonewton forces
to deform the underlying substratum [56]. Within the cell, actin structures cycle through
states of polymerization, depolymerization and flow mediated by motors and actin binding
proteins that couple filaments, sever filaments, generate branches, cap ends, and facilitate
depolymerization (reviewed in [57]). T cells cluster their TCRs in the uropod, which is
central to the cell and tied to actin structure undergoing retrograde flow [58, 59]. T cells
exhibit frequent periods of persistent motion but with intermittent stops and turns. The

underlying adhesions result in pulling and dragging motions, where shear forces similar in
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Figure 3.21: Representative traces for force relaxation and a possible mechanism
linked to T cell functional activation when using ~2 pMHC copies are at interface.
Black dash in each trace represents trap center. (A) Fast relaxation at 0.1 pN/nm stiffness.
When force direction (in green) is consistent with the actomyosin motion (in green), the
TCR may be extended initially but is then restored to its original geometry as the bead
rapidly returns to trap center due to actomyosin motion. Note the bead continues moving
against the opposing load and stalls at ~3.7 pN. (B) Representative traces showing possi-
ble active transport of the bead with longer displacement against the opposing load when
lowering down the trap stiffness (black arrow) after the cell activation. The stall force is
still ~3.7 pN. In these experiments cells were triggered at higher trap stiffness (0.1 pN/nm,
green) and then the trap force was reduced to a lower stiffness (0.049 pN/nm, pink). Note
that there is a spike soon after the trap stiffness change due to a brief period where the
acoustic-optic deflector amplitude is adjusting to the new setting. In the presence of the
weaker trap, the system transitions to an opposing load geometry and pulls the bead out of
the trap. In these cases the magnitude of displacement is larger showing directed motion
still continues against the trap force. The maximum displacements are consistent with mea-
sured stall force. (C) Slow relaxation at 0.1 pN/nm stiffness. In this case force direction
(in blue) is against the actomyosin motion (in green) so that the initially extended TCR
remains extended with the bead returning slowly to the trap center. Note at the trap center
(~0 nm distance) the bead moves in the other direction, stalling at 3.7740.50 pN (n=30)
due to the tug of war between actomyosin motion and trapping forces.
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magnitude and direction to those in our experiments can be generated (Fig. 6C). Our data
show that the native environment of the TCR mechanosensor exploits direct coupling to
the cell motility machinery for its performance. Cell motions provide the energy to activate
the ~10-nm x 10-pN conformational change, where the equivalent of 100 pNnm of work
is done on the system [33].

At physiological pMHC densities, triggering requires external load (Fig. 3.4A and B).
We observe a triggering preference for shear vs. normal-directed forces as occur when T
cells perform their scanning functions (Fig. 3.8, Fig. 3.6 and Fig. 3.12) [60, 59]. Stresses
were applied experimentally via loading through our optical trap system, delivering on
average, ~10 pN per TCR-pMHC interaction. The anisotropic response can be explained,
in part, by geometrical factors. TCR triggering along the normal direction shares the load
equally among each interfacial TCR-pMHC complex (Fig. 3.12D) and thus, requires a
greater overall pulling force for any one of them to breach the ~10-pN conformational
change threshold [33]. On the contrary, shear motion distributes the force unevenly at the
bead-cell interface, concentrating it where fewer TCRs engage (Fig. 3.11C). Thus, for shear
pulls, triggering is seen at both 29 pMHC and 2 pMHC interfacial molecules.

Without load, the TCR can be triggered when 2x 10* VSV8/K” molecules are present at
the bead-cell interface (Fig. 3.4A). We expect that the high densities provide a stabilizing
interface to create multiple points against which internal cytoskeletal forces can pull to
activate TCR-pMHC mechanosensors [40, 61]. Consistent with this notion, triggered cells
are associated with large bead displacements along the shear direction (Fig. 3.7). Such
high-density array is relevant to exogenously loaded APCs under in vitro conditions but
rarely, if at all, to naturally processed viral antigens [62].

In addition to force, direction impacts coupling of the mechanosensor to the underlying
actin machinery. Shear pulls permit motility of TCRs along actomyosin structure, even
at low pMHC copy number (2 pMHC) at the interface (Fig. 3.14A and F). Pulling in the

normal direction directs the TCR away from membrane-associated actin. Our results are
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consistent with this anisotropic phenomenon, as a much stronger Ca?* flux is seen with
shear over normal pulls (Fig. 3.9 and Fig. 3.12C).

Bead trajectories for cells that trigger reveal processive active transport in the direction
of applied shear force. Although visually the bead positional relaxation appears smooth,
the high spatiotemporal resolution of our instrument allows discrete stepping of the TCR
coupling to the actin machinery to be detected. Although the step size (8 nm) suggests
microtubule-based transport, drug inhibition studies and stall force (3.8 pN) measured here
(Fig. 3.14A and F and Fig. 3.21) are consistent with myosin-based transport (and steps
sizes) on actin filaments [63, 64, 65]. We cannot formally rule out that the transients orig-
inate from bulk contraction of actomyosin networks, release of actin cross-linkers or other
attachments, or encountering of other obstacles in the cell. Notwithstanding, Fig. 3.21
shows motion against the trap force, revealing that active transport contributes to bead be-
havior after an activating manipulation.

Unlike the rapid and relatively long distance bead motion observed in triggered cells,
bead trajectories of most non-triggered cells show a slow return to the trap center (Fig. 3.8B
and Fig. 3.9). The slow relaxation further suggests that a strong linkage connects the TCR
to cytoskeleton. In contrast, a fluid-like microenvironment, with TCR uncoupled to the
underlying actin structure, results in fast bead relaxation to zero displacement as the large
trap force easily overcomes the relatively small drag force of the TCR complex within the
membrane (Fig. 3.8B, dotted blue line). Fluid-like relaxation is directly seen in some traces,
which exhibit distinctly faster timescales relative to observed active motility (Fig. 3.8B and
Fig. 3.10C). In fact, while naive cells that triggered showed stepping, those that failed to
trigger did not relax to zero displacement (Fig. 3.16D). Moreover, rapid fluid-like relax-
ation is not observed. This is consistent with the greater densities of TCR and associated
actomyosin on the surface of the ~4 um diameter naive cell.

Direct coupling to underlying cytoskeleton is a desirable feature underpinning our

mechanosensor model as TCR activation requires a sustained load. The direct connection
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to actin (i.e. a load sustaining pathway) is likely through a single active motor, because
discrete steps are observed. If multiple motors were transporting the TCR, then that dis-
creteness would be blurred, and the single-molecule nature of the stepping lost because of
averaging over an ensemble of motors. Our rescue experiments (Fig. 3.19A) also support
the model that motility is linked to actomyosin and a single or small number of motors and
only permitted in a direction aligned with the polarity of the underlying actin cytoskele-
ton. Triggered T cells manifest actomyosin motion in the direction of force application;
thus load is in a direction that assists motility (Fig. 3.21A). Force in the opposite direc-
tion works against motility and opposes transport, setting up a tug of war between the trap
and motor leading to a stall. Myosin II stall forces have been reported in the range of 3.4
+ 0.9 pN, consistent with lack of motion against the ~10-20 pN trap forces applied here
(Fig. 3.21C) [66]. If a handful of motors were engaged and activated, collectively, they
would likely overcome the opposing trap force and displace the bead. Trajectories of non-
triggered cells under load exhibit small amplitude displacements above the thermal noise
distribution of the trapped bead, likely driven by TCR linked actomyosin machinery.
Given that the a BTCR-pMHC complex has a wide base, optical trap shear load applied
parallel to actin structures, analogous to forces at work during immune surveillance motion,
will torque the mechanosensor apparatus. The pushing and pulling on signaling structures
drives T cell activation. Although we observe some bead motion at low force, TCR acti-
vation correlates with activation of cytoskeleton motility [40]. A number of mechanisms
may drive the latter, including phosphorylation, Ca2* increase, and mechanically trigger-
ing activation. Motors within the neighboring microenvironment may be able to receive
these signals and activate their associated TCRs to amplify the signaling cascade [67]. In
two-bead experiments, a pMHC array-saturated bead was used to trigger the cell, while a
second bead coated with a nonstimulatory anti-CD3ey mAb [31] showed motion towards
the triggered bead. This motion was not observed in cases where the pMHC-coated bead

failed to trigger the cell, suggesting that the triggering event activates neighboring motors.
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Thus, during T cell activation, the neighboring, nonengaged TCRs will accumulated at the
contact site [68] by direct active transportation of F-actin-coupled TCRs and assembly of
initial non-coupled TCRs to F-actin through ERM (ezrin/radixin/moesin) proteins [69].

In contrast, without direct connection to the cytoskeleton to sustain load and drive force
generation, the TCR-pMHC bond simply unbinds or displaces within the fluid-like mem-
brane, never achieving critical load thresholds required for mechanosensor-based activa-
tion, including bond strengthening, conformational change, and other push and pull mo-
tions [33, 52]. A fluid-like microenvironment does not have the densely organized actin
machinery of a motile cell, and thus, second wave signaling after TCR-pMHC triggering
is muted. Similarly, load in the normal direction pulls the TCR away from membrane-
associated actin. We underscore that mechanosensor activation requires a physical anchor,
namely the underlying actin cytoskeleton. Fortunately, our pulling geometry capitalizes
on cell surface attachment to the coverslip where an organized actin structure is created
(Fig. 3.1B, inset) [70], similar to that of T cells scanning a cellular substratum. Beads are
placed on the side of the cell adjacent to this structure where TCRs are engaged with actin
machinery.

Biomembrane force probe analysis has been used to investigate early T-cell activation
events [19] by applying load through pMHC to the distal pole of the T cell, typically oppo-
site the holding micropipette location, where organized actin structure is sparse or lacking
[70]. Repeat pulls are required to activate individual T cells with force direction normal to
the cell surface (which we have shown here is less efficient than shear force). Ligated TCRs
likely form a locus to organize actin machinery, permitting actomyosin-mediated motility
and neighboring TCR signaling. Because signal buildup independent of those originating
from a single TCR contributes to T-cell activation, the process is empirically conceptual-
ized as cumulative bond lifetime [19].

The threshold studies on three different systems show a very similar window for trig-

gering requirements centered at ~ 8-12 pN (Fig. 3.8C), force ranges and relaxation times

78



consistent with myosin stepping. Forces below this region do not permit catch bond for-
mation necessary to create an energized TCR-pMHC bond [33, 19]. On the other hand,
higher force regimes also fail to trigger. Although we believe these TCR-pMHC molecu-
lar interactions are capable of supporting conformational change, they may either rapidly
rupture or not allow repetitive hopping back and forth between conformational states seen
in our single molecule experiments [52]. Actomyosin-based transport acts as a force regu-
lator, maintaining the TCR-pMHC system within this window optimal for conformational
transitioning. Oscillating conformational changes in single TCRs likely foster signal trans-
mission by altering membrane lipids, inducing transmembrane segment conformational
change, or exposing interfacial cytoplasmic tail segments for downstream modifications
[9]. Our triggering of single cells is quite robust, with ~ 53.3 % of T cells triggered by
the lowest pMHC density studied here using optimally applied force. This frequency is
remarkable, assuming a 50:50 chance of applying the correct pulling direction relative to
actin polarity.

Supported lipid bilayer (SLB) experiments investigating TCR activation are performed
at high pMHC densities, where the T cell is able to elicit signals without an apparent ex-
ternal force and in geometries initially devoid of organized actin [71]. T cells are then
placed on the bilayer surface establishing fluid-like areas in which TCRs-pMHC bonds
move freely flanked by rigid supports, where their motion is blocked. Force across the
TCR can only be sustained against those supports or within internal cellular actomyosin
structures. The triggering chemical thresholds are very high for SLB experiments, 0.2
pMHC per 1 m?, which corresponds to ~16 pMHC beneath the cell [28]. At least 4 pMHC
within a single TCR cluster spanning 400 x 400 nm? and containing 18-100 TCRs, is
sufficient to induce the Ca2* flux [72]. TCR-pMHC clusters form and begin to organize
actin machinery, eliciting transport and IS formation with distal, peripheral and central
supramolecular activation clusters. Triggering is not immediate but requires sufficient lig-

and density and time (minutes) to generate motions and forces necessary for clustering and
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triggering. A mature IS contains all of the features of our mechanosensor-based activation,
including shear motions and the ability to generate force across a TCR-pMHC bond, pro-
cessive motility, and activation and transport of neighboring TCRs. These IS structures are
reflective of uropod actin organization for mediating rapid Ca?* flux and motor activation
featured by our experiments.

Earlier studies have suggested that only a single or very few pMHC molecules per APC/
target cell are required to stimulate T cell activation [73, 74, 75]. Although our lowest
pMHC densities capable of triggering cells involve two pMHC molecules at the interface,
the bead trajectories with nanometer-scale resolution suggest that a single interaction is
sustaining the load. Perhaps the second molecule serves to stabilize the interaction along
a line, defined by two points. This finding is consistent with adhesion activation studies
requiring two ligands in related systems [76]. While our assay geometry recreates many
of the elements found in cells undergoing surveillance, it lacks APC adhesion molecules
such as CD58/48, that are known to be important for cognate recognition by pairing with
CD2 on the T cell to enforce the relevant intermembrane spacing between cells forming
conjugates [77]. Thus, in the context of a T cell-target cell or T cell- APC conjugate, one
TCR-pMHC bond is probably sufficient to trigger. Triggering with single molecules of the
MR9.4 mAb fragment supports this notion.

Serial engagement is a leading model for T cell activation based on a concept of sequen-
tial binding and unbinding of a single pMHC molecule to multiple TCRs [17]. The model
rests on evidence that many TCRs on a single T cell are down-regulated in the presence of
small numbers of pMHC molecules. Serial engagement has morphed over years to incor-
porate arguments germane to 2D vs. 3D apparent binding kinetics [78], rationalizing the
requirements for optimal TCR affinity to avoid interactions that are too strong or too weak
to achieve repeat binding and sustained T-cell signaling [18]. Liu et al. [19] suggested that
serial engagement is occurring through early and rapidly accumulated bond lifetimes.

