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T lymphocytes use surface a3 T-cell receptors (TCRs) to recognize
peptides bound to MHC molecules (pMHCs) on antigen-presenting
cells (APCs). How the exquisite specificity 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 optical traps, we determine physicochemical triggering
thresholds based on load and force direction. Strikingly, chemical
thresholds in the absence of external load require orders of magni-
tude higher pMHC numbers than observed physiologically. In con-
trast, 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 relax-
ation associated with similarly directed motor-dependent trans-
port via ~8-nm steps, behaviors inconsistent with serial engage-
ment during initial TCR triggering. These synergistic directional
forces generated during cell motility are essential for adaptive
T-cell immunity against infectious pathogens and cancers.
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he 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) multisubunit surface complex with a ligand binding
moiety that is an a8 disulfide-linked heterodimer buttressed by
the associated invariant CD3 subunits (1-3). The o8 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 pertur-
bations 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 peptide bound to an MHC molecule (pMHC)
and displayed on the surface of antigen-presenting cells (APCs)
(6, 7). Ligation impacts disposition and function of the associ-
ated CD3 dimers (CD3ey, CD3¢d, and CD3(() as well as the
transmembrane domains of the TCR heterodimer and CD3 sub-
units that interdigitate in the membrane to signal into the cyto-
plasm (8, 9). A cascade of intracellular events involving phos-
phorylation of immunoreceptor tyrosine-based activation motifs
(ITAMs) on the CD3 cytoplasmic domains with subsequent
ZAP70 activation and downstream signaling follows (10, 11).
Membrane-associated CD8 and CD4 coreceptors, marking cyto-
toxic T lymphocytes (CTLs) 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 developmental
decisions or effector functions (11-13).

A CTL must search for and destroy a target expressing a hand-
ful of “foreign” (i.e., aberrant) 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 surveil-
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lance is 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 affin-
ity measurements (14). T lymphocytes do not use somatic hyper-
mutation 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 discriminate
antigens with exquisite specificity, even detecting single-amino
acid differences between two peptides bound to the same MHC
allele product (16). A serial engagement process where a single
(or low copy number) antigenic pMHC binds and unbinds mul-
tiple receptors (hundreds) on a T cell to amplify and sustain its
activation has been proposed to generate signaling through fleet-
ing encounters, including those important for antitumor immu-
nity (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 « STCR—
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 and adopting
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elongated shapes typical of polarized cells (20). Surveillance-
based motility generates tensile, shear, and compressive stresses
over a wide range of forces (piconewton to nanonewton) (21—
23). Internally, cytoskeletal machinery drives the relative move-
ments of cell membranes, including rearrangement, transport,
and organization of TCR complex constituents and other cell
surface molecules (24-27). As a consequence, the immunologi-
cal synapse (IS) is formed with TCRs surrounded by segregated
clusters of other proteins (28). The transportation of TCRs to
the IS center is caused by the centripetal or retrograde actin flow
(29, 30).

Experiments directly testing the role of mechanical force in
triggering o TCRs were first provided by our own studies using
an optically trapped bead to present pMHC to a T cell (31).
Such measurements used an oscillating shear force with a 50-pN
amplitude to trigger T-cell Ca** flux, with as few as 10 pMHCs
per bead. Experiments with the same beads but force appli-
cation normal to the cell surface did not lead to triggering.
How T cells might use mechanical force and direction for trig-
gering was conceptually proposed to involve nonlinear bonding
kinetic mechanisms, including conformational change allostery
and bond strengthening (32). This paradoxical extension of a3
TCR-pMHC-bond lifetime under force, so-called catch bond
behavior, was then observed experimentally (19, 33). The impor-
tance of force on TCR triggering has been confirmed in other
work (34-40). However, during the initial T-cell surface contact,
external (scanning) and internal (retrograde flow) force appear
to operate in opposing directions (41). How these directional
forces cooperate with each other and orchestrate the TCR trig-
gering is still obscure.

Here, we actively present pMHC-bound beads to T cells, con-
trolling the pMHC surface concentration, force magnitude, and
direction using an optical trap. A chemical threshold is identi-
fied in the absence of trapping force that is well above expected
physiological numbers required 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 direction more readily triggers than does application
along the normal direction, highlighting the anisotropic feature
of this mechanosensor. Rather than serial engagement, dur-
ing receptor-pMHC ligation, active transport of beads with dis-
crete ~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 multiple binding signatures expected for serial
engagement-based mechanisms, 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 T-cell activa-
tion process associated in seconds with processive actomyosin-
based displacement. 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
immunity and tumor immunotherapy.

