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Abstract

The immune response is orchestrated by a variety of immune cells. The function of each cell is
determined by the collective signals from various immunoreceptors, whose expression and activity
depend on the developmental stages of the cell and its environmental context. Recent studies have
highlighted the presence of mechanical force on several immunoreceptor—ligand pairs and the
important role of force in regulating their interaction and function. In this Perspective, we use the
T cell antigen receptor as an example with which to review the current understanding of the
mechanosensing properties of immunoreceptors. We discuss the types of forces that
immunoreceptors may encounter and the effects of force on ligand bonding, conformational
change and the triggering of immunoreceptors, as well as the effects of force on the downstream
signal transduction, cell-fate decisions and effector function of immune cells.

Immune cells experience myriad forces as they traffic through the body’s organs and tissues
via the blood and lymphatic circulation to carry out immunosurveillance and effector
functions. The action of forces in vivo can be readily inferred from the observable
deformations of immune cells, neighboring cells or the extracellular matrix (ECM)?. In vitro
studies have shown that endogenous forces are applied on the T cell antigen receptor
(TCR)%7 and B cell antigen receptor (BCR)8-12 during lymphocyte activation. Furthermore,
exogenously applied forces modulate the kinetics of the dissociation of ligand from the
TCR13-19 pre-TCR20:21 BCR%2-25 and FcyRIIA (the receptor for the Fc fragment of
immunoglobulin G (1gG))28, induce conformational changes in bonds between the TCR or
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pre-TCR and complexes of peptide and major histocompatibility complex (pMHC)14:19.21,
trigger TCR signaling®27-31 and potentiate the killing of target cells by cytotoxic T cells32.
Moreover, lymphocytes use force to amplify antigen discrimination4-1621.33 and respond to
changes in substrate stiffness2%34-40, Forces exerted on specific immunoreceptor—ligand
bonds are transmitted across the cell membrane and potentially induce mechanotransduction.
As mechanobiology intersects with immunology, interest in exploring how immune cells
sense, respond to and adapt to their mechanical environment is rapidly growing. In this
Perspective, we review recent advances and suggest future directions for the emerging field
of mechanoimmunology#1-28, using the TCR as a prototypical immunoreceptor.

Immunoreceptors experience mechanical forces

Mechanical forces on immunoreceptors emerge as an immune cell adheres to (Fig. 1a)
and/or migrates on (Fig. 1b) another cell or the ECM and forms an immunological synapse
with an antigen-presenting cell (APC) (Fig. 1c). For example, Fcy receptors mediate the
binding of neutrophils and monocytes to IgG immunocomplexes deposited on vascular
endothelium?6:59 (Fig. 1a). Mechanical analysis shows that the receptor—ligand complex
bears a tensile force along its long axis with an inclined angle to the interface between the
immune cell and endothelium. This force is needed to balance the normal force from the
endothelium and the lateral force and rotational torque imposed by blood flow#2:60. A T cell
uses its TCRs to search for antigens during migration, a movement that is powered by cell-
generated forces on integrins (Fig. 1b). Once engaged with pMHC complexes, the TCRs
must resist relative displacements between the moving cell and the stationary substrate
surface that result in forces on TCRs. During the formation of immunological synapses,
TCRs are driven by actin retrograde flow for spatial reorganization81-62; this flow results in
forces on the TCR—-pMHC bonds that prevent the TCRs from moving away from the
stationary pMHC complexes®~:30 (Fig. 1c). On a finer scale, TCRs form bonds with pMHC
complexes against steric repulsion from molecules of larger ectodomains such as integrin

a B, (LFA-1) and the phosphatase CD45, which are also present at the interfacial junction
between the T cell and the APC (Fig. 1d). The cross-junctional gap must be pulled closer for
the TCRs and pMHC complexes to reach each other, which results in tension in their bonds
along the normal direction of the interface.