Multiple observations made here are in direct conflict with serial engagement as being
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critical for initial TCR activation over seconds to minutes as opposed to hours. First, we
observe immediate and direct stepping in trajectories of beads triggering cells. These find-
ings indicate a rapid, sustained, systematic and strong connection to the actomyosin based
machinery (Fig. 3.14A). Second, in the presence of H57 Fab, which extends the N15 TCR-
VSV8/K? bond lifetime 10-fold, where any unbinding probability is further reduced [33],
we observe a similar stepping signature, suggesting the TCR-pMHC maintains a single
bond throughout the trajectory (Fig. 3.14B). Third, given known estimates for 2D densities
of pMHC and TCRs at the bead-cell interface, the probability in our system of pMHC rup-
turing and binding a second TCR is less than 1% [78, 79] at the single molecule level (0.5
VSV8/K? at interface). Thus we would expect to see only a single binding event during the
trace. In fact, for experiments where we observe unbinding, beads return to the trap center
within 5 ms (Fig. 3.10C), a time window extremely short with respect to requirements for
serially engaging a second receptor. If serial engagement were occurring, we would ob-
serve a single short dwell followed by a single rupture and snap back to the center of the
trap position (Fig. 3.14G). Rather we observe regular discrete steps (Fig. 3.14A). This is
also consistent with single pMHC tracking experiments, showing that re-entrapment of the
same pMHC with multiple TCRs nearby is unlikely once it is disengaged from the TCR
[80]. Fourth, conditions expected to severely reduce serial engagement, such as pulling in
the normal force direction where pMHC is moved away from the cell surface, reducing the
probability for repeat binding, still allow triggering (Fig. 3.12). Fifth, a wide array of lig-
and affinities was investigated here, where weaker binding L4 showed reduced triggering
over VSV8. In contrast, sustained binding through a single one-half antibody was capable
of triggering cells at the single-molecule level. Sixth, we can directly show clustering of
pMHC-triggered and pMHC-untriggered TCRs in two-bead experiments (Fig. 3.18). Our
two-bead measurements suggest that serial engagement is not required for initiation of IS
formation in this timeframe.

The translational implications of our findings are significant. T cell activation requires
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recognition of but a handful of specific pMHC ligands on a given target cell. This sensi-
tive TCR signal transduction apparatus is dependent on external mechanical force resulting
from cell movement and coordinated intracellular retrograde cortical actin flow similarly
directed. A correlate is that foreign antigens derived from infectious pathogens or non-
synonymous mutations in tumor exons need not be displayed at more than a few copies on
the target because the TCR functions as an exquisitely sensitive anisotropic mechanosensor.
Highly potent CTL for adoptive immunotherapy may be most effectively stimulated in vitro
on relevant pMHC molecule arrays using pN shear forces to train and expand CTL for sub-
sequent in vivo use. Chimeric antigen receptor T cells (CAR-T) consisting of an antibody
antigen-binding fragment of predefined specificity as an ectodomain linked to an intracel-
lular T cell activation domain originally proposed by Eshhar in 1989 [81] have shown great
clinical promise recently [82]. The new understanding of the molecular features of TCR
mechanobiology revealed here should be exploited to optimize the synthetic biology of

CAR-T design to confer heightened potency as well as intrinsic regulation features.

3.5 Conclusion

T-lymphocyte activation during immune surveillance begins with recognition by its a3
T-cell receptor (TCR) of a peptide ligand bound to an MHC molecule (pMHC) on infected
or otherwise altered cells. Using optical traps, we show that activation is fostered at the
single-molecule level through synergy between external load on the TCR-pMHC bond and
internal, sustained stepping via motor-dependent transport. Chemical thresholds in the ab-
sence of load require much higher pMHC density than observed physiologically. With load,
however, T lymphocytes can be reliably activated with ~10 pN per TCR molecule, mim-
icking native shear motions involving a mere two pMHC:s at the interaction surface. Initial
TCR triggering sensitivity results from synergistic mechanosensing rather than previously

postulated serial engagement.
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3.6 Materials and Methods
3.6.1 External Mechanical Force applied on the T cell using optical traps

Various external mechanical force applications using optical traps. A single pMHC-
functionalized bead (d=1.09 um) was trapped with a 1,064-nm laser (stiffness 0.06-0.13
pN/nm) and placed alongside a surface-bound T cell with an automated piezoelectric stage.
The bead position relative to the trap was monitored so that contact could be achieved with
minimal pushing force (<5 pN). After T cell-bead contact was verified, DIC images were
taken to calculate the contact area between bead and cell membrane. The contact area
was calculated as the surface area of a zone of a spherical cap with its height, which was
controlled during the course of the experiment by viewing the position signal along the
normal direction. A shear or normal force was then applied to the bead by displacing the
bead-attached cell relative to the fixed trap using fine motions of the piezo stage. The force
on the bead was determined by measuring the trap stiffness prior to cell-bead contact by
the equipartition method, and by measuring the displacement of the bead from the trapping
center via post-processing of experiment videos. Distances between bead and trap center
were sampled at 3 kHz, antialias-filtered at 1.5 kHz, and recorded for 10 min. Simultane-
ously, T cells were excited using a 532-nm laser to monitor Ca?*-sensitive Quest Rhod-4
fluorescence every 4 s right after force application. Assays were performed at 37 °C. All of
these experiments were done using an automated custom-built optical trap designed for si-
multaneous force and fluorescence experiments at the single molecule and single cell scales

[42].

3.6.2 Two-bead assay

A single 17A2 antibody functionalized fluorescently labeled bead (d=1.03 um) was
firstly trapped with a 1,064-nm laser and then placed alongside a surface-bound T cell with

an automated piezoelectric stage. Secondly, a saturated VSV8/K? -coated bead (d=1.25
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um) was trapped and placed at a position 2 um distal to the antibody-coated bead. This
distance ensures that the trap does not interfere with the antibody-coated bead. Immediately
following attachment of the the saturated VSV8/K? -coated bead to the T cell membrane,
the trap laser was turned off and T cells were excited using a 532-nm laser to monitor Ca?*
sensitive Quest Rhod-4 fluorescence every 4 s. Two DIC images were also taken before

and after the 10-min fluorescence recoding. Assays were performed at 37 °C.

3.6.3 Cell culture

Cell lines were maintained in high glucose DMEM medium (Sigma-Aldrich) supple-
mented with 20 % (v/v) fetal bovine serum (FBS) (Sigma-Aldrich), 100 U/ml penicillin,
100 U/ml streptomycin (Life technology), 2 mM glutamine (Life technology), 1 % (v/v)
Non-essential amino acid (Life technology), and 0.1 % (v/v) 2-mercaptoethanol (Life tech-
nology) and reached the log phase of growth prior to performing the triggering experiment.
Naive T cells from mice were isolated and used shortly post-purification as described be-

low.

3.6.4 Production and characterization of N15 and NP63 T cell lines and their IL-2 pro-

duction

The BW5147.3 cell line was obtained from ATCC and plasmids CD3WT pMIY and
TCR pMIG were a kind gift from the D. Vignali (St. Jude Children’s Research Hospital,
Memphis, Tennessee). The wildtype mouse CD3 and N15 TCR genes in each plasmid were
constructed using the viral 2A-linked system [83] to generate multicistronic vectors for co-
transfection of all of the CD3 and TCR genes. The CD8 and genes [84], the CD3WT and
N15 TCR plasmids were first transfected into Pheonix-Eco packing cells for the production
of CD3 and TCR retroviruses. The virus supernatants were harvested and then used to
retrovirally transduce the BW5147-CD8cells to incorporate the CD3 and TCR genes in
that order to create the NISTCR' CD8' CD8 "TBW5147.3 cell line (N15 T cells). For a
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second T cell line, NP63, a similar approach was employed. The NP63 TCR is an influenza
A PR8 virus NP366-374/H-2D° -specific TCR cloned from PR8 virus infected mice, as shall
be detailed in a subsequent paper. Briefly, however, CD8* NP366-374/H-2DD” tetramer™
cells from spleen of influenza infected mice were single-cell sorted and TCR and cDNAs
were amplified from individually sorted cells by single-cell RT-PCR method [85, 86]. Both
N15 and NP63 T cell lines were sorted by FACS for stable TCR expression at copies
representative of normal naive or memory T cells (~20,000-40,000 copies per cell).

The T cell activation assay was carried-out in triplicate in a 96 well plate using 1-2x 10°
R8 cells irradiated at 3000 rads prior to use with 1-2x 10> N15 or NP63 T cells in each well.
Varying concentrations of the stimulatory peptides VSV8, L4 or NP366 were added to each
well ranging from 0-10g/ml. An optimal combination of PMA (25 ng/ml)/ionomycin (2.5
ug/ml) was used as a positive control. The peptide stimulated cells and the negative and
positive controls were incubated for 16-18 hours overnight at 37 °C. Following incubation,
the cell supernatants were harvested for IL-2 ELISA assay. Where indicated, the EC50 of
the IL-2 producing cells was calculated using a 4-parameter logistic model [87].

The IL-2 ELISA assay was completed using the mouse IL-2 DuoSet and ancillary
reagent kit 2 (R&D systems). The T cell supernatants were diluted in media such that
the O.D. 450 nm readings fall within the standard curve for the assay due to the high level
of IL-2 production in the presence of the VSV8 peptide. The assay was then carried out fol-
lowing the kit instructions. The negative control values were subtracted from each sample

point and concentrations in pg/ml were calculated from the standard curve.

3.6.5 Preparation of naive N15Tg CD8" T cells

Four 9-16 week old homozygous N15 TCR transgenic (tg) mice on the B6Rag2~/~
background were used for the isolation of naive T cells [88]. Mice were maintained and
bred under specific pathogen-free conditions in the animal facility of the Dana-Farber Can-

cer Institute under a protocol reviewed and approved by the Animal Care and Use Commit-

85



tee. The naive CD8" N15 T cells were purified by magnetic sorting using naive CD8 iso-
lation kit (Miltenyl Biotec) containing mAbs against CD4, CD11b, CD11c, CD19, CD45,
CD49b, CD105, Ter-119, MHCII, CD44 and TCR from spleen of N15 TCRtg Rag2/ mice
according to the manufacturer’s instructions. Post-purification by negative selection, the

naive CD8" N15 T cells were used without prior stimulation.

3.6.6 Antibodies (Abs) and flow cytometric analysis

The following monoclonal antibodies (mAbs) were used: FITC-conjugated anti-V3 5.2
(ebioscience), APC-conjugated anti-Vf3 5.2 (MR9.4) (ebioscience), FITC-conjugated anti-
TCR CB (H57-597) (Biolegend), APC-conjugated anti-TCR Cf (H57-597) (Biolegend),
APC-conjugated anti-CD3 (145-2C11) (ebioscience), APC-conjugated anti-CD3 (17A2)
(ebioscience), APC-conjugated anti-CD8 (53-6.7) (Biolegend), APC-conjugated anti-CD8
(53-5.8) (Biolegend) and PE-conjugated anti-H-2K? antibody (AF6-88.5) (ebioscience).
For flow cytometry, single-cell suspensions of the T cells were prepared at 3x10° cell-
s/ml in PBS containing 2% FBS. Those cells were single-color stained with the mAbs at
saturating concentrations. After incubation on ice for 20 minutes, the stained cells were
washed, transferred to falcon tubes and analyzed by flow cytometry immediately using a
3-laser BD LSRII. Dead cells were excluded by forward and side scatter gating. For deter-
mining TCR expression, FITC-conjugated anti-Vf and/or H57 mAb were utilized. Mean
fluorescence intensities (MFI) were calculated based on the fluorescence method by FACS

and the average number of TCRs per cell is ~2-4 X 10% [89].

3.6.7 pMHC coated beads

The vesicular stomatitis virus nuclear protein octapeptide (VSV8, RGYVYQGL) which
is the cognate antigen (in complex with H-2K?) for the N15 TCR was bound to recombi-
nant H-2K? containing a C-terminal biotinylation tag (GGGLNDIFEAQKIEWH) [90]. In

addition to the strong agonist peptide VSVS8, the weak agonist L4, which contains a sin-
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gle valine-to-leucine substitution at the p4 position of VSV8, or the unrelated Sendai virus
nonamer peptide SEV9 was also used to complex with the recombinant H-2K?. SEV9
binds to Kb with comparable affinity to VSV8 but is unable to activate N15TCR-expressing
T cells [91, 92]. The streptavidin (SA)-coupled polystyrene beads (1.09 um diameter,
Spherotech) were washed with PBST buffer (1X PBS without calcium (cellgro) with 0.02%
(v/v) Tween-20 (Sigma-Aldrich)) three times. To create sample beads with distinct pMHC
densities, different concentrations of biotinylated VSV8/K? solutions were added to the
SA-coupled polystyrene bead solution and gently rotated for 1h at room temperature and
then wash three times by PBST. For 2x10° VSV8/K” molecules/bead sample, Sul of 10
M of H-2K? complexes were used for coupling to 5ul 0.01% w/v streptavidin polystyrene
beads. For 2x10%, 200, 20 and 5 VSVS8/K®? molecules/bead samples, 1 uM, 100 nM, 10
nM and 2.5 nM concentrations of H-2K” complexes were used for coupling to 5 ul 0.1%
w/v streptavidin polystyrene beads. For T cell triggering, bead surfaces were blocked by
adding 5 mg/ml 20 ul biotin-BSA (ThermoFisher) in the pMHC coated bead slurry for 1
h at room temperature and then wash three times by PBST. The BSA on the bead surface
eliminates potential non-specific binding of the bead to the cell membrane [93]. For the
assays with two beads, the SA-coupled polystyrene beads (1.25 um diameter, spherotech)
were used following the same coating procedure as above. The biotinylated wild type
VSV8/H-2K?, L4/H-2K? and SEV9/H-2K? and the biotinylated mutant VSV8/H-2K?,, and
NP366/H-2D?,, molecules whose CD8 coreceptor binding sites were eliminated (both mu-
tants obtained from the NIH Tetramer Core Facility) were used in identical bead-coating

procedures.