Results

Antigen Presentation Assay to Mimic Cell Triggering Through Opti-
cally Trapped Beads. TCR triggering was investigated using opti-
cal tweezers combined with fluorescence visualization that per-
mits piconewton step force application while simultaneously
monitoring Ca** flux linked to T-cell triggering (31, 42, 43).
Our study used individual T cells immobilized on the coverslip
surface (Fig. 14 and SI Appendix, Fig. S1). Before immobiliza-
tion, cells were preloaded with Quest-Rhod 4 as a Ca®* indi-
cator. 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,
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Fig. 1. a3 TCR triggering using an optical trap to apply vectoral piconew-
ton forces over nanometer distances. (A) Mechanical force is applied using
an optical trap. Individual T lymphocytes are immobilized on a coverslip sur-
face. 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 indi-
cated by a white arrow and the fluorescence image as a gray sphere and
yellow circle. The optimal force along the T-cell surface triggers a rise in free
Ca?* shown in colorization as an increase in yellow intensity (state 2) com-
pared with 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 used for application of force to a strep-
tavidin (SA)-coated polystyrene bead arrayed with specific biotinylated TCR
ligand (pMHC; in this case VSV8/K®) and then saturated with bBSA to pre-
vent potential nonspecific streptavidin binding to cells. The trapped bead
was calibrated before attachment, and the trap force was calculated as the
product of trap stiffness and AX. The molecular model depicts the TCR a3
heterodimer from 1NFD and the pMHC from 1KPU. For simplicity, only the
clonotypic heterodimer in the a3TCR complex is represented. (Inset) Side
view of a bead-attached T cell. (C) Cartoon showing optimal shear and nor-
mal force directions of the bead relative to the cell.

and the surface-immobilized T cell was gently repositioned using
a piezo stage to facilitate bead-cell attachment. Binding was
visualized directly and through displacement of the bead out
of the trap indicated by changes in signal of our position sens-
ing subsystem, which records the bead position at 3 kHz. After
binding, the instrument was transitioned to low-light imaging to
monitor fluorescence 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 exhib-
ited fluorescence levels that steadily increased, whereas non-
triggered cells showed a steady drop in fluorescence caused by
photobleaching. Streptavidin-functionalized 1.09-pum beads were
coated with biotinylated pMHC (Fig. 1B). Methods of quantifica-
tion of pMHC on the bead are detailed in ST Appendix, SI Materi-
als and Methods and Fig. S2. Beads were subsequently saturated
with biotin-labeled BSA (bBSA) to prevent nonspecific interac-
tion. Vectoral piconewton force was generated by stepping the
piezo stage to the desired distance to create a displacement AX
as shown in Fig. 1C. The trapped bead was calibrated 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 pro-
tein octapeptide (RGYVYQGL) bound to the H-2K® molecule
(VSV8/K"). The second is the NP63 TCR specific for influenza A
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virus PR8 nucleoprotein nonapeptide (NP366; ASNENMETM)
bound to the H-2D® molecule. These TCR epitopes are tar-
gets of protective adaptive a8 T-cell immunity against the two
viruses. Comparable results with these diverse specificities imply
the broadness of the dynamic mechanosensing behaviors that
we observe.

The Chemical Threshold for Triggering in the Absence of External
Force Requires Numbers of pMHC Molecules Exceeding Physiologi-
cal Levels. We first tested the sensitivity of triggering N15 T cells
using beads displaying different VSV8/K® copy numbers at the
bead—cell interface in the absence of load, beginning with satu-
rating 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. As seen in Fig. 24 and Movie S1, a saturated VSV8/K®
-coated bead with ~2 x 10* molecules at the bead—cell interface
generated robust TCR triggering (18 of 34 cells) (yellow trian-
gles in Fig. 24). With ~200 molecules at the interface, triggering
was reduced (4 of 11 cells) with minimal fluorescence increase
(SI Appendix, Fig. S3B). However, beads with 29 VSV8/K® at
the interface, a pMHC density found physiologically on normal
APCs (44), did not trigger (1 of 28 cells) (green triangles in Fig.
24), and lower pMHC copies (2 VSV8/K®) did not activate the
T cells (0 of 10 cells) (cyan triangles in Fig. 24). Measurements
on T cells with other pMHC ligands were also tested, including
the weak agonist L4 [vesicular stomatitis virus nuclear protein
octapeptide (VSV8) with p4 V to L VSV8 mutation]/K® and the
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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) (SI Appendix, Fig. S34). We also performed
controls with BSA-only coated beads (gray triangles in Fig. 24),
with fluorescence signals that were used as background for the
nontriggered cells without external trapping force. These con-
trol beads manifest no cell surface binding and failed to trigger T
cells, despite repeated apposition.