Although no technique available at present allows the in vivo measurement of forces on
immunoreceptors, the lines of evidence noted above suggest that immunoreceptors probably
experience forces in vivo; these may come from outside the cell as collateral effects of
intermembrane expulsion of large molecules, from the relative displacement between the cell
membrane and the substrate surface, or from inside the cell as a result of motor activity and
cytoskeletal rearrangement. Furthermore, such forces have been directly observed in vitro
through the use of traction-force microscopy (TFM)27:8 (Fig. 1e), micro-pillar array
detectors (mMPADs)3 (Fig. 1f) and molecular tension probes®6:17 (Fig. 1g). Moreover, the
requirement for above-threshold forces for certain biological functions has been
demonstrated through the use of tension gauge tethers®3 (Fig. 1h). In addition, for the study
of mechanical impact in a controlled manner, given forces are applied on immunoreceptors
to induce biophysical and biological effects through the use of single-molecule force
techniques such as atomic-force microscopy22-24:30 (Fig. 2a), biomembrane force
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probes3:15-20.64 (Fig. 2b), optical tweezers!421.27.3165 (Fig. 2¢) and magnetic tweezers!?
(Fig. 2d). Regardless of its exogenous or endogenous origin, the same level of force acts on
the immunoreceptor, as required by equilibrium.

Studies using TFM278 and mPADs3** have mapped whole-cell traction-force distributions
through the TCRs, BCRs and associated molecules in vitro. However, relating such traction
maps to the forces sensed by individual receptors remains challenging, due to the unknown
spatial distribution of the receptors, such as clustering, which probably varies depending on
the specific kind of receptor, cell type and physiological setting. Force is a vector with both
magnitude and direction, and it can also generate rotational or bending moment, which is
equal to force multiplied by the length of the lever arm. However, the two-dimensional
versions of TFM27:8 and mPADs3# are able to measure only the force component tangential
to the substrate surface, not the component normal to it, because the microscope’s top view
can observe only tangential bead displacements and lateral pillar deflections, not normal
bead displacements and axial pillar extension or compression (Fig. 1e,f). Therefore,
although TFM and mPADs have provided ample evidence that cells pull on their
immunoreceptors in a time-dependent fashion, the directionality of mechanical force and the
moment that it may generate at the molecular scale have remained unclear.

Determining force direction and moment at the molecular scale requires information about
how the lymphocyte’s membrane protrusions (called ‘microvilli’®6) contact the substrate
surface and how the microvilli and immunoreceptors support applied bending moment from
the lateral force. When viewed by super-resolution fluorescence microscopy®7:68, some
TCRs are concentrated on the microvillus tips, which contact the substrate surface at
variable orientations. At the cellular level, cell-generated forces on many TCRs may
collectively result in a substantial tangential component at the contact interface, as seen with
TFM278 (Fig. 1e) and mPADs3# (Fig. 1f). At the molecular scale, however, the TCR-
pMHC bond experiences tension probably along the long axis, as visualized by molecular
tension probes®617 (Fig. 1g).

The suggestion above is based on mechanical analysis of how microvilli and
immunoreceptors support force and moment. Such analysis requires models whose validity
has not been established experimentally. Structurally, microvilli and TCR-pMHC bonds
may be modeled as flexible structures because of their slender shapes, which seem to be
better suited to support tension (Fig. 2e) than bending (Fig. 2f). On one end of the spectrum,
the TCR anchor on the cell membrane can be modeled as a hinge (Fig. 2g) unable to support
a bending moment, as suggested by the seemingly flexible connecting peptides in the
proximal region of the transmembrane helices of the ap TCR, TCR invariant chain CD3
molecules and MHC, all of which seem to lack rotational restrictions. On the other end of
the spectrum, the opposite of a hinge is a ‘built-in’ end (Fig. 2f), which is able to support
bending fully. Rigorous proving or ruling out of either model requires information about
transmembrane and intramolecular interactions within the TCR-CD3 complex® and
interactions of the complex with the cytoskeleton’%-72, which is currently unavailable; the
reality may lie in between the two extremes. However, if either the flexible-structure model
or the hinge model applies, the orientation of the TCR—-pMHC long axis would be tilted to
align with the axial tension (Fig. 29).