3.6.8 Quantitation of pMHC on the bead surface

Quantitative immunofluorescence was used to determine the densities of pMHC on the
bead surface [89]. When the number of VSV8/K? on the bead surface is above 500, dif-

ferent amounts of PE-conjugated anti-H-2K” antibody (AF6-88.5) was added into the bead
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solution. After 1-hour gentle rotation, the stained beads were examined by flow cytometry
with Mode values of mean fluorescence recorded and normalized by dividing the maxi-
mum fluorescence signal using 0.1 pg antibody. It is estimated that the interacting surface
between the bead and the cell represents up to 10% of the bead surface area and 10% was
used when the surface expression is at 2x 10° pMHC/bead [94].

Flow cytometry reached its limitation of distinguishing the pMHC bead signal from
the background if the surface expression is equal to or lower than 500 pMHC/bead. Ac-
cordingly, at low density we used the single molecule total internal reflection fluorescence
(smTIRF) microscopy method with a penetration depth of 400 nm easily able to sample
the relevant interface contacting the cell surface. Saturated amount of PE-conjugated anti-
H-2K? antibody (AF6-88.5) was added into the bead solution, gently rotated for 1-hour.
The stained beads were washed with PBST three times, resuspended in 1X PBS buffer
and then examined by smTIRF microscopy. The methodology for calculating the pMHC
copies at the interface is as follows with 200 pMHC coated bead used as a representative
example. A flow cell containing two separate channels was created where one channel
was loaded with 200 pMHC copy- coated beads labeled with PE-conjugated anti-H-2K?
antibody (AF6-88.5) and the other channel loaded with streptavidin beads labeled with the
same antibody to calibrate the non-specific binding between antibody and SA. After load-
ing the beads, each channel was washed with 1X PBS five times. Fluorescence signals of
single PE-conjugated anti-H-2K” antibody and background were obtained from bead im-
ages. The following three equations are used in calculations where I represents the mean
fluorescence intensity:

I

200 pMHC /bead =nX Isingle PE—mAb + Im)nspecific binding between SA bead and mAb + IBuckgmund (1)

+ IBackgmlmd (2 )

nonspecific binding = Inonspecific binding between SA bead and mAb

1

PE—mAb = Ixingle PE—mAb + IBackgmund (3)
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The same region of interest was selected to include pMHC coated bead (Z, ), SA-

00 pMHC /bead

bead (/

nonspecific binding

), PE-conjugated anti-H-2K” antibody I,z .4 )» oOr the background
(

sackeroma ) A0d the mean fluorescence intensities were determined, i.e. the left parameters

in all three equations. n is the number of pMHC molecules at the interface. Expressions
of and in eq 1 can be obtained from eq 2 and 3 and then by introduction of the value, one

derives

. Izoo PMHC/bead ISA bead ( 4)
IPE —mAb IBackgmund

From eq 4, the average numbers of VSV8/K? at the interface are 29, 2 and 0.5 VSV8/K?
based on different seeding amounts of VSV8/K? despite coating number estimates of 200,

20 and 5, respectively.

3.6.9 Half-antibody coated beads

The half-anti-TCRV 5.2 (MR9.4) mAb was produced as previous described [33]. After
desalting and changing the buffer to 1 X PBS (cellgro, pH=7.4), 0.1 mg of the digestion
product was incubated with Biotin-maleimide (Sigma-Aldrich) in 20-fold molar excess.
The solution was retained and rotated at 4 °C overnight. The reaction was terminated
by desalting and a biotin tag was added to the hinge region of the half-antibody. The
half-antibody solution was further diluted to the desired concentration to make the half-
antibody coated beads. Identical procedures described above for preparation of VSV8/K?
coated beads were used to prepare beads coated with 5 half-antibody molecules to get a 0.5

molecules per cell-bead interface number.

3.6.10 Antibody-coated fluorescence beads

5 ul SA-coupled polystyrene beads (0.1% w/v, 1.03 m diameter, spherotech) were
washed by PBST buffer three times. 10 nM biotin-conjugated anti-CD3 (17A2) (Biole-
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gend) were added in the bead slurry and gently rotated for 1h at room temperature and
then washed three times by PBST. 2 ul 10 mg/ml dextran with tetramethylrhodamine (TT)
and biotin (MW=3 kDa, ThermoFisher) was added to the antibody coated bead slurry and
gently rotated for 1h at room temperature and then washed three times by PBST. The neg-
atively charged dextran inhibits nonspecific binding between the cell membrane and the

bead.

3.6.11 Ca®* flux dye loading

Because TCR signaling is associated with elevations in intracellular free calcium, the
Quest Rhod-4, AM (AAT Bioquest, Inc.) was used to stain the T cell and observe the char-
acteristic intracellular calcium flux during T cell triggering [95]. Briefly, cells were washed,
resuspended at 2 million cells/ml in either colorless DMEM medium (Sigma-Aldrich) for
cell lines or colorless RPMI 1640 (Life technology) for naive cells, and loaded with Quest
Rhod-4 at 2 uM for 40 min in the presence of 3% (v/v) FBS, 0.02% (v/v) Pluronic F-127
(Sigma-Aldrich) in PBS at 37 °C. Cells were gently pipetted every 10 min. T cells were
then washed by 1 ml colorless DMEM medium, resuspended in 800 ul colorless DMEM
(cell line) or colorless RPMI 1640 (naive cell) with 3% (v/v) FBS and transferred to a
cover glass flow cell for 1 h incubation at 37 °C, 5% CO2 to allow for cell attachment to
the cover glass surface. After coating the surface with blocking buffer containing 5 mg/ml
BSA (Sigma-Aldrich) in colorless DMEM medium for 10 min, pMHC-coated beads in
blocking buffer were flowed into the sample. After 1 h incubation at 37 °C, 5% CO,, the

slide was ready for manipulation using an optical trap combined with fluorescence.

3.6.12 Estimation of Ca®>* concentration change during TCR triggering under load

Estimating the Ca?>* concentration change during TCR triggering was difficult due to
nonlinearities and saturation of fluorescence signal of the Andor camera. Traditionally the

method involves the following calculation: [Cat] = Ky X (F - Fpin)/(Fpax - F) where F is
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the fluorescence of the indicator at experimental calcium levels, F,,;;, is the fluorescence in
the absence of calcium and F,,, is the fluorescence of the calcium-saturated probe. Quest
Rhod-4 has a K; equal to 525 nM. In our case, the precise value of the positive control to
obtain F,,,, cannot be determined due to saturation of the fluorescence signal of the Andor
camera.

However, we obtained F,,;, from the Andor camera with identical excitation laser power
(532 nm) and camera gain to our measurements. Using an identical procedure for sample
preparation and Ca?>* dye loading as in our experiments, we changed our imaging buffer
to a 1X PBS containing 3% FBS and 2 mM EDTA (sigma). This permitted measurement
of the average fluorescence levels in cells loaded with the Ca>* chelating agent resulting
in an intensity 0.8 times the basal signal (n=50 cells). Given the original concentration of
Ca%t is 50 nM [96], F,ax is calculated to be 3.1 times higher than the basal fluorescence.
Since signal changes for T cells in our measurements were 1.2 times on average (Fig. 3.4A
and B) we estimate a concentration of 111 nM Ca?* is present in stimulated T cells under

optimal load using pMHC coated beads.

3.6.13 Antibody and drug treatment of T cells

For the H57 Fab treated experiment, 0.5 ul 1 mg/ml H57 Fab was added into the cell
slurry after the 40-min dye-loading procedure and kept at 37 °C, 5% CO; for 20-min before
loading slurry into flow cell. H57 Fab was always present at a concentration of 4.5 pg/ml
(i.e. 1000-fold excess of TCR number).

For drug treatment experiments, reagent was firstly dissolved in DMSO (Sigma-Aldrich)
and then dilute to its final concentration in the blocking buffer containing 5 mg/ml BSA.
The final concentrations of drugs are 500 nM Cytochalasin D (Santa Cruz Biotechnology),
10 uM Nocodazole (Sigma-Aldrich) and 25 uM (S)-(-)-Blebbistatin (Santa Cruz Biotech-
nology). After 1h incubation at 37 °C, 5% CO2, the slide was ready for manipulation using

a trapping beam (1064 nm). Drugs were always present in the slides at their final concen-
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trations during the triggering experiment. The DMSO amount in the final solution is lower

than 0.2% (v/v) to maintain the cell viability and functionality.

3.6.14 Cell loaded slide preparation

Slides were prepared by first creating a 110 ul flow cell using two layers of double-sided
sticky tape. The flow cell is then loaded through capillary action with the final calcium dye
loaded cell solution. In all cases the cell is nonspecifically immobilized on the coverslip
surface by maintaining the loaded chamber at 37 °C, 5% CO, (~1 h). We note that these
measurements are in the low Reynolds number regime where viscous forces dominate over
inertial forces. Relative motions are slow with maximum speeds of the piezo stage 2 um/s.
Given these speeds, viscosity of the medium (DMEM medium is 0.78 x 10~3 N-s/m?), den-
sity of the fluid (1.0 x 103 kg/m?) and length scale of the channel (179 pum tall channel
and 1 um diameter bead) we conservatively estimate the Reynolds number is <5 x 10~%
and drag on the bead below 0.015 pN. Control measurements using beads with no pMHC
but coated with BSA executed the similar relative motions of bead and cell apposition and

showed no triggering.

3.6.15 Calculation of elastic moduli and viscosities from force relaxation experiment

Fig. 3.10A shows the viscoelastic model used to represent the cells behavior. In this

model the strain can be split into the sum of three terms:

& =& T &, T & (1)

Also we have the following equations for all the stresses in this model:

6 =0,=0,+0, (2)
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o, ="n,+§&, (3)
0, = nléDl = E1 & (4)
0, =E, (801 + 851) (5)

Substituting eq S into eq 1 and then differentiating once this equation we can get the fol-

lowing equation:

Y N 6—-0
Mo E,

1 (6)

é’l’

Differentiating once eq 4 and after substituting it into eq 6 we can obtain the following two

equations:
; c  C—Né&y
&, = —+—7—7 (7)
B E,
: c  0-— m é51
&= —+—7— 8)
T no E2 (

For the stresses, we can substitute eqs 4 and 5 into eq 2 and then differentiate once this

equation. The equation would be:
G =FE &, +E, (& +¢&p,) 9)

Then the expression of would be obtained in the form as:

6—E¢
éSl = 22 (10)
E +E,

Plugging eq 10 into eq 8 we can get the following equation:

o O+4+EZE
g =2 4 95 (11)
n, E +E
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We can get €, and then we take its second derivative form into consideration:

| £ _77_0>_E_1 (12)

On the optical trap side, we can get the total stress as:

trap(x()_gT) (13)

where &, is the stiffness of trap and x,, is the initial distance between bead and trap center.

We consider its first and second derivative form:

(14)

- trap ™~ T

&=—k &, (15)

trap

Substituting eqs 12, 13, 14 and 15 into eq 7 we can obtain a linear homogeneous ordinary

differential equation with constant coefficients

1 (o]
—|6+—=0 16
n.E.E, +k +E G+ (16)

trap 2 0

'nl(EHrEz)+ ul ]6+{n1(E1+E2) 1
E,Ek E +E,

trap

The general solution to the homogeneous equation A& + B6 + Co = 0 is given by
o(t)=C,e"/" +C,e /™. We also have two time boundary conditions at t=0 and t=ts. The
latter is the time when bead snapping back to the trap center. During the fitting process, the
fitting equation should be restricted by the two conditions C, +C, = ¢(0) and C, e
Cze_'/ '/ = 0. We also found out one part of this expression can be neglected as absolute

value of either C, or C, is extremely close to zero and its associated decay constant is at least

10000 times greater than the other one. Therefore, the fitting equation can be simplified to:

o(t)=Ce/* (17)
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When normal force is applied to the system, the model would be changed to Zerners model
and usually the bead never goes back to the trap center as shown in Fig. 3.12B. The general
solution to this model was well described in Moreno-Floress paper [97]. Basically, it has
the expression as 6 (1) = C,+C,e "/t +C,e "™ Detailed discussion on all the parameters
is beyond the content of this dissertation but can be provided by requesting information

from the author.

3.6.16 Data Analysis

The step finding script was modified from a previous version within the lab and based
on a sliding Students t-test that detects the edges of each step to prescribe a dwell and
allows for varied step sizes [98]. A dwell was defined as a period of constant position
between bursts of motion (steps). Specifically, a dwell is identified if the change in the
moving average of position is less than 5 nm (the minimum step-size threshold). This
threshold was chosen as a result of step finding optimization. Dwell locations were de-
termined through averaging all points within the dwell period. After dwell optimization,
starting and ending times of each dwell were recorded and plotted with the dwell location.
It is also noted that step analysis for each trace was visually inspected for accuracy. The
same analysis conditions were used for all traces in a data set. In some cases, steps were
not always identified as commonly observed for Blebbistatin treated cells. Less frequently,
other treatments revealed step loss due to the low signal to noise level. However, these
traces are still used to calculate the average number of steps per trace. To avoid the dif-
ferences of pulling distance for each condition (H57 Fab, drugs or NP366/D,,), the total
pulling distances for every condition were normalized to the distances of N15 T cell with
2 VSVS8/K? at interface. In order to confirm the existence of the discrete steps ~8 nm in
wt T cells and the reduction in Blebbistatin (Blebb) treated cells, point to point pairwise
distance differences were calculated followed by spatial frequency analysis. Five represen-

tative traces were selected and individually fit to an exponential decay to remove extension
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due to compliance in the trace. The residual of each trace was calculated to remove the
decay and the pairwise distance differences function of the subtract trace was calculated.
The power spectrum derived from each pairwise function [99, 100], was normalized and

pooled to create an average power spectrum.
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CHAPTER 4

THE a3TCR COMPLEX RECONFIGURES AND CD45 SEGREGATES THROUGH A
PROCESS AKIN TO A PHASE TRANSITION DURING THE FORCE INDUCED
TRIGGERING

*Paragraphs related to T-cell receptor o subunit and CD3 dissociation in this chapter
are adapted from Kristine N. Brazin, Robert J. Mallis, Andras Boeszoermenyi, Yinnian
Feng, Akihiro Yoshizawa, Pedro A. Rech, Pavanjeet Kaur, Kevin Bi, Rebecca E. Hussey,
Likai Song, Gerhard Wagner, Hari Arthanari, Matthew J. Lang, and Ellis L. Reinherz,
“The T-cell receptor ¢ bipartite transmembrane domain coordinates antigen triggering by
regulating bilayer immersion, CD3 association and transcriptomes’ under review with the

permission of the corresponding author Ellis L. Reinherz.