External Force Enhances TCR Sensitivity to Achieve Triggering Thresh-
olds with Limited Numbers of pMHC Molecules at the Interaction
Interface. To determine if external force can facilitate TCR trig-
gering at lower pMHC copy number, 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 VSV&/K® at the bead—cell interface showed
robust triggering (16 of 26 cells) (green circles in Fig. 2B) under
conditions detailed below using specified directional forces rang-
ing from 10 to 25 pN compared with those without external load
(Fig. 2 A and B, SI Appendix, Fig. S4, and Movie S2). 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. 2B). In contrast, with an average 0.5 pMHC copy number
per interface, where we expect no more than one TCR-pMHC
interaction in the bead—cell-contacting interface (33), no trigger-
ing was observed (Fig. 2B, purple circles and Movie S2). Plots
of fluorescence increase vs. force show a narrow distribution of
triggering forces at the 2 VSV8/K” pMHC copy numbers depen-
dent on force application as described below (Fig. 2B). L4/K"
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Thresholds for «8TCR triggering are dependent on both pMHC ligand copy number and directional force. (A) Ca®* flux was triggered in N15

T cells by using either a high VSV8/K® copy number at the bead-cell interface (2 x 10*) without external force or physiological numbers 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 (Imax) to the initial
fluorescence intensity (lp) of the Ca?*-sensitive dye. Width of rectangles illustrates the SD. Mean value and median value are shown as thick lines and
thin lines, respectively. On the Right, a rise in intracellular free Ca%* is shown by colorization through a rise in red and yellow intensities at indicated
times for representative cells. Boxes with red and black boundaries in the same column were statistically analyzed for triggered T cells (open symbols) and
nontriggered T cells (symbols with x), respectively. P values refer to significance analysis obtained using one-way ANOVA for all of the data points. MFI,
mean fluorescence intensity; ns, not significant. *P < 0.05; **P < 107 2; ***p < 107 3; *xx*p < Q™4 wrHkEEp L Q70 KREEERP < 10~ °. (B and C) Directional
force vs. N15 T cell triggering of Ca2* flux under different load and (B) VSV8/K®, (C) L4/K?, or (C) the anti-TCR V3 MR9.4 fragment copies at the interface.
Curves represent 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 and 136 vs. 87 s, respectively.
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shows triggering at ~200 but not at 29 copies per interface. To
determine whether the TCR can be triggered with a single sus-
tained interaction, we used one-half anti-TCR V5 MR9.4 mAb
fragment at 0.5 molecules per interface, yielding a robust 12 of
18 cell triggering responses (at 8- to 12-pN shear force) (Fig. 2C
and SI Appendix, Fig. S3A4, purple).

T-Cell Triggering Is Anisotropic, Preferring Shear over Normal Direc-
tionally 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 trig-
gering with as few as two pMHCs at the interface and 10 pN
(cyan circles in Fig. 2 A and B), forces applied in the normal
direction required 18 pN (cyan squares in Fig. 2 4 and B) to
trigger (Fig. 2.4 and B and Movie S3). Ca?* flux durations trig-
gered by 29 and 2 VSV8/K® molecules at the interface along the
shear direction are 250 + 92 s (16 cells; £SD) and 288 + 119 s (8
cells), respectively, whereas that stimulated by 2 VSVS8/K® at the
interface with optimal normal force is only 132 +£43 s (9 cells).
Interestingly, beads displaying 29 pMHC:s at the interface failed
to trigger Ca*>* flux with any force application along the normal
direction (green squares in Fig. 2. 4 and B) but triggered along
the shear direction (green circles in Fig. 2.4 and B) using a range
of forces examined (Fig. 2.4 and B and SI Appendix, Fig. S4). As
with shear (Fig. 2B, purple circles), single molecule-level pMHC
(0.5 VSV8/K® molecules at the interface) failed to trigger TCR
with force applied normal to the cell surface (Fig. 2B, purple
squares and Movie S3). In contrast, triggering with the very weak
agonist L4/K® was only achieved along the shear direction (Fig.
2C). Triggering with the one-half antibody was possible in both
shear and normal directions.