Nat Immunol. Author manuscript; available in PMC 2020 October 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 4

The hinge model described above has been supported experimentally. T cells have been
found to pull through the TCR and the co-receptor CD8 on pMHC complexes that were
either adsorbed on glass surfaces, which support lateral forceS, or reconstituted on supported
lipid bilayers, which do not support lateral forceS. In contrast, platelets can pull via integrins
on ligands adsorbed on glass surfaces, but not those reconstituted on supported lipid
bilayers’3. Comparison of these results suggests that integrins need lateral force to mediate
cell—cell interactions, but the TCR does not.

Dissociation kinetics and conformational changes

Studies using single-molecule force techniques (Fig. 2a—c) have revealed mechanical
regulation of protein—protein dissociation kinetics, which can be classified into several types
of dynamic bonds. A bond that shows accelerated dissociation with increasing force is called
a ‘slip bond’. However, in many systems, a force lower than a critical level can strengthen
the bond by slowing the dissociation; this is called a ‘catch bond’. When the force exceeds
the critical level, the catch bond is overpowered and transitions to a slip bond#247.74, Most
catch bonds are found in systems that have structural and/or force-supporting roles in their
functions, such as adhesive and cytoskeletal proteins22-2542.74 For immunoreceptors,
antibodies form slip bonds with antigen through the Fab fragment?2-25 but form catch bonds
with FcyRIIA though the Fc26, TCRs form catch bonds with agonist peptide-MHC
complexes (Fig. 3a) but form slip bonds with weak agonist peptide—MHC or antagonist
peptide—MHC complexes?® (Fig. 3a). The association of bond type with ligand potency has
been confirmed in multiple mouse and human systems4-19. In addition to the ability of
TCRs to form bimolecular catch bonds with agonist pMHC complexes!4-16.18.19 TCRs and
CD8 molecules can act together to form trimolecular catch bonds with negative-selection
pMHC complexes, which distinguishes these negative-selection ligands from positive-
selection ligands!’. This type of catch bond is called a ‘dynamic catch’’® and emerges from
the synergistic TCR-pMHC-CDS8 interaction, rather than being intrinsic to either
bimolecular arm of the trimolecular complex, because it can form even when both the TCR-
pMHC interaction and pMHC-CD8 interaction are slip bonds.

Many proteins utilize conformational changes to accomplish their function. Whereas protein
conformational change is often regulated biochemically, such as (un)binding and/or
(de)phosphorylation by another protein, it can also be modulated mechanically. Force acted
on a TCR—pMHC or pre-TCR—pMHC bond can induce a sudden increase in the length of
the complex, which correlates with the ligand potencyl421, suggestive of its biological
relevance. A study using a combined approach of molecular-dynamics simulations, single-
molecule magnetic tweezers and biomembrane-force-probe experiments and conformation-
locking mutagenesis has indicated that the length increase results mainly from a
conformational change in the pMHC, with a possible minor contribution from the TCR’s
connecting peptide motif, and suggested a mechanistic model for the TCR—-pMHC catch
bond on the basis of such conformational changes™®.

The mechano-chemical coupling mechanism noted above is similar to the sliding—rebinding
mechanisms observed in several catch-bond systems’8-78. In this model, the catch bond
(Fig. 3a) is initiated by a normal pulling to strengthen the network of atomiclevel
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interactions between the TCR CDR loops and the agonist peptide ‘hotspot’ residues, which
in turn strengthens the interaction of the TCR with the MHC (Fig. 3b). The increased force
uncouples the a-chain—p,-microglobulin (Bo,m) interdomain interaction, which results in an
extension of 5-10 nm in the MHC19 that further stabilizes the TCR-pMHC bond
allosterically and enables the two molecules to slide against each other. Sliding promotes the
formation of new interactions after force ruptures the preexisting interactions. In contrast,
for non-activating ‘self” peptides, force only weakens the TCR-pMHC bond without
inducing the aforementioned conformational changes (Fig. 3b), which results in slip bonds
(Fig. 3a). Thus, three layers of ‘mechanical signal amplification’ are proposed for the TCR
to discriminate self from non-self (Fig. 3b). Distinct from the ‘shear-induced sliding’ model,
in which force is applied perpendicular to the TCR long axis8, in the mechano-chemical
coupling model, sliding is a consequence of the conformational change in the MHC induced
by axial pulling and has been observed only in simulations with agonist pMHC2® (Fig. 3b,
top). Future studies should test whether this model applies to MHC class