4.1 Summary

Initial molecular details of cellular activation following aT-cell receptor (TCR) lig-
ation by pMHC remain largely unexplored. Locally, our collaborators determined the
NMR structure of the TCRa subunit transmembrane (TM) segment revealing a bipartite
helix whose segmentation fosters dynamic movement. Positively charged TM residues
Arg251 and Lys256 project from opposite faces of the helix, with Lys256 controlling im-
mersion depth. Their modification causes step-wise reduction in associations with T-cell
surface CD3{{ and CD3ey/CD3¢ed, respectively, leading to an activated transcriptome.
In this dissertation, optical tweezer assays reveal that Arg251 and Lys256 mutations al-
ter S TCR-pMHC bond lifetimes, while mutations within interacting TCRa connecting
peptide and CD36 CxxC motif juxtamembrane elements selectively attenuate signal trans-
duction. Combined with the structural biology, our findings suggest that mechanical forces

applied during pMHC ligation initiate T-cell activation by altering the disposition of those
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basic sidechains to rearrange TCR complex membrane topology and weaken TCRa 3 and
CD3 associations, a phenomena akin to phase transition. Regionally, the asymmetric re-
distribution of proteins to distinct regions in the plasma membrane is crucial to the cellular
function. TCR signaling is proposed to be triggered by the segregation of the phosphatase
CD45 from the immune synapse, where the ligation between TCR and pMHC initiates the
activation cascade. Using the two-bead assay and single molecule DNA tether technology,
we showed the long-range CD45 diffusion (~5 um maximumly) outside the activation con-
tact zone, a phenomenon different from the size exclusion based kinetic segregation model.
Cross-linked CD45 diffusion barrier hinders the TCR triggering in a position and density
dependent manner. Meanwhile, optimal external normal force applied through ~1 yum long
single anti-TCR tether can trigger the early Ca’" flux. Physical exclusion of CD45 by
difference in sizes of innate TCR-pMHC complex was abolished using the tether systems,
indicating a mechanosensing facilitated internal molecular rearrangement in the cell mem-
brane during triggering. Discrete structure transitions of TCR were able to visualize for the
antibody induced TCR triggering. These results demonstrate that the TCR mechanosens-
ing not only orchestrates the triggering cascade but also facilitates the spatial partitioning

of the CD45 from the triggering site.

4.2 Introduction

T-lymphocytes are a critical cellular component of the adaptive immune system respon-
sible for detecting and eliminating aberrant cells in mammals. These motile cells move
throughout the body and perform wide-ranging immune surveillance functions to prevent
or combat disease states (infections, cancerous transformations, etc.). The aff T-cell recep-
tor complex (a¢BTCR), a mechanosensor displayed on the T cell surface, mediates T-cell
recognition [1, 2, 3, 4, 5, 6]. The TCR is a squat and wide multi-subunit protein complex
composed of a disulfide-linked TCRaf3 heterodimer flanked by three sets of non-covalently

associated dimeric CD3 subunits: the CD3¢ey and the CD3¢d heterodimers and the CD3{ {
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homodimer [7, 8, 9, 10]. Each TCR and B chain contains one extracellular variable (V)
and constant (C) domain, a membrane proximal connecting peptide (CP), a single trans-
membrane (TM) domain, and a short cytoplasmic tail [11]. The paired TCR VaV 3 extra-
cellular domain module is most distal to the membrane, hence well-positioned to directly
interact with a peptide bound to the groove of a major histocompatibility molecule (pMHC)
displayed on the surface of an opposing antigen presenting cell (APC). TCR recognition
is an exacting process, requiring a given TCR to detect a handful of copies of MHC-
bound foreign antigen (i.e. mutant-host or pathogen-derived peptide) arrayed and dispersed
amongst 100,000 normal self-peptides on the same APC. Following TCR-pMHC engage-
ment and successive force-driven conformational change and bond lifetime extension that
tunes antigen recognition [1], there is an orchestrated set of intracellular T cell signaling
responses including tyrosine phosphorylation, a rise in intracellular free calcium and tran-
scriptional activation events that support cytotoxic effector and helper programs in CD8 and
CD4 T cells, respectively [12]. The myriad of unique V modules (billions in theory) are
parsed out at a clonal T cell level to form a repertoire of diverse T cells sufficient to interro-
gate the enormous immune peptidome of pathogen- and tumor-derived sequences displayed
on the surface membrane of altered cells [13]. Thus, each TCR specifically recognizes only
one or a small number of pMHC ligands that it encounters on an APC. Since TCRa and f3
subunits have extremely short cytoplasmic tails devoid of signaling sequences, the associ-
ated CD3 molecules are critical for the transfer of information about a cognate recognition
event into the cell despite having no interaction with pMHC [14, 15]. Unlike the TCR o
and B subunits, the CD3 molecules are invariant. The CD3 molecules are thought to in-
teract with the TCR and 3 subunits through their extracellular and/or the TM domains to
foster the relay of TCR-pMHC binding information to the CD3 subunits, including through
their long CD3 cytoplasmic tails containing a signaling Immune Tyrosine Activation Motif
(ITAM). The CD3¢{ homodimer contains six ITAMs, three per cytoplasmic tail to am-

plify activation. Formation of TCRaf3, CD3¢7y and CD3¢6 heterodimers is dependent on
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the extracellular domain interactions, while in the case of CD3{(, an interchain disulfide
bond connects the short ectopeptides of the two CD3{ { protomers [10, 14, 15]. In contrast,
the linkage between the TCRa8 and CD3 subunits requires interactions in the membrane
proximal and TM domains since only weak ectodomain-mediated interactions have been
detected [16, 17, 18]. Each of the eight subunits comprising the a 3TCR complex contains
a single TM domain marked by the presence of highly conserved charged amino acids.
The current hypothesis posits that these charged residues, and their position within the TM,
dictate charged-paired interactions between the TCR o and f subunits and CD3 subunits
important for surface assembly, expression and signaling [19, 20, 21, 22, 23, 24, 25]. The
model suggests that positively charged basic amino acids within the TCRa and 8 subunits
associate with negatively charged acidic residues in each of the CD3¢, ¥, and 6 TM do-
mains to generate trimeric TCRa-CD3€0 and TCRB-CD3¢ey sub-complexes. A similar
electrostatic charged-based coupling role is proposed for charged TM residues in CD3{{
and TCRa« [21, 26]. While this assembly hypothesis is attractive, there is no direct molec-
ular evidence supporting it.

Globally, a signaling cascade within the T cell initiated by ligation of TCR and antigen
pMHC leads to reorganization of the cytoskeleton and organelles, transcriptional changes,
and cell proliferation. The first step in the cascade is the phosphorylation of ITAMs region
in TCR complex by Src family tyrosine kinase Lck anchored on the plasma membrane
[27], leading to transient rise of cytosolic Ca**. As the TCR signaling is driven by the
Lck based phosphorylation, regulators involved in this process was widely investigated,
which includes the abundant membrane protein CD45 that is expressed on T cells and
other hematopoietic cells [28, 29]. The function of CD45 draws much attention because
of its dual functionality on Lck activation. It not only targets at the phosphorylated ITAMs
region in TCR and dephosphorylates them in order to inhibit the triggering cascade, but
it also activates inhibitory phosphorylation of Lck, shifting inhibited Lck into the primed

state and double active Lck into the single active state. This dual role of CD45 makes it
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more difficult to predict the influence of CD45 on the regulation of T cell activation, as it
could have an activating as well as an inhibitory effect. The TCR complex does not possess
intrinsic kinase activity. Nevertheless, the information of extracellular stimulation needs
to be transmitted into the cell and translated into stronger phosphorylation of the ITAMs.
Thus, mechanisms either enhancing the phosphorylation of the ITAMs or decreasing in
phosphatase activity following TCR stimulation were proposed, in order to interpret the
signal propagation. The latter one is termed as the “kinetic segregation” model, which as-
sumes that relevant phosphatases (e.g. CD45 and CD148) are physically excluded from
region of TCR-pMHC contact [30]. Specially, CD45 has a very large ectodomain (~28 nm
to ~50 nm) [31, 32] that excels the TCR-pMHC complex (~12 nm) in height. Upon the
formation of the TCR-pMHC complex, CD45 is pushed out of the region of interaction
due to their geometric difference. A second possibility that would exclude phosphatases
could be a rearrangement of the cell membrane during TCR triggering. If the amount
of phosphatase is reduced in the proximity of the TCR, dephosphorylation is reversed to
a much lesser extend and T cells become activated. Recent studies from both real cells
and reconstitute system both show that, indeed, CD45 is pushed out of the signaling re-
gion where the TCRs accumulate [33]. However, in order to sustain the T cell activation,
CD45 needs to be recruited to the immune synapse after a certain time (4.5 to 10 min)[34],
make this T cell activation process more sophisticated. Instead of simplifying the T cell-
APC interaction as a stagnant contact, during immune surveillance, T cells can scan their
environment, physically bind and crawl over structures via cell motility processes. The
cell motion itself can generate tensile, shear and compressive stresses over a wide range
of forces (pN to nN) [35, 36, 37]. Therefore, to explain the signal pathway from TCR to
CD3 molecules, the importance of mechanical forces in TCR signaling has been previously
reported [3, 4, 38, 39, 40, 41], which suggested the extracellular mechanical forces can fa-
cilitate activation of surface receptors and regulate signaling. Recently, we also showed

that the external force induced TCR triggering accompanies with the actomyosin system,
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which helps recruitment the pMHC non-ligated TCR to the activation site [6].

To elucidate the mechanistic underpinning of these observations, this chapter firstly fo-
cused on the two positively charged, basic amino acids in the TCRo subunit. Combining
with the NMR data for TCR transmembrane (TM) and cytoplasmic tail (TMC) domain,
we observed that mechanical force operative during pMHC ligation of the TCR in conjunc-
tion with lipid alterations and/or post-translational modifications could actuate (toggle) this
conformational switch, altering TM immersion topology governed by Lys256 to impact
overall a3TCR subunit associations and T-cell activation. Together, our data provide a
model in which TM segments of the TCR complex are loosely interdigitated in the resting
state but transfigured under force to dissociate and/or rearrange CD3 homodimers and CD3
heterodimers to initiate TCR complex activation. Consistent with this view, the juxtamem-
brane elements, the TCRoCP and the CD36 CxxC motif, interact with each other in the
absence of detectable association of their respective TM domains. Based on our results,
we present a plausible view of the sequential nature of force driven-rearrangements that
are consistent with the selective loss of CD3{ { observed in tumor infiltrating lymphocytes
linked to persistent inflammation (reviewed in [42]).

On the second part of this chapter, we proposed an external force induced CD45 exclu-
sion from the activation sites. The long-range CD45 diffusion outside the activation contact
zone is significant for the TCR triggering. TCR triggering can be interrupted by the cross-
linked CD45 fence when the anchored CD45 occupancy is higher than ~400 molecules
and the activation site and diffusion barrier is ~2 um apart. Meanwhile, optimal external
normal force applied through ~1 pum long single anti-TCR tether can trigger the T cell.
Physical exclusion of CD45 from the close contact zone formed by innate TCR-pMHC
complex was abolished using the tether systems, indicating a mechanosensing facilitated
molecular rearrangement in the cell membrane during triggering. These results demon-
strate that the TCR mechanosensing not only orchestrates the triggering cascade but also

facilitates the spatial partitioning of the CD45 from the triggering site.
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4.3 Results
4.3.1 Mutations targeting the TCRa-CD39 interaction site result in signaling defects.

The NMR data provides that the deleterious functional outcomes in the mutant cells
(performed by Dr. Brazin in Dr. Ellis L. Reinherz’s lab in DFCI) are due to disrupted
structural connectivity at the TCRa and CD39 juxtamembrane interface that undermines
force-dependent signal transduction. To test this notion, optical tweezers (OT) were used
in a single cell format [6] to characterize the mechanotransduction properties of the WT
and mutant ¢ BTCRs (Fig. 4.1A and B). Concordant with the IL-2 functional results, the
OT analysis showed defects in Ca?* triggering for both TCR-CPmut’ and CD35-SxxS
transduced cell lines relative to WT (Fig. 4.1B, top panel). Specifically, the mutant cell
lines were unable to trigger Ca®* flux at high pMHC copy number in the absence of force,
in contrast to WT TCR expressing cells where internal actomyosin forces pulling on the
TCR following pMHC ligation is sufficient to induce activation. Only when substantial
triggering force was applied (~21-27 pN for each mutant cell) were the mutant-transduced
cell lines able to be activated by pMHC, and this required a high ligand copy number
(20,000 molecules of VSV8/K” per bead-cell interface). Sensitivity of mutant receptor
triggering was dramatically compromised compared to the WT TCR expressing cells where
just 10 pN/TCR shear force and 2-29 molecules of VSV8/K? per bead readily induced
activation. These data demonstrate that mutations targeting interaction sites identified in

the NMR structural studies produce defects in force-coupled signaling.