T-Cell Triggering Is Associated with Rapid Relaxation and Large Dis-
placements. Our measurements in the absence of force simulta-
neously monitor bead trajectory and Ca** flux caused by T-cell
triggering. In SI Appendix, Fig. S5A, cells with pMHC-saturated
beads (2 x 10* VSV8/K® at the interface) that triggered with-
out force exhibited relatively large displacements (~1,000 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 con-
temporaneous with Ca®* rise, with peak flux occurring at the
end of positional 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 (SI Appendix, Fig. S5B). Cells which have fewer
pPMHC molecules at the interface (29 and 2 VSV8/K®) show little
responsiveness, with no correlation between displacement and
Ca** flux, even for those showing large displacement.

In the presence of shear force, cells exhibit complete positional
relaxation as shown in Fig. 34. 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.
3B) (45). Force-triggered cells exhibit rapid positional relaxation
(Fig. 3B, dashed lines) followed by a rise in Ca®* signal (ST
Appendix, Fig. S6, red lines). Traces were also fit individually to
map the relation between trigger state, relaxation time, and force
(Fig. 3C). The detailed fitting procedures are illustrated in SI
Appendix, Fig. STA. Our results illustrate that, for cells stimulated
with 29 VSV8/K® at the interface, triggered cells relaxed more
quickly than nontriggered cells: 0.44 £4.65 x 10~* s compared
with 52.42 4 8.82 x 103 s, respectively, for all measured forces.

Feng et al.

For T cells stimulated with cognate ligands at identical interfacial
copy number (two pMHCs), triggered cells can be represented by
a window centered around 10 pN exhibiting a relaxation width
of 10 s compared with nontriggered cells neighboring this win-
dow. The subset of particularly fast relaxing, nontriggered cells
(average 0.44+4.89 x 10~* s) remained bound but was effec-
tively only under load for a fraction of a second (Fig. 3B and S/
Appendix, Fig. STC). 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) (SI Appendix, Fig.
S7 B and C) and failed to trigger. Fig. 3C shows clearly that the
triggered N15 T cells were centered in the same window irrespec-
tive of whether pMHC was competent to bind the CD8 corecep-
tor (VSV8/K®) or mutated to abrogate coreceptor binding to the
K’ a3 domain (VSV8/K®,,). The NP63 TCR-expressing T cells
also yielded the same profile using NP366/D®,,,. Results with trig-
gered N15 and NP63 T cells using VSV8/K®,, and NP336/D°,,
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Fig. 3. Relationship between «3TCR triggering and external shear force
relaxation. (A) Cartoon showing shear force relaxation (blue arrow) with
characteristic time constant  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 pro-
file. External forces were firstly normalized, shifted to the same time zero,
and then averaged. Traces from top to bottom were averaged from 16 (olive
dashed line), 11 (olive solid line), 8 (blue dashed line), 25 (blue solid line),
and 10 (blue dotted line) separate experiments, respectively. The nonacti-
vated (NA) blue dotted trace represents a rarely seen fast fluid-like relax-
ation. A, activated. (C) Scatter plots showing relationship among relaxation
rate, external force magnitude, and «8TCR triggering at different 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 lnax/lo higher than 1.04 (the
upper boundary of 29 VSV8/K? box without external force in Fig. 24). For
2 VSV8/K?, an Imax/lo higher than 1.05 (upper boundary of 2 VSV8/KP box
without external force in Fig. 24) is defined as activated. For 2 VSV8/K®,, and
NP366/D°,, Imax/lo higher than 1.00 (upper boundary of other forces box in
SI Appendix, Fig. S8 A and B) is defined as activated. Note that the trigger
window depicted by dashed lines is the same in VSV8 Kbm and NP366/Db,,,.
In all cases with two pMHCs at interface, the window spans a force range
from 8 to 12 pN.
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beads were pooled and illustrated in ST Appendix, Fig. S8 A and
B. A possible triggering mechanism is illustrated in ST Appendix,
Fig. S8C, highlighting that, because the pulling direction is shear,
TCR-pMHC bonds at the back edge of the bead will sustain
the load. TCR-triggered Ca?* flux requires that the magnitude
of pulling force on each single 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
VSVS8/K? at the interface, because the load is distributed across
multiple bonds.