4.3.2 Antigen recognition sensitivity is enhanced by R251L but abrogated for K256L

mutations: linkage to TCR-pMHC bond lifetime alterations

While the observed structural role for the TCRaCP and CD36 CxxC juxtamembrane
region elements is significant, the effects of mutation at R251 and K256 on mechanotrans-

duction were even more striking (Fig. 4.1B, bottom panel). With R251L cells just 2
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Figure 4.1: Functional consequences of mutations targeting the TCRa-CD36 interac-
tion site as assessed by optical trap and fluorescence microscopy. (A) Diagram depicting
the bead-cell contact in the optical trap used for applying force in the TCR triggering exper-
iments as detailed in Chapter 3. (B) T-cell activation analysis of the WT, and mutant gene
transduced BW5147 cell lines. Left: Ca®* flux was triggered at the indicated VSV8/K?
densities with applied trapping force (5-35 pN) or without force for the different cell types.
The (**) represents P values < 0.01. Right: Intracellular Ca** flux measured over the
experiment from representative individual cells. The top corresponds to the analysis of the
WT, TCRaCPmut’ and CD38-SxxS cell lines with the time interval of 0-600 seconds vs.
the R251L,G259L/N261A and K256L cell lines with the time interval of 0-240 seconds.
(C) The catch bond behavior of different TCR-expressing cell types as indicated under
force is plotted as bond lifetime vs. force. Error bars represent SEM. The inset represents
a cartoon depiction of the single-molecular tether assay for measurement of TCR-pMHC
bond lifetimes.
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molecules of VSV8/K? in the OT system led to a response more rapidly than with WT
cells, inducing faster calcium flux but with a more rapid return to baseline. The duration
of the calcium flux was sustained for 63 +/- 20 sec (10 cells, +/- SD) for the R251L N15
T-cells relative to the much longer response time of 288 +/- 119 sec (8 cells, +/- SD) for
WT N15 T-cells both tested with two VSV8/K? molecules. By contrast, the K256L cells
were unresponsive to mechanotransduction at any density of pMHC molecules arrayed on
the interacting beads surface and with any pN force applied. Given the loss of all associ-
ated CD3 dimers due to the K256 mutation, it is not surprising that the surface membrane
TCRaf was devoid of signaling activity. By reducing the number of pMHC molecules
and extending each from the bead surface using a large DNA tether [1], the OT system
can also be used in a single molecule, single cell (SMSC) format to measure individual
TCR-pMHC bond lifetimes. Force-bond lifetime dependence in SMSC assays was used
to compare the WT and variant lines bearing TCRa mutations that alter the TCRa-CD30
interaction site or the TCRoTMC membrane immersion depth and assembly (Fig. 4.1C).
The WT cell line shows similar force dependence of bond lifetimes as observed previ-
ously in OT-based SM and SMSC assays [1, 2]. The individual TCRs all manifest catch
bonds, a counter-intuitive behavior in which bond strengthening occurs with application of
force relative to 0 force and is manifested as longer bond lifetimes under load, with sub-
sequent bond rupture occurring at higher forces exceeding that of the single bond strength
[1, 4]. Despite their impaired ability to facilitate T cell activation (Fig. 4.1B), the CPmut’
and CD36-SxxS mutants display similar force maxima as WT for catch-bond formation,
~15 pN, and maximal lifetime, ~8 s. In contrast, the R251L mutant shows a slightly re-
duced maximal lifetime, but with the catch bond force maximum shifted downward from
the WT to ~10 pN, suggesting that a subunit assembly defect impacts antigen recognition
function. Most strikingly, the two K256L bearing mutants show both a large decrease of
maximal bond lifetime and attenuation of catch bond formation. Given the normal protein

fold of the mutant TCRs as determined by several anti-TCRf mAbs, the result suggests
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an inability of the force-transduction pathways to sustain necessary forces to gate ligand
discrimination [1]. This could occur from attenuation of normal TM anchoring, modifica-
tion of TM tilt geometry upon force-based ligation and/or CD3{-linked actin cytoskeletal

associations necessary to transduce external force via the a BTCR complex.

4.3.3 Long-range CD45 phosphatase redistribution during the mechanosensing induced

TCR triggering

In Chapter 3, we have already shown that the force-induced TCR clustering before the
immune synapse formation formation using the two-bead assay. With the ‘pick and place’
property of optical trap, here we still inherit the similar scenario, which incorporates two
beads with one saturated pMHC coated bead to mechanically induce TCR triggering while
the other smaller one with few ligands to label the triggering associated molecules adjacent
to the triggering site. The differences between these two assays are the ligand density on the
smaller bead surface as well as its position relative to the triggering bead. Here, we system-
atically explored the long-range CD45 phosphatase redistribution ( ~5 gm maximumly).
Four different positions at four densities were tested, as shown in Fig. 4.2A. Smaller bead
(d = 1.09 um on average) coated with different amount of anti-CD45 antibody molecules
was firstly placed on one of the four positions, then the saturated pMHC coated bead was
trapped and brought to the T-cell membrane to form the interaction with TCRs. Contour
distances between the stimulating bead and smaller inhibiting bead are 2um, 4um, 6um
from position 1 to position 3. Position 4 and the position of the stimulating bead represent
the two endpoints of the diameter of a circular cell (cell diameter = 8 um on average).
Interestingly, position and antibody density of the CD45 binding bead play a critical role in
regulating the early T-cell activation (Fig. 4.2B). With ~2x 10* copy numbers of anti-CD45
antibody, interference with early T-cell activation by the clustered CD45 becomes apparent
when the inhibiting bead is closer to the triggering site (position 2). When the inhibitor bead

is ~4 um relative to the stimulation bead, the triggering is virtually abolished. However, the
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Figure 4.2: Two-bead assay determines the long-range distribution of CD45 molecule.
(A) The two-bead assay was performed using a triggering stimulating bead coated with
saturated VSV8/K? (2 x 10° per bead) and a second smaller bead coated with different
copy numbers of anti-CD45 antibody. The antibody coated bead was also placed at differ-
ent positions relative to the triggering bead, creating CD45 diffusion barriers with different
sizes and distinct distances from the triggering site. (B) Ca’* flux triggered by saturated
VSV8/K? coated bead was tested with the indicated densities and positions of anti-CD45
antibody coated bead. (C) The anti-CD45 antibody coated bead with ~2 molecules at the
interface diffused away during the TCR triggering (left). Note in this case the CD45 la-
beled smaller bead was outside the triggering site, indicating the long-range distribution
property of CD45 segregation. On the contrary, smaller bead on the nontriggered T cell did
not show dramatical motion and the bead even moved close to the triggering site (right).
Smaller bead was sequentially coated with biotin-labeled dye to facilitate the discrimina-
tion of triggering bead. (D) Changes of distances between the two beads for activated and
non-activated T cells. The two clusters are significantly different at p < 1x 10712,

triggering can be regained when reducing the number of CD45 molecules anchored down
below the smaller inhibiting bead. Calcium flux is unaffected when there are ~400 interfa-
cial CD45 molecules (theoretically one antibody can interact with two antigens, thus 200
anti-CD45 antibody will bind maximumly 400 CD45 molecules) grappled, whose cluster is

~2 um away from the triggering site. With two anti-CD45 antibody molecules presenting
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on the bead surface, we were able to capture the TCR triggering associated CD45 motion at
the single molecule level. The motion of CD45 relative to the TCR triggering is shown in
Fig. 4.2C. Compared to unligated TCRs co-opt to the triggering site, the CD45 will diffuse
away during TCR triggering. Whereas in nontriggered cases CD45 shows limited motion
and even close to the stimulation bead at first. The segregation correlating with TCR trig-
gering was also statistically analyzed, as shown in Fig. 4.2D. Relative distance between the
CD45 labeling bead and stimulation bead is increased during the TCR triggering whereas
the nontriggered T cell shows the inert or opposite motion, revealing the passive diffusion

property of CD45 and its complexity of constitutively interaction with F-actin [43].

4.3.4 Force induced TCR triggering by DNA tether technology

In order to test whether TCR-pMHC complexes (ectodomain length = ~12 nm ) in-
duced membrane distortion that physically generate the size exclusion of CD45 molecules
(ectodomain length = ~50 nm) is necessary for TCR triggering, a 3500-bp single DNA
tether (L = ~1 um) with biotin tag on one end and half-anti-TCRV 3 on the other end was
used to remotely present the optical trapped bead and TCR on the T-cell surface, as shown
in Fig. 4.3A. The half-antibody used here can guarantee the affinity to TCR so under load
(<25 pN) bond rupture barely happens [44]. Surprisingly, calcium flux can be initiated
by the single anti-TCR tether although the calcium duration is not as long as the pMHC
coated bead [6](Fig. 4.3B and C). The stimulation can be generated when using ~10 pN
normal force, with the peak Ca’*t increment ~1.16. Although the initial touching between
bead and cell membrane is still necessary in order to initiate binding to the TCR on T-cell
surface, control experiment with a trap held bead pushing cell membrane does not lead to

no triggering (Fig. 4.3C, bottom).

123



5 10 15 20 25
Force (pN)

160s 200s

Figure 4.3: TCR triggering by single DNA tether technology at optimal pulling force.
(A) Cartoon showing the singe tether triggering assay. Instead of using the VSV8/K? at
the DNA end , here we used a anti-TCR V[ antibody to mimic the interaction between
the pMHC and TCR. The stronger interaction between antigen-antibody would guarantee
the sustainment of bond at the tested forces. Top left: DIC image of a T cell and a bead
separated but bridged by a ~1 um long DNA tether. (B) Ca>* flux triggered by single tether
was tested at different pulling forces. (C) Representative triggering images of T cells at 11
pN (triggered) and O pN. Note that at O pN, the bead is hold with optical trap in order to
make the close contact.

4.4 Discussion

The phase transition after TCR-pMHC ligation is a critical process for thymocyte de-
velopment and mature T-cell responsiveness to foreign antigens. In this chapter, we have
pursued multiple biophysical approaches to understand such phenomena during early T-cell
activation.

The single cell activation experiment paralleled with the structural biology data eluci-
date that the straightened conformation is the active state with force-mediated TCR-pMHC
ligation inducing the switch as noted below. A specific juxtamembrane interaction between
the CP region of TCRa and the CxxC motif of CD36 was reported [45], establishing a

mechanical link between TCRa and CD39d subunits in the TCR complex. The TCRa
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membrane proximal region was shown to be important for mediating a functional CD30
interaction with disruption of the TCRaCP FETDxxXLN motif reducing positive selection
of thymocytes during thymocyte development [46]. Our results reveal residue-specific de-
tails of the juxtamembrane interaction between TCRa and CD39 important for intracel-
lular Ca®* release. Interestingly, TCR-pMHC bond lifetimes of aFTCRs on T-cells with
mutation of the TCRaCP region or CD3d CxxC were similar to those of WT o TCR-
expressing T-cells. Hence, the TCRaCP and CD36 CxxC regions do not control TCR cell
surface expression or affect TCR-pMHC bond formation, yet are critical for the translation
of mechanical energy across the cell membrane to induce T cell activation. Combined with
the structural data provided by our collaborator and optical trap data presented here, we
propose a dissociative model for pMHC-triggered @ BTCR complex activation dependent
on the distinct roles of TCRTM Arg251 and Lys256 residues working in tandem as a part
of force-driven mechanotransduction. Load on the pMHC-TCR a3 bond occurs from cell
movement during immune surveillance at the time foreign pMHC is first detected and prior
to a stop movement signal [reviewed in [47]]. This physical force fosters a structural transi-
tion in the TCRa 3 ectodomain to strengthen bond lifetime and energize the TCR, impact-
ing the flanking CD3 heterodimeric ectodomains and inducing TCR complex quaternary
change [1, 2]. Force proceeds from subunit ectodomains via their respective connecting
peptides and then impacts the TM segments in the cholesterol-rich lipid rafts where TCRs
reside largely linked to the actin cystoskeleton [48]. Lipid rafts offer a stiffened platform
to suppress mechanical noise while spatially confining force [49]. These events induce
changes in lipid composition vicinal to the a BTCR, including loss of negatively charged
phosphatidylserine and phosphoinositides [50]. The lipid changes combined with struc-
tural coupling between juxtamembrane connectors, TM and cytoplasmic tail segments, re-
sult in the release of the CD3 tethered tails from the inner leaflet of the plasma membrane
to expose ITAM phosphorylation sites for signaling initiation [51, 52]. Our dissociative

hypothesis is consistent with observations made years ago showing that anti-clonotypic
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antibodies which bind to the VoV -module recognition surface, akin to pMHC, dissoci-
ate the CD3 dimers from the TCRa 83 heterodimer in detergent lysates whereas anti-CD3¢
antibodies preserve the integrity of the entire & 3TCR complex [53]. A detailed model is
illustrated in Fig. 4.4. In the inactive state, the ® BTCR assembled on the T cell surface is
composed of the TCRa 3 heterodimer and non-covalently associated CD3¢e7y, CD3e6 and
CD3¢¢ dimers (Fig. 4.4A). The TCRa 3 and CD3 TM domains are loosely associated, as
are the TCRo and B subunit TM domains, with the cytoplasmic tails sequestered on the
plasma membrane (Fig. 4.4A, left panel). In the inactive state, the TCR subunit exists in a
predominantly L-shaped configuration with Lys256 snorkeling to associate with lipid head
groups. The well-conserved hinge region assists in maintaining the inactive configuration
(Fig. 4.4B, left panel). The CD3{{ homodimer, including the paired negatively charged
Asp residues, may be in contact with the TCRa Arg251 residue. The heterodimeric CD3ed
and CD3ey and their respective negatively charged TM residue pairs are potentially inter-
acting with the lipid membrane positively charged choline or amino groups (not shown).
Following T cell activation, there is a stepwise disassociation of the complex. An inter-
change of lipid molecules as noted above occurs in the membrane that causes the cytoplas-
mic tails to become released from the cell membrane and therefore available for signaling
(Fig. 4.4A, right panel). Force transduction through the membrane can initiate key changes
causing the TCRaTM to alter its helical tilt, adopting a more straightened configuration,
changing the position of the Arg251 sidechain and consequently disrupting an association
with CD3{ . CD3{{ then becomes displaced from the TCR complex resulting in the first
stage of activation (Fig. 4.4A and B, right panels). With the subsequent change in TCRo
membrane positioning, the Lys256 side chain becomes more embedded in the acyl chains
in the membrane. We cannot exclude the possibility that force could transiently extrude
the Lys256 sidechain into the cytosol for post-translation modification by acetylation or
methylation leading to greater depth in the acyl chain region post-modification [54]. The

extremely short TCRo cytoplasmic tail will facilitate such a movement of the straightened

126



~ Activation
»

Arg251

30 A (L-State) (E-State)

Lys256
Lys256

Figure 4.4: Model of TCR activation involving TM segment conformational change.
(A) The TCRapf and dimeric CD3 TMC illustrated in a membrane lipid bilayer. The TM
helices are represented as cylinders, flexible regions as black lines, and ITAM motifs as
black rectangles. Membrane lipid changes with activation are represented by changes in
the headgroup colorization. The lightning bolt signifies an activated cellular state. See
text for description of the activation event. (B) The TCRa TMC represented in a lipid
bilayer in two conformations, inactive (left) and active (right). The inactive conformer
exists primarily in the bent (L)-state conformation and the Arg and Lys residues are only
slightly embedded in the membrane and the Lys may be snorkeling through to contact the
lipid headgroups. Upon TCR activation and resulting lipid reorganization and potential
post-translational modifications, the TCRa TMC then undergoes a change in its helical
positioning in the lipid bilayer that then results in the Lys residue to become more embed-
ded within the lipid acyl chains, represented as the active, extended (E)-state conformer.
The helical tilt is represented as the angle from the perpendicular membrane axis. This im-
age is granted from Kristine N. Brazin, Robert J. Mallis, Andras Boeszoermenyi, Yinnian
Feng, Akihiro Yoshizawa, Pedro A. Rech, Pavanjeet Kaur, Kevin Bi, Rebecca E. Hussey,
Likai Song, Gerhard Wagner, Hari Arthanari, Matthew J. Lang, and Ellis L. Reinherz,,
“The T-cell receptor ¢ bipartite transmembrane domain coordinates antigen triggering by
regulating bilayer immersion, CD3 association and transcriptomes” under review with the
permission of the corresponding author Ellis L. Reinherz.

TCRoTM helix. Of note, proteins with short cytoplasmic tails undergoing trogocytosis are

fully extracted from the cell membrane [55]. Either possibility could result in the second

127



stage of activation.

Several lines of evidence suggest that the CD3{ { dimer can readily dissociate from the
oBTCR complex. First, loss of CD3{ { proteins from human T-cells has been observed in
areas of immune inflammation, particularly in associations with cancer [42]. Second, weak-
ening of CD3{ { association described above augments the rapidity of mechanotransduction-
linked calcium flux. Third, in addition to R251L mutation, other TCRo¢TM mutations fa-
cilitate CD3{ { dissociation, underscoring its weak basal level of interaction with the other
TCR subunits in the membrane environment. It is noteworthy that ¢ BTCR triggering is
anisotropic, so that direction of force application by pMHC or anti-CD3 mAb determines
cellular activation potential [3, 6]. The same must apply for CAR-T cell ligand binding and
force transduction through the CAR ectodomain, linker region and TM. Therefore, nuanc-
ing of the molecular design of CARs based on evolving principles of mechanotransduction
and dissociative a STCR complex activation should help to extend the number of targets
amenable to this immunotherapy.

A similar phase transition happens in the long-range (L =~ 5 pum) after CD3{ ¢ dissoci-
ation. Exclusion of phosphatase such as CD45 and CD148 from the T cell-APC interacting
interface has been observed in many in-vivo experiments prior/during immune synapse
formation (reviewed in [30]) and even for the reconstituted systems [33]. Based on such
phenomena, researchers have proposed a segregation and redistribution model (Fig. 4.5).
The brief mechanism in kinetic segregation model is based on the TCR-pMHC interaction
[30]. Because the TCR-pMHC complex spans a short length (~12 nm), TCR binding to
agonist pMHC traps the TCR/CD3 complex within a close-contact zone as well as size-
excluded the inhibitory tyrosine phosphatases with large ectodomain (~50 nm), thereby
protecting it from inhibitory tyrosine phosphatases for as long as the TCR remains bound
to pMHC. Mechanical pushing forces generated by bending of an ectodomain of CD45
may also applied force (~10 pN) to the TCR-pMHC interaction [43]. Such force magni-

tude is within the optimal force region that maximizes the catch bond, thus favoring the
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Figure 4.5: Kinetic segregation model of T cell activation. (A) Without contact between
aT cell and an APC, TCR/CD3 complexes undergo an equilibrium of phosphorylation and
de-phosphorylation between kinases (e.g. LCK) and phosphatases (e.g. CD45). Thus,
the transient TCR triggering signal will abrogate instantaneously by inhibition of phos-
phorylation. (B) When TCR-pMHC ligations are formed, CD45 molecules with larger
ectodomains are sterically pushed away from the close contact zones. The balance be-
tween phosphorylation and de-phosphorylation is broken so that it would favor TCR/CD3
phosphorylation by kinases, thereby accumulating more triggering signals to initiate down-
stream signaling cascade. This image is reprinted with permission from [56]. Springer
Nature Terms and Conditions for RightsLink Permissions

long-lasting of the interaction. In the absence of pMHC, TCR/CD3 complexes that enter
a close contact zone will get phosphorylated but this would be too short-lived to result in
signaling. They rapidly diffuse out of the close-contact zone where they encounter tyrosine
phosphatases and are dephosphorylated.

Several lines of evidence have been provided to support the rationality of kinetic segre-
gation model: first, CD45 and CD148, as two main T cell activation inhibitor are excluded
from immune synapse during TCR triggering [57, 58]; second, TCR triggering will be in-
hibited by truncation of the large CD45 and CD148 ectodomains that eliminates the length
difference between TCR-pMHC complex and CD45/CD148 [58, 59], third, elongation of
pMHC-I or II complex on the APC abrogates T-cell recognition, thus inhibiting the initial
TCR triggering [60, 61]; fourth, when ligand is anchored to a surface, it is more readily to

trigger TCR than their soluble tetramer in a 3D environment [62, 63]; and, finally, engi-
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neered TCRs show better antigen recognition when the epitope and plasma membrane of
the target cell are close to each other [64, 65].

Although experiments mentioned above may support the CD45 redistribution and seg-
regation model, most of the evidence cannot shadow the role of physical force involved
in this model. First of all, even though elongation of the pMHC complex inhibits TCR
triggering, the longer distance between APC membrane and T-cell surface also transduces
lower force compared to the normal case [60, 61, 66]. Using the DNA tether technology
interlaced with optical trap, we directly showed that mechanical force applied through a
1 um spacer between the bead and cell membrane still initiates the triggering signal, in
this case the bead surface was kept away from the cell surface during the T-cell triggering
(Fig. 4.3). We have previously tested that pMHC coated bead under physiological density
fails to trigger TCR without external load, as the same case shown here using the optical
trap to hold an anti-TCR tethered bead on the cell surface (Fig. 4.3C, bottom). Second,
stochastic distribution of antigen pMHC on the APC will hinder the existence of a handful
of identical agonist pMHC molecules in very close location (~10 nm) [67] to sustain the
TCR/CD3 complexes entrapment. Considering that the TCR can be triggered by only one
pMHC on an APC [68], the tiny membrane bending area generated by single TCR-pMHC
catch bond is unlikely to push away CD45 molecules nearby, as the abundance of CD45
over TCR [69]. We have shown that the TCR can be triggered using as low as two pMHC
molecules presenting on the bead-T cell interface with optimal shear and normal force [6].
The molecules on the bead surface are statistically separated by a long distance (> ~500
nm) and this also revealed by the single molecule TIRF microscopy. Third, the exclusion
of CD45/CD148 due to membrane pushing away effect will accumulate more inhibiting
signals near the triggering site. Such signals would abrogate the TCR triggering as proved
by the two-bead assay (Fig. 4.2). The triggering will only happen if there are less CD45
molecules near the triggering site or the barriers is distal to the triggering site.

Combined with the results in Chapter 3, here we proposed a more general model
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for explaining the segregation phenomena happened after the initial CD3¢ ¢ dissociation

(Fig. 4.6). After the force induced TCR-pMHC ligation, the motor system beneath the CD3
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Figure 4.6: Passive transport of phosphatase CD45 segregation pushed by active TCR
accumulation in the T cell/APC contact zone. Top: Phosphatase CD45 at the resting
T cell will undergo an equilibrium distribution. Middle: Sterical exclusion of CD45 by
close contact generated membrane protrusion will induce the local enrichment of inhibiting
signals near the triggering site (red box), thus would abrogate the TCR triggering. Bottom:
Long-range segregation of CD45 could dilute the accumulated inhibiting signals nearby,
favoring the TCR triggering. The TCR accumulation driven by cytoskeletal motors will
form a compact central supramolecular activation cluster (cSMAC) so that the CD45 would
be excluded, a phenomena akin to phase transition.

complex will recruit more TCRs outside the triggering site to participate the formation of
immune synapse. During the active transport of TCRs, the passive exclusion of CD45 by
the stout and squat TCR complex (12-nm wide x 8-nm tall) could crowd and eliminate the

inhibiting signals near the triggering site.

4.5 Conclusion

Phase transitions are associated with exchange of energy such as crystallization sepa-

ration [70]. These experiments reveal a non-equilibrium metamorphosis of the TCR upon
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activation. In this regard, the ®BTCR is a squat but wide multi-subunit protein complex
composed of a disulfide-linked TCRaf3 heterodimer flanked by three sets of non-covalently
associated dimeric CD3 subunits: the CD3¢eYy and the CD3¢6 heterodimers and the CD3{ {
homodimer [7, 8, 9, 10]. Energizing this receptor system transforms the well-organized
complex topology to one that extends the centrally disposed TCRa 3 heterodimer, man-
dating additional force-directed alterations of CD3 dimers that may trigger new associa-
tions/dissociations as well as dissociations yet to be defined and inducing dissociations of
negatively charged vicinal phospholipids, as a consequence releasing initiates motility, ac-
tivates neighboring TCRs and likely releases positively charge tails of CD3 molecules to
expose ITAM domains for phosphorylation [47, 52]. These molecular redistribution hap-
pening in a long-range not only guarantee recruitment of more TCRs but also for obviating
the accumulation of CD45 molecules near the triggering site. Such blossoming changes in
the organization are akin to a cellular phase transition (reviewed in [71]) where a solid-like
well-organized crystalline system is fluidized and reconfigured as mechanical programs

drive formation of structures such as the immune synapse.

4.6 Methods

Cell experiments are identical to Chapter 2&3. Anti-CD45 mAb (clone type: 30-F11,
Biolegend) coated bead used here was made based on the method in the Chapter 3. The
synthesis of 3500 bps DNA handle with biotin at one end and NHj; at the other end and then
fabrication with cleaved half-anti TCR V3 at the NH; end by sulfo-SMCC are detailed in
Chapter 2. The two-bead experiment was elaborated in Chapter 3 and procedures of T cell

activation by single tether are similar to the SMSC experiment in Chapter 2.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

*Section about CARs and future works in this chapter are adapted from Yinnian Feng,
Ellis L. Reinherz, and Matthew J. Lang, “a3 TCR mechanosensing forces out serial en-

gagement” under review.

The ultra-high sensitivity and specificity of o FTCR recognition determines the precise
operation of immune system. Since the signaling cascade starts from the TCR-pMHC liga-
tion, many TCR triggering models have been proposed from the molecular perspective be-
sides serial engagement model, involving TCR aggregation, conformation change, kinetic
proofreading with synergy of coreceptor, signaling amplification by endogenous pMHC,
TCR-mediated Lck activation, ITAM sequestration and kinetic segregation (reviewed in
[1, 2]). Artificial aggregation of TCR by pMHC tetramer or antibody is sufficient for trig-
gering the cascade , but low density of pMHC on APC casts doubt on this model physio-
logically. Crystallography studies to date have provided some controversial evidences for
conformational change upon pMHC ligation, thus still suffering issue of authenticity [1].
Kinetic proofreading and signaling amplification by endogenous pMHC were suggested
based on the intermediate off-rate difference between agonist-pMHC and self-pMHC mea-
sured by biacore kinetics, recent OT and BFP experiment, however, clearly shows the am-
plification of such difference by mechanical force [3, 4]. Specific force-loaded TCR-pMHC
ligation can sustain their catch bond linkage even at 2 interactions/interface for a long time,
such that consecutive mechanical work stored by TCR structural transition can be trans-
duced to the CD3 complexes then generate the their phase transition, pushing the equilib-
rium system to a non-equilibrium stage with the help of underlying cytoskeletal motors.
The surrounded adhesion molecule could also assist TCR-pMHC at single molecule level,

thus one pMHC may be enough to activate the T cell [5]. Helps from endogenous pMHC
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are doubtful, as bead coated with L4/K? shows immediate bond rupture and no triggering
at physiological density (29 L4/K” at interface). The TCR mechanosensing model clearly
shows the presentation, reception, transmission and transduction manners of TCR, exclude
the models (TCR-mediated Lck activation and ITAM sequestration) that only consider it as
a digital switch. The ITAM sequestration may happen after receiving the energy, similar
to a spring relay. Kinetic segregation has been popular and seems to be required and it
has been observed even in a reconstituted system [6], the size-exclusion could be alterna-
tively induced by passive transport of longer phosphatases [7], and reducing their length
causes decrease of molecular weight will alter the diffusion rate. On the other side, elon-
gation of pMHC on APC could buffer the force generated from the T-cell crawling and/or
retrograde so that T-cell activation could be hindered by no mechanosensing. Moreover,
from the molecular side, compared to wt T cell with 2 pMHCs at the interface, H57 Fab
treated T cell only shows transient Ca>* flux with high load, but with the identical proper-
ties such as interacting area and molecular size difference between TCR and phosphatases.
All the clues mentioned above make kinetic segregation as an amplification factor of TCR
triggering, not the initiator. A recent intriguing work publish by Taylor et al. have also
indicated the involvement of mechanical force during the TCR triggering [8]. The DNA
based chimeric TCR complex can sense force generated during hybridization [9], although
the authors seem to focus more on discrimination and TCR clustering. From our perspec-
tive, thus, mechanosensing model provides fidelity to explain intensive investigation we
have been observed.

In this dissertation, the whole T-cell mechanome for early T-cell activation has been

investigated. Here we list the novelty of the thesis as follows:

1. The mechanical works exerted at the TCRa/pMHC interface are able to be trans-
duced into the TCRaf3 transmembrane domain through the energized reversible

structural transitions preserved by FG loop in TCR constant f domain.