For pulls in the normal direction (SI Appendix, Fig. S9A4),
relaxation includes an initial exponential decay and then, a termi-
nal position, where unlike pulling in shear, complete relaxation
to the trap center is not achieved (SI Appendix, Fig. S9B). The
initial relaxation portion exhibited exponential time constants
(0.1-10 s) similar to shear pulls above. However, unlike pulls in
the shear direction, large displacement relaxations in the nor-
mal direction were not possible. In SI Appendix, Fig. S9C, with 2
VSVS/K" at the interface, the T cell can be triggered and exhib-
ited partial relaxation (n =9). Bead-cell interface with higher
density (29 VSV8/K®) did not trigger the TCR but exhibited frus-
trated motion caused by active intracellular processes with a sus-
tained displacement similar to 2 VSV8/K®. Single-molecule den-
sities (0.5 VSV8/K?) failed to trigger the TCR because of abrupt
unbinding returning to the trap center within 5 ms (n = 16). A

possible triggering mechanism along the normal direction is illus-
trated in SI Appendix, Fig. S9D. Force, shared evenly by the 2
VSVS8/K® molecules, requires 20 pN to reach the TCR triggering
threshold for any single TCR. For 29 VSV8/K® at the interface,
however, force is distributed among many TCRs, where any sin-
gle TCR is below the threshold force for triggering. These data
and those in Fig. 3 also rationalize the distinctions among the
vectoral pulling forces required to trigger T-cell activation in Fig.
2B. Similar optimal triggering windows were obtained for L4/K®
and one-half antibody shear triggering (SI Appendix, Fig. S10).

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 studied 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). Reg-
ular stepping occurs with average displacements and dwells of
~7.7 nm for the primary peak (Fig. 44). Additional step analysis
is found in SI Appendix, Fig. S11A4. 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 the C5 domain that leads to a
10-fold increase in bond lifetime (33). H57 Fab-ligated T cells
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Fig. 4. High-avidity TCR triggering is a dynamic process requiring actomyosin rearrangement rather than serial engagement. (A-F) Typical stepwise traces
for N15 T cells treated with H57 Fab, Nocodazole, Cytochalasin D, or Blebbistatin with 11- to 13-pN shear force and 2 VSV8/K” at the interface. Stepping
traces are common for NP63 T cells at 11 pN with two NP366/D”,,. Insets show relative overall step histograms fit to the sum of two Gaussian distributions
with indicated numbers of steps. (G) Hypothetical trace under load of serial engagement (gray) compared with the empirically observed completely ruptured
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? beads
(single rupture) measurements, where unbinding and complete snapback to the trap center are observed. Serial engagement, which is not observed, would
either show a 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 using 2 VSV8/K? stimulation through a shear direction. Error
bars represent SEM. (/) Comparison of relaxation times resulting from the indicated treatments. Box height illustrates SD. Red and black boxes illustrate
the triggered and nontriggered conditions, respectively. Mean values are shown as thick lines. P values were determined using one-way ANOVA. ns, not

significant. **P < 1072; ***p < 1073,
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exhibited similar step size and dwell times of 8.1 nm (Fig. 4B).
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 stud-
ies 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. 4C) (47). Nozo blocks Lck phosphoryla-
tion (48) but enhances myosin regulatory light-chain phospho-
rylation, which induces activation of the motor (49). However,
both CytoD, an actin depolymerizer at 500 nM, and Blebb,
a myosin inhibitor at 25 uM, showed clear reduction in step
probability (Fig. 4 D and E and SI Appendix, Fig. S11B). Nor-
mally, 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. 4F). Purified, naive N15 transgenic CD8* T
cells (SI Appendix, Fig. S124) exhibited step-linked triggering (S/
Appendix, Fig. S12 B-D). All cells challenged with drugs did not
trigger as expected given the significant role of the cytoskeleton
in TCR triggering (Fig. 4H, SI Appendix, Fig. S13, and Movie
S4) (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: 85 4- 29 s (8 of 20) above
22 pN. Force relaxation time also shows significant difference
when cells are treated with CytoD and Blebb (Fig. 47).

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-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 interac-
tions might indirectly modulate TCR distribution and/or surface
expression. We tested this possibility by developing a two-bead
assay, with both beads opposed to a T cell in the absence of exter-
nal force. One bead is coated with a low copy number of nonacti-
vating anti-CD3ey 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. 5 and Movie S5,
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. 5). The
convergence of TCRs is consistent with initiation of IS forma-
tion. 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 (SI Appendix, Figs. STC, S9B,

A @ 1.03 ym 17A2 anti-CD3 bead
@ 1.25 um VSV8/K® bead

Fig. 5.

Os 100 200 300 400 500 600

0s 100 200 300 400 500 600 504
0 0.0{ vwr

and S10B), 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. 4G).
SI Appendix, Fig. S1F shows functional avidity plots of N15 for
VSV8 and L4 as well as NP63 for NP366 depicting IL-2 produc-
tion in response to graded peptide stimulation. Given that the
functional avidities differ by 10,000-fold among these receptor—
ligand pairs and no pattern of 5 ms At was observed, the phe-
nomenon of serial engagement is not occurring in this timeframe.