2. The works (100-150 pN-nm) would facilitate the allosteric change of the TCRa cy-
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toplasmic tail from a “L” shape to a extended state, favoring the the rearrangement of
local CD3 complex and finally release the membrane associated ITAM regions into

cytoplasm to initiate the phosphorylation cascade.

3. Certain amount of CD45 inhibitors (> 4000 interficial copy numbers) presented close
to the pMHC bead-T cell stimulation site (< ~4 um apart) could deactivate the phos-
phorylation reaction. Thus, the long-range CD45 diffusion away from the triggering

site is crucial for sustaining the T-cell activation.

4. T cell uses the underlying active motor system to transport pMHC-unligated TCRs
into the triggering site so that the crowded and clustered TCRs would squeeze out

the CD45 inhibitors, a phenomenon akin to the crystallization purification.

5. The motor system also synergizes with the external forces loaded by microvilli pro-
trusion or general T-cell immunosurveillance in order to balance the trigger in a opti-

mal window, where sustained and reversible TCR structural transitions may happen.

The contributions of the author are also listed below:

1. The author at first has performed a novel single molecule on single cell (SMSC) assay
that proves the catch bond phenomenon within the interaction of TCR and agonist
pMHC as well as the functions of CDS8 coreceptor and FG loop in stabilizing such

interaction.

2. Using the single cell (SC) activation assay, the author has investigated the physio-
chemical threshold of the TCR triggering as well as the active motor transport system
underlying the TCR. Thus, a synergistic mechanosensing model based on nonequi-
librium is proposed to explain the acuity of T-cell recognition. This model rules out
the possibility of TCR serial engagement (either the traditional or repetitive force

facilitated version) in the early T-cell activation.
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3. The two-bead assay the author has built may reveal the traffic network for transporta-

tion of pMHC unligated TCRs to the triggering site by motor system.

4. With the advantage of SMSC and SC assays, the author has shown the importance of
Arg251 to sustain the reversible transitions of TCRa cytoplasmic tail that favors the

CD3 complex rearrangement.

5. Again, using the two-bead assay and the DNA tether technology, the author has
shown that CD45 molecules as T-cell activation inhibitors will segregate away from

the T cell/APC contact area where TCRs are accumulated.

In a nutshell, the T cell functions as a precise mechanosensing machine, in which the
optimal mechanical force (both in magnitude and direction) loaded on the TCRaf facil-
itates the peptide discrimination, TCRo3 and CD3 conformational changes, early T-cell
activation (Cap flux), active oo fTCR transport by motor system, and long-range CD45
segregation.

In this regard, it is noteworthy that chimeric antigen receptors (CARs) are recombi-
nant proteins transduced into T cells with ligand binding activity distinct from the TCR,
often employing a scFv ectodomain, a CP linker and TM segment unrelated to ot TCR
components and a cytoplasmic tail consisting of an amalgam of CD3{ { and one or more
costimulatory receptor domains [10]. In these constructs CD3{{ is separated from TCR
subunits. Given that the TM segment is not TCR-related, the lipid associations are likely
distinct from the raft localized aBTCR components. While CARs do not form associa-
tions with endogenous TCRs in CAR-T cells, their ligation to targets induces cellular cy-
tolytic activity and cytokine production, presumably by force-dependent release of ITAMs
akin to the normal physiology described above. It is noteworthy that @ BTCR triggering is
anisotropic, so that direction of force application by pMHC or anti-CD3 mAb determines
cellular activation potential [11, 12]. The same must apply for CAR-T cell ligand bind-

ing and force transduction through the CAR ectodomain, linker region and TM. Therefore,
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nuancing of the molecular design of CARs based on evolving principles of mechanotrans-
duction and dissociative aBTCR complex activation should help to extend the number of
targets amenable to this immunotherapy. Although this dissertation here has systematically
investigated the TCR triggering from single molecule to the single cell level, it is worth
pointing out that there are still lot of undiscovered areas, as listed below to enlighten the

future works:

1. Is the TCR-pMHC bond lifetime force curve a key indicator of TCR quality linked
to protective biology as opposed to conventionally measured functional avidity or

tetramer staining?

2. From the molecular perspective, how does force-dependent transition in the TCRaf3
heterodimer influence the quaternary structure of the ot FTCR complex and confor-

mations of the CD3 cytoplasmic domains to initiate signaling?

3. What is the structure of the extended and force-loaded relative to the compact and

unloaded aSTCR complex?

4. Can adhesion molecules stabilize a single TCR-pMHC bond to facilitate the T-cell
activation in a digital manner? What is the precise molecular identification of the
biochemistry, physiology and associated protein interactions of the motor protein

activated by TCR-pMHC bond formation?

5. On the APC side, how does viscoelasticity of the pMHC embedded in the membrane

affect the TCR mechanosensing and force-induced T-cell activation?
6. Is this altered when dendritic cells go from an immature to a mature state?

7. How does the mechanical force applied on the TCR-pMHC interface initiate the

actomyosin activity?

148



[1]

(2]

[3]

[4]

[5]

[6]

[7]

5.1 Bibliography

Arup K Chakraborty and Arthur Weiss. Insights into the initiation of TCR signaling.
Nature immunology, 15(9):798, 2014.

P Anton Van Der Merwe and Omer Dushek. Mechanisms for T cell receptor trigger-

ing. Nature Reviews Immunology, 11(1):47, 2011.

Dibyendu Kumar Das, Yinnian Feng, Robert ] Mallis, Xiaolong Li, Derin B Keskin,
Rebecca E Hussey, Sonia K Brady, Jia-Huai Wang, Gerhard Wagner, Ellis L. Reinherz,
et al. Force-dependent transition in the T-cell receptor -subunit allosterically regu-
lates peptide discrimination and pMHC bond lifetime. Proceedings of the National

Academy of Sciences, 112(5):1517-1522, 2015.

Baoyu Liu, Wei Chen, Brian D Evavold, and Cheng Zhu. Accumulation of dynamic
catch bonds between TCR and agonist peptide-MHC triggers T cell signaling. Cell,
157(2):357-368, 2014.

Jun Huang, Mario Brameshuber, Xun Zeng, Jianming Xie, Qi-jing Li, Yueh-hsiu
Chien, Salvatore Valitutti, and Mark M Davis. A single peptide-major histocompati-
bility complex ligand triggers digital cytokine secretion in CD4+ T cells. Immunity,

39(5):846-857, 2013.

John R James and Ronald D Vale. Biophysical mechanism of T-cell receptor trigger-

ing in a reconstituted system. Nature, 487(7405):64, 2012.

Eva M Schmid, Matthew H Bakalar, Kaushik Choudhuri, Julian Weichsel, Hy-
oung Sook Ann, Phillip L Geissler, Michael L Dustin, and Daniel A Fletcher. Size-

dependent protein segregation at membrane interfaces. Nature physics, 12(7):704,

2016.

149



[8]

[9]

[10]

[11]

[12]

Marcus J Taylor, Kabir Husain, Zev J Gartner, Satyajit Mayor, and Ronald D Vale. A
DNA-based T cell receptor reveals a role for receptor clustering in ligand discrimina-

tion. Cell, 169(1):108-119, 2017.

Mukta Singh-Zocchi, Sanhita Dixit, Vassili Ivanov, and Giovanni Zocchi. Single-
molecule detection of DNA hybridization. Proceedings of the National Academy of

Sciences, 100(13):7605-7610, 2003.

Jessica Hartmann, Martina Schiifler-Lenz, Attilio Bondanza, and Christian J Buch-
holz. Clinical development of car T cellschallenges and opportunities in translating

innovative treatment concepts. EMBO molecular medicine, page €201607485, 2017.

Yinnian Feng, Kristine N Brazin, Eiji Kobayashi, Robert J Mallis, Ellis L Reinherz,
and Matthew J Lang. Mechanosensing drives acuity of a8 T-cell recognition. Pro-

ceedings of the National Academy of Sciences, page 201703559, 2017.

Sun Taek Kim, Koh Takeuchi, Zhen-Yu J Sun, Maki Touma, Carlos E Castro,
Amr Fahmy, Matthew J Lang, Gerhard Wagner, and Ellis L Reinherz. The aff

T cell receptor is an anisotropic mechanosensor. Journal of Biological Chemistry,

284(45):31028-31037, 20009.

150



APPENDIX A

PROTOCOLS

A.1 Medium/Buffer Recipes

1. Complete DMEM Medium
To be used in cell culturing of BW5147 cell line in Chapter 3 and 4

Materials:

High glucose DMEM medium

fetal bovine serum (FBS)

100 U/ml penicillin and streptomycin
2 mM glutamine

1% (v/v) Non-essential amino acid
0.1% (v/v) 2-mercaptoethanol

(a) Prepare 125 mL of Complete DMEM Medium by mixing:
96.125 ml DMEM
25 mL FBS
1.25 ml penicillin and streptomycin
1.25 ml glutamine
1.25 ml Non-essential amino acid
0.125 ml 2-mercaptoethanol

(b) Add the above mixture to the Corning Disposable Sterile Filter Systems and
then do the vacuum facilitated filtration.

2. Selective Complete DMEM Medium
To be used in cell culturing of BW5147 cell line in Chapter 3 and 4

Materials:

High glucose DMEM medium

fetal bovine serum (FBS)

100 U/ml penicillin and streptomycin
2 mM glutamine

500 pg/ml G418

500 pg/ml Hygromycin B

1% (v/v) Non-essential amino acid
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0.1% (v/v) 2-mercaptoethanol

(a) Prepare 125 mL of Complete DMEM Medium by mixing:
93.625 ml DMEM
25 mL FBS
1.25 ml penicillin and streptomycin
1.25 ml glutamine
1.25 ml G418
1.25 ml Hygromycin B
1.25 ml Non-essential amino acid
0.125 ml 2-mercaptoethanol

(b) Add the above mixture to the Corning Disposable Sterile Filter Systems and
then do the vacuum facilitated filtration.

3. DMEM colorless Medium
To be used in cell activation and bond lifetime measurement of BW5147 cell line in
Chapter 3 and 4

Materials:

Colorless DMEM Medium

100 U/ml penicillin and streptomycin
2 mM glutamine

1% (v/v) Non-essential amino acid

(a) Prepare 50 mL of DMEM colorless Medium by mixing:
48.5 ml DMEM
0.5 ml penicillin and streptomycin
0.5 ml glutamine
0.5 Non-essential amino acid

(b) Add the above mixture to the Corning Disposable Sterile Filter Systems and
then do the vacuum facilitated filtration. Remember never add the 2-mercaptoethanol
inside this medium, the 2-mercaptoethanol will reduce the disulfide bond and
antibodies.

4. Complete RMPI 1640 Medium
To be used in cell culturing of 58 cell line in Chapter 2 and naive cell in Chapter 3

Materials:
RPMI 1640
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fetal bovine serum (FBS)

100 U/ml penicillin and streptomycin
2 mM glutamine

and 0.1% (v/v) 2-mercaptoethanol

(a) Prepare 125 mL of Complete RPMI 1640 Medium by mixing:
108.625 ml RPMI 1640
12.5 mL FBS
1.25 ml penicillin and streptomycin
1.25 ml glutamine
1.25 ml Non-essential amino acid
0.125 ml 2-mercaptoethanol

(b) Add the above mixture to the Corning Disposable Sterile Filter Systems and
then do the vacuum facilitated filtration.

. Selective Complete RMPI 1640 Medium
To be used in cell culturing of 58 cell line in Chapter 2 and naive cell in Chapter 3

Materials:

RPMI 1640

fetal bovine serum (FBS)

100 U/ml penicillin and streptomycin
2 mM glutamine

500 pg/ml G418

500 pg/ml Hygromycin B

1% (v/v) Non-essential amino acid
and 0.1% (v/v) 2-mercaptoethanol

(a) Prepare 125 mL of Complete DMEM Medium by mixing:
106.125 ml RPMI 1640
12.5 mL FBS
1.25 ml penicillin and streptomycin
1.25 ml glutamine
1.25 ml G418
1.25 ml Hygromycin B
1.25 ml Non-essential amino acid
0.125 ml 2-mercaptoethanol

(b) Add the above mixture to the Corning Disposable Sterile Filter Systems and
then do the vacuum facilitated filtration.
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6. RPMI 1640 colorless Medium
To be used in bond lifetime measurement of 58 cell line in Chapter 2 and cell activa-
tion of naive cell in Chapter 3

Materials:

Colorless DMEM Medium

100 U/ml penicillin and streptomycin
2 mM glutamine

1% (v/v) Non-essential amino acid

(a) Prepare 50 mL of DMEM colorless Medium by mixing:
48.5 ml DMEM
0.5 ml penicillin and streptomycin
0.5 ml glutamine
0.5 Non-essential amino acid

(b) Add the above mixture to the Corning Disposable Sterile Filter Systems and
then do the vacuum facilitated filtration. Remember never add the 2-mercaptoethanol
inside this medium, the 2-mercaptoethanol will reduce the disulfide bond and
antibodies.

7. 0.1 M MES buffer with 0.01% tween-20, pH 4.5
To be used in the preparation of anti-DIG beads using EDC chemistry.

Materials:
MES
Tween-20

(a) Prepare 100 mL of buffer by mixing the following:
1.95 mg MES
10 uL Tween-20 deionized water up to 100 mL total volume

(b) pH adjust the solution to 4.5.

8. 0.1 M borate buffer, pH 8.5
To be used in the preparation of anti-DIG beads using EDC chemistry.

Materials:
Boric Acid
Deionized water

154



(a) Prepare 100 mL of buffer by mixing the following:
0.618 g boric acid
deionized water up to 100 mL total volume

(b) pH adjust the solution to 8.5 using NaOH.

9. reaction buffer, pH 7.5-8.0
To be used in the preparation of half-antibody.

Materials:
1X PBS
EDTA

(a) Prepare 100 mL of buffer by mixing the following:
292.24 mg EDTA
1X PBS up to 100 mL total volume

(b) pH adjust the solution to 7.5-8.0 using 1M NaOH.
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A.2 anti-DIG functionalized beads by EDC chemistry

This protocol is slightly adapted from a protocol developed by Marie Eve Aubin-Tam, a
former post-doctoral researcher in the lab.