TCR Triggering Impacted by Directional Tangential Force. Failed
TCR triggering associated with slow force relaxation could be res-
cued by rapidly reversing the pulling direction, resulting in a fast
relaxation response. Representative studies were performed on
beads presenting 29 VSV8/K® at the interface with N15 T cells
(Fig. 64 and SI Appendix, Fig. S14). 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 assistance
or hindrance, respectively, of the optical trap force as shown
in Fig. 6B. Concordance 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
a3 heterodimer-pMHC complex (33, 52). In contrast, the struc-
tural 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 sur-
face; force loaded on the TCR through one direction [e.g., cell
moving/spreading direction or microvilli protrusion (53-55)] may
be quickly released by the motion along the other direction (e.g.,
actin retrograde flow), as shown in Fig. 6C (41). Although N15 T
cell-triggering rescue is hard to actuate for 2 VSV8/K® molecules
at the interface, hallmarks distinguishing fast from slow relaxation
are evident when the position of the VSV8/K"-coated bead is close
to the trap center (SI Appendix, Fig. S15). There, bead traces
exhibiting fast relaxation smoothly return to the trap center (S
Appendix, Fig. S15 A and B). However, slow trajectories exhibit
fluctuations and even step against the trap at low displacements
(81 Appendix, Fig. S15C). Collectively, these results reveal a clear
force vector directionality linked to successful TCR triggering by
pMHC at the single-molecule level.

Discussion

T cells executing surveillance motions orchestrate a complex
process that operates on many length scales. The cell’s 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 poly-
merization, depolymerization, and flow mediated by motors and
actin binding proteins that couple filaments, sever filaments,
generate branches, cap ends, and facilitate depolymerization

-3 pm ¥ Activated

¥ Nonactivated
v

<1011 12 13 14
l—n”r

pPMHC-triggered T cells cluster ligand-engaged as well as ligand-unengaged TCRs. (A) During triggering, more N15 aSTCRs (binding with a 1.03-um

bead; olive arrow) translocate to the interface, where the pMHC-specific triggering initiates (1.25-um bead; n = 7 cells; dark blue arrow). By contrast,
nonactivated cells manifest limited aSTCR motion (n = 10 cells). (B) Changes of distances between the two beads for activated and nonactivated T cells. The

two clusters are significantly different at P <1 x 10~°.
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Fig. 6. External force in the direction of retrograde flow synergizes with
actomyosin motion to facilitate «3TCR triggering. (A) Preference in exter-
nal pulling force direction revealed by optical trap analysis. Failed «3TCR
triggering by 29 VSV8/K® beads after a slow relaxation (blue) lacking Ca®*
flux (red curve) can be rescued by quickly switching pulling force direc-
tion (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 cen-
ter. (B) Possible actomyosin 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 acto-
myosin motion will facilitate force relaxation and steps when pulled in the
green direction generated by myosin Il pulling (gradient red arrows). In con-
trast, pulling in the blue direction will exhibit a tug of war that results in
a slow relaxation, such that the TCR cannot be triggered, despite applica-
tion of identical force magnitude. (C) Cartoon of synergistic shear forces-
facilitated TCR triggering during T cell-APC contact; CD3 components were
omitted 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 facil-
itate 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.

(reviewed in ref. 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 per-
sistent motion but with intermittent stops and turns. The under-
lying adhesions result in pulling and dragging motions, where
shear forces similar in 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 con-
formational change, where the equivalent of 100 pN-nm work is
done on the system (33).

At physiological pMHC numbers, triggering requires external
load (Fig. 2 A and B). We observe a triggering preference for
shear vs. normal-directed forces as occur when T cells perform
their scanning functions (Fig. 3 and SI Appendix, Figs. S4 and
S9) (59, 60). 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 inter-
facial TCR-pMHC complex (SI Appendix, Fig. S9D) and thus,
requires a greater overall pulling force for any one of them to
breach the ~10-pN conformational change threshold (33). On
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the contrary, shear motion distributes the force unevenly at the
bead—cell interface, concentrating it where fewer TCRs engage
(SI Appendix, Fig. S8C). Thus, for shear pulls, triggering is seen
with both 29 and 2 pMHC interfacial molecules.

Without load, the TCR can be triggered when 2 x 10* VSV8/K®
molecules are present at the bead—cell interface (Fig. 24). 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). Con-
sistent with this notion, triggered cells are associated with large
bead displacements along the shear direction (SI Appendix, Fig.
S5). Such a 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 structures, even at low
pPMHC copy number (2 pMHC) at the interface (Fig. 4 A and
F). Pulling in the normal direction directs the TCR away from
membrane-associated actin. Our results are consistent with this
anisotropic phenomenon, as a much stronger Ca** flux is seen
with shear over normal pulls (SI Appendix, Figs. S6 and S9C).

Bead trajectories for cells that trigger reveal processive active
transport in the direction of applied shear force. Although visu-
ally, the bead positional relaxation appears smooth, the high
spatiotemporal resolution of our instrument allows discrete step-
ping of the TCR coupling to the actin machinery to be detected.
Although the step size (8 nm) suggests microtubule-based trans-
port, drug inhibition studies and stall force (3.8 pN) measured
here (Fig. 44 and F and SI Appendix, Fig. S15) are consistent with
myosin-based transport (and steps sizes) on actin filaments (63—
65). We cannot formally rule out that the transients originate from
bulk contraction of actomyosin networks, release of actin cross-
linkers or other attachments, or encountering of other obstacles
in the cell. Notwithstanding, ST Appendix, Fig. S15 shows motion
against the trap force, revealing that active transport contributes
to bead behavior after an activating manipulation.

Unlike the rapid and relatively long-distance bead motion
observed in triggered cells, bead trajectories of most nontrig-
gered cells show a slow return to the trap center (Fig. 3B and
SI Appendix, Fig. S6). 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 under-
lying actin structure, results in fast bead relaxation to zero dis-
placement as the large trap force easily overcomes the relatively
small drag force of the TCR complex within the membrane (Fig.
3B, dotted blue line). Fluid-like relaxation is directly seen in
some traces, which exhibit distinctly faster timescales relative to
observed active motility (Fig. 3B and SI Appendix, Fig. S7C). In
fact, while naive cells that triggered showed stepping, those that
failed to trigger did not relax to the trap center (SI Appendix,
Fig. S12D). Moreover, rapid fluid-like relaxation is not observed.
This is consistent with the greater densities of TCR and associ-
ated actomyosin on the surface of the ~4-pm-diameter naive cell.

Direct coupling to underlying cytoskeleton is a desirable fea-
ture underpinning our mechanosensor model, as TCR activation
requires a sustained load. The direct connection 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 discreteness would be blurred,
and the single-molecule nature of the stepping would be lost
because of averaging over an ensemble of motors. Our rescue
experiments (Fig. 64) 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 cytoskeleton. Triggered T cells manifest acto-
myosin motion in the direction of force application; thus, load is
in a direction that assists motility (SI Appendix, Fig. S154). Force
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in the opposite direction 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 4+ 0.9 pN, consistent with lack of motion against the
~10- to 20-pN trap forces applied here (SI Appendix, Fig. S15C)
(65). If a handful of motors was engaged and activated, collec-
tively, they would likely overcome the opposing trap force and
displace the bead. Trajectories of nontriggered 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 aSTCR 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 sig-
naling structures drive T-cell activation. Although we observe
some bead motion at low force, TCR activation correlates with
activation of cytoskeleton motility (40). A number of mech-
anisms may drive the latter, including phosphorylation, Ca®*
increase, and mechanically triggering activation. Motors within
the neighboring microenvironment may be able to receive these
signals and activate their associated TCRs to amplify the sig-
naling cascade (66). 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 toward 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 neighbor-
ing motors. Thus, during T-cell activation, the neighboring,
nonengaged TCRs will accumulated at the contact site (67)
by direct active transportation of F-actin—coupled TCRs and
assembly of initial noncoupled TCRs to F-actin through ERM
(ezrin/radixin/moesin) proteins (68).

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 membrane, never
achieving critical load thresholds required for mechanosensor-
based activation, including bond strengthening, conformational
change, and other push and pull motions (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 physi-
cal 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. 1B,
Inset) (69), 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 investi-
gate early T-cell activation events (19) by applying load through
pMHC to the distal pole of the T cell, typically opposite the
holding micropipette location, where organized actin structure
is sparse or lacking (69). 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). Lig-
ated TCRs likely form a locus to organize actin machinery, per-
mitting actomyosin-mediated motility and neighboring TCR sig-
naling. Because signal buildup independent of those originating
from a single TCR contributes to T-cell activation, the process is
empirically conceptualized as cumulative bond lifetime (19).