Materials:

MES buffer with 0.01% tween-20 (pH = 4.5)
Borate buffer with 0.01% tween-20 (pH 8.5)
PBST (1X PBS with 0.01% tween-20)(pH 7.4)
Carboxy polystyrene beads (0.99 um)

EDC crosslinker

anti-Dig polyclone antibody

BSA

Ethanolamine

Cup sonicator

Rotator

Microcentrifuge

1. Make MES (0.1 M ), borate (0.1 M, pH 8.5), and PBST (pH 7.4) buffers according
to the recipes in section A.1.

2. Mix 100 uL of 1 um carboxy polystyrene beads with 100 uL of MES buffer.

3. Spin down (12000 rpm for 2 minutes) and resuspend in 200 uL MES buffer (repeat
5%).

4. Sonicate using a cup sonicator for 4 minutes at 40% with ice.

5. Add 200 uL of freshly made EDC solution 2% w/v (corresponds to 10 mg EDC in
500 uL. MES buffer).

6. Incubate the bead mixture for 3.5 hours at room temperature on a rotator.

7. Spin down (12000 rpm for 2 minutes) and resuspend the bead mixture in 1 mL of
borate buffer.

8. Spin down (12000 rpm for 2 minutes) and resuspend the bead mixture in 400 uL of
borate buffer.

9. Sonicate using a cup sonicator for 3 minutes at 40% with ice.
10. Add 80 uL of 200 ug mL~! anti-DIG in borate buffer.
11. Rotate overnight at 4°C.

12. Stop the reaction by adding 10 uL of 0.25 M ethanolamine (0.25 M solution of
ethanolamine corresponds to 10 uLL ethanolamine + 650 uL borate buffer).
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13.
14.

15.
16.

Incubate and mix the bead mixture on at rotator for 30 minutes at 4°C.

Spin down the beads (12000 rpm for 2 minutes) and resuspend in 400 uL of PBST
buffer.

Sonicate the bead mixture in a cup sonicator for 1 minute at 25% with ice.

Store the beads at 4°C and rotating gently.
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A.3 anti-DIG functionalized beads by protein G method

This protocol is slightly adapted from a protocol developed by Marie Eve Aubin-Tam, a
former post-doctoral researcher in the lab.

Materials:

IXPBS (pH=17.5)

PBST (1X PBS with 0.01% tween-20)(pH 7.4)
Protein G coated beads (0.89 um)

anti-Dig polyclone antibody

DMSO

Ethanolamine

Cup sonicator

Rotator

Microcentrifuge

10.
11.

12.

13.

. Pipette 25 uL of bead slurry into a 1.6 mL microcentrifuge tube.
. Wash the beads with 500 uL PBST (repeat 2x).

. Resuspend the bead in the 100 uL 1X PBS buffer.

Sonicate using a cup sonicator for 3 minutes at 30% with ice.

Add 80 uL of 200 g mL~! anti-DIG in the bead slurry.

Allow antibody to bind to beads for 1 h at RT with continuous mixing.
After 1 h, wash the beads by adding 500 ul PBST (repeat 3x)

Prepare a fresh made 100 mM DSS solution by weighting out 2 mg of DSS and
dissolving in 54 ul DMSO.

. Once dissolved, dilute to 5 mM by adding 646 ul 1X PBS buffer. (Solution becomes

cloudy.)
Add 250 ul of 5 mM DSS solution to the bead slurry.

Sonicate the slurry 2 min at 20% and incubate with end-over-end mixing for 1h at
room temperature.

Stop the reaction by adding 250 uL of 50 mM ethanolamine in PBS and incubate for
30 mins at room temperature with end-over-end mixing.

Wash with 500 ul PBST (repeat 3x) and put the tube in 4 °C with end-over-end
mixing. Note: The protein G bead used here can guarantee that the orientation of all
the coated anti-DIG antibody molecules are point outward whereas anti-DIG bead
made by EDC chemistry can not. You need to pay attention to the affinity between
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the antibody you use and protein G. There are other protein A and protein L coated
bead for antibodies from different animal species. The anti-DIG antibody used in
this protocol is from goat so its affinity to protein G is high.
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A.4 pMHC coated bead

This protocol can be applied to VSV8/K?, L4/K”?, SEV9/K?, VSV8/K?,,, NP366/D,,, bi-
otin labeled half anti-TCRV, biotin labeled anti-CD45, biotin labeled 17A2 coated bead
in Chapter 3 and 4.

Materials:

PBST (1X PBS with 0.01% tween-20)(pH 7.4)
Streatavidin coated beads (1.09 um)

pMHC (from Ellis lab or NIH tetramer core)
biotin-BSA

Cup sonicator

Rotator

Microcentrifuge

1. Pipette 5 uL of bead slurry into a 0.6 mL microcentrifuge tube.
2. Wash the beads with 100 uL. PBST (repeat 3x).

3. Sonicate using a cup sonicator for 2 minutes at 20%.

4. Resuspend the bead in the 5 uL. PBST buffer.

5. Add certain amount of pMHC solution in to the bead slurry and rotate for 1h at room
temperature.

6. After 1 h, wash the beads by adding 100 ul PBST (repeat 3x)

7. For T-cell triggering, bead surfaces were blocked by adding 5 mg/ml 20 ul biotin-
BSA in the pMHC coated bead slurry.

8. Rotate for 1 h at room temperature and then wash three times by 100 ul PBST. The
BSA on the bead surface eliminates potential non-specific binding of the bead to the
cell membrane.

9. Resuspend in 100 ul PBST. Each time take ~0.7 ul for experiment.
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A.5 PCR Protocol for Phusion

This protocol can be applied to make DNA with certain length based on M13M18 plasmid
in Chapter 3 and 4.

Materials:

TE buffer (pH=8.0)

20uM forward primer

20uM backward primer

25 mM dNTPs in dd water

50 ng/uL M13mp18 plasmid (in TE buffer)
5X GC buffer

dd water

Phusion polymerase

PCR machine

Prepare 100 uL of solution by mixing:
25 uL of 20uM forward primer
25 pL of 20uM backward primer
8 uL of 25 mM dNTPs
5 uL of 50 ng/uLL M13M18 plasmid
200 puL of 5X GC buffer
10 L. Phusion polymerase
727 uL dd water
Put 100 uL of that solution in 10 tubes and follow the Phusion procedure:

1. 98 °C during 30 sec

2. 98 °C during 10 sec

3. 49 °C during 30 sec

4. 72 °C during 90 sec

5. repeat steps 2-3-4 for a total of 35X
6. 72 °C during 10 min

7. keep at 4 °C

8. Then you purify with the Qiagen Kkit.
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A.6 DNA gel electrophoresis

This protocol will allow determination of DNA length and quality by running the DNA out
on an agarose gel. This is useful to check products made using the protocol in PCR Phusion.

Materials:

10 mM TE buffer (pH = 7.5)

5X TBE buffer

6X gel loading buffer

1 kB ds DNA ladder mixture (200uL. 6X gel loading buffer, 750uL 10mM TE buffer pH
7.5, 50uLL stock DNA solution)

Agarose

SybrGreen 10,000X

® N AW

10.

11.
12.

13.
14.

15.
16.

. Combine 60 mL 5X TBE buffer with 540 mL of DI water to make 1X TBE.

In a 250 mL Erlenmeyer flask combine 0.8 g Agarose with 100 mL 1X TBE buffer
and microwave for 4 minutes on High power level (Watch the flask and pause heating
if solution begins to boil over.).

Allow agarose solution to cool for 4 mins.

Add 8 uL of SybrGreen.

Prepare electrophoresis chamber for gel pouring and align comb.

Pour the agarose solution in the chamber and allow 30 minutes to cool.

Rotate the chamber so that the combs are proximal to the cathode (black terminal).

Fill the electrophoresis apparatus with the remainder of the 1X TBE buffer (~500
ml).

Remove the comb and inspect the well walls.

Combine for each PCR sample (1.8 uL PCR sample, 16.2 uL. TE buffer, 3 uL 6X
gel loading buffer).

Add 6 uL of the DNA ladder mixture to the well.

Place 16 uL of the PCR sample/loading buffer into a well, repeat for each sample to
be run.

Replace the gel box cover and begin run at 110V.

Run until the marker lines (blue and yellow) near the anode side of the gel (Between
1.5 and 2.5 hs).

View bands on Alpha Innotech Fluor Chem 8900 machine.

Dispose of the gel in appropriate container.
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A.7 Calcium flux assay using flow cytometry protocol

Materials:

2C11(145-2C11) (0.5 mg/ml in PBS+0.02%NaN3)

DyLight 649 Goat anti-hamster (Armenian) IgG Antibody (0.5 mg/ml in PBS+0.02%NaN3)
T hybridoma cells (from Ellis lab)

FBS

Asante Calcium Red (ACR) (2 mM in DMSO)

Imaging buffer (140 mM NaCl, 1.5 mM NaHPO4, 50 mM HEPES, 0.8 mM MgCl,,
1.6mM CaCl,) or DMEM colorless medium

F-127 (3% in PBS)

1. Count the cell density.

2. Wash the cells with PBS 1X and then change the medium to RPMI 1640 colorless
medium. Add the ACR (final conc 2 uM), FBS (3%), F-127 (final conc. 0.02%),
make the cell density to 2 millions/mL.

3. Incubate the sample at 37C for 40 mins. Resuspend the sample every 10 mins.
4. Wash the sample with DMEM+3%FBS 2X. (1 mL each time).

5. Resuspend the sample in imaging buffer(or DMEM)+3% FBS. Make the cell density
to 1x10° cells/mL. Total volume is ~1 mL.

6. Rest the cell for 15 mins at RT before collection. (Walk to medical center north)
7. Choose the Qdot655 to measurement the fluorescence change.

8. The cell will be collected for 1 min at first to set the baseline. Then add the 2C11
antibody (10 uL) to the sample and then run this for 1min, following adding anti-
hamster IgG (10 ul) and collect events for 7 mins.

9. Add the Ionomycin (0.2 uL) and then run another 1 mins.
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A.8 Ca’* flux dye loading for single cell activation using optical trap

Materials:
T hybridoma cells (from Ellis lab)

FBS

Quest Rhod-4, AM (2 mM in DMSO)
colorless DMEM medium for hybridoma or colorless RPMI 1640 for naive cells
F-127 (3% in PBS)

1.

Cells were washed, resuspended at 2 million cells/ml in either colorless DMEM
medium (Sigma-Aldrich) for cell lines or colorless RPMI 1640 (Life technology)
for naive cells, and loaded with Quest Rhod-4 at 2 uM for 40 mins in the presence
of 3% (v/v) FBS, 0.02% (v/v) Pluronic F-127 (Sigma-Aldrich) in PBS at 37 °C.

Cells were gently pipetted every 10 min. T cells were then washed by 1 mL colorless
DMEM medium, resuspended in 800 uL colorless DMEM (cell line) or colorless
RPMI 1640 (naive cell) with 3% (v/v) FBS and transferred to a cover glass flow cell
for 1 h incubation at 37 °C, 5% CO, to allow for cell attachment to the cover glass
surface.

. After coating the surface with blocking buffer containing 5 mg/ml BSA in colorless

DMEM medium for 10 min, pMHC-coated beads in A.4 in blocking buffer were
flowed into the sample.

After 1h incubation at 37 °C, 5% CO,, the slide was ready for manipulation using an
optical trap combined with fluorescence.

164



A.9 Freezing cell protocol

This protocol will allow cleavage of hinge region in IgG antibody so that it only has one
antigen binding site that can be used in Chapter 2, 3 and 4.

Materials:

FBS

DMSO
T-hybridoma
30 MBS desalting column

1.

When cells have reached late log phase, determine cell density using Coulter counter.
Calculate total number of cells in flask, and determine amount of freeze medium
needed. (Cells should be resuspended in freeze medium at 1,500,000 2,000,000 cell-
s/mL.).

Centrifuge cells in 15mL Falcon tube at 1200rpm for 5 minutes at 37 °C.

. While cells are spinning, make freeze medium (e.g. 90% culture media, 10% DMSO).

Label cryogenic vials with date, cell type, and users initials.

Suction away supernatant from centrifuged cells and add freeze medium. Triturate
cells until homogeneous.

. Quickly aliquot 1 mL of freeze stock per cryogenic vial. Screw each vial closed.

Store overnight cryo-freezing container to -80 °C freezer.

. Next day, put cells into appropriate rack in liquid N tank.
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A.10 Cell thaw procedure

Materials:

Freezing cells in A. 11
Cell culturing medium
70% ethanol in DI water

1. Slowly remove appropriate tray rack from liquid N, tank. Remove long safety pin
and take out one vial from appropriate tray.

2. Put tray back in slot and put safety pin back in place. Return tray rack to liquid Nj
tank again.

3. Rapidly thaw vial in 37 °C water bath until only a small ice pellet remains. Spray
down vial with 70% ethanol, wipe, and place into hood.

4. Slowly add 9 mL of warm (37 °C) culture medium.

5. Since freeze medium contains (DMSO), spin down cells and resuspend in fresh
medium (37 °C, 4-5 ml) in new T25 flask.
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A.11 FBS deactivated

Materials:
FBS from sigma (500 ml)

1. Remove 500 mL bottle of FBS from -80 °C freezer and place in refrigerator to thaw
overnight. Complete thawing of serum the following day by placing serum in a 37
?C water bath with a water level higher than the serum level in the bottle. Mix by
inversion.

2. Once serum is completely thawed, incubate for an additional 15 min to allow serum
to equilibrate with the 37 °C bath.

3. Raise the temperature setting of the bath to 56 °C. Use a timer to measure the 35
min needed for the temperature of the bath and serum to come to 56 °C. During this
incubation, invert the bottle to mix the serum every 10 min. If necessary, allow and
additional 5 min for bath to reach 56 °C.

4. Once bath reaches 56 °C, incubate serum for 30 min. Invert bottle every 10 min.

5. Remove serum from water bath and allow to cool at room temperature for 30 min.
Reset water bath to the 37 °C mark.

6. Aliquot 20 mL of treated serum into conical tubes and store at 4 °C (short-term use)
or freeze at -20 °C (long-term use) .
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