The threshold studies on three different systems show a
very similar window for triggering requirements centered at
~8-12 pN (Fig. 3C), force ranges and relaxation times con-
sistent with myosin stepping. Forces below this region do not
permit catch bond formation necessary to create an energized
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TCR-pMHC bond (19, 33). On the other hand, higher force
regimes also fail to trigger. Although we believe that these TCR-
pMHC molecular interactions are capable of supporting confor-
mational 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 regulator, maintaining the TCR-pMHC
system within this window optimal for conformational transition-
ing. Oscillating conformational changes in single TCRs likely
foster signal transmission by altering membrane lipids, induc-
ing transmembrane segment conformational change, or expos-
ing interfacial cytoplasmic tail segments for downstream modi-
fications (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 external force
and in geometries initially devoid of organized actin (70). 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 chemi-
cal thresholds are very high for SLB experiments, 0.2 pMHC
per 1 um?, which corresponds to ~16 pMHC beneath the cell
(28). At least four pMHCs within a single TCR cluster span-
ning 400 x 400 nm? and containing 18-100 TCRs are sufficient to
induce the Ca* flux (71). TCR-pMHC clusters form and begin
to organize actin machinery, eliciting transport and IS forma-
tion with distal, peripheral, and central supramolecular activa-
tion clusters. Triggering is not immediate but requires sufficient
ligand density and time (minutes) to generate motions and forces
necessary for clustering and 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, processive motility, and activation and transport of
neighboring TCRs. These IS structures are reflective of uropod
actin organization for mediating rapid Ca** flux and motor acti-
vation 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 (72-74). 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 adhe-
sion activation studies requiring two ligands in related systems
(75). 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 con-
jugates (76). 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 frag-
ment supports this notion.

Serial engagement is a leading model for T-cell activation
based on a concept of sequential 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 incorporate argu-
ments germane to 2D vs. 3D apparent binding kinetics (77),
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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) sug-
gested 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 critical for initial TCR activation over
seconds to minutes as opposed to hours. First, we observe imme-
diate and direct stepping in trajectories of beads triggering cells.
These findings indicate a rapid, sustained, systematic, and strong
connection to the actomyosin-based machinery (Fig. 44). Sec-
ond, 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 that TCR—-pMHC maintains a single bond through-
out the trajectory (Fig. 4B). Third, given known estimates for
2D densities of pMHC and TCRs at the bead—cell interface, the
probability in our system of pMHC rupturing and binding a sec-
ond TCR is less than 1% (77, 78) 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 (S Appendix, Fig. S7C), a time window extremely
short with respect to requirements for serially engaging a second
receptor. If serial engagement were occurring, we would observe
a single short dwell followed by a single rupture and snap back to
the center of the trap position (Fig. 4G). Rather, we observe reg-
ular discrete steps (Fig. 44). This is also consistent with single-
pMHC tracking experiments, showing that reentrapment of the
same pMHC with multiple TCRs nearby is unlikely after it is
disengaged from the TCR (79). Fourth, conditions expected to
severely reduce serial engagement, such as pulling in the nor-
mal force direction where pMHC is moved away from the cell
surface, reducing the probability for repeat binding, still allow
triggering (SI Appendix, Fig. S9). Fifth, a wide array of ligand
affinities was investigated here, where weaker binding L4 showed
reduced triggering over VSVS8. 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. 5). 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 recognition of but a handful of spe-
cific pMHC ligands on a given target cell. This sensitive TCR sig-
nal transduction apparatus is dependent on external mechanical
force resulting from cell movement and coordinated intracellular
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retrograde cortical actin flow similarly directed. A correlate is that
foreign antigens derived from infectious pathogens or nonsynony-
mous 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 stimu-
lated in vitro on relevant pMHC molecule arrays using piconew-
ton shear forces to train and expand CTL for subsequent in vivo
use. Chimeric antigen receptor T cells (CAR-Ts) consisting of
an antibody antigen binding fragment of predefined specificity as
an ectodomain linked to an intracellular T-cell activation domain
originally proposed by Eshhar and coworkers in 1989 (80) have
shown great clinical promise recently (81). Molecular features of
TCR mechanobiology revealed here should be exploited to opti-
mize the synthetic biology of CAR-T design to confer heightened
potency as well as intrinsic regulation features.

Materials and Methods

Various external mechanical force applications using optical traps. A sin-
gle pMHC-functionalized bead (d=1.09 pm) 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, differential
interference contrast (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 con-
trolled 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 before cell-bead contact by the equipartition
method and by measuring the displacement of the bead from the trapping
center via postprocessing 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. Simultaneously, 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 exper-
iments were done using an automated custom-built optical trap designed
for simultaneous force and fluorescence experiments at the single-molecule
and single-cell scales (42). Additional details can be found in S/ Appendix, S/
Materials and Methods.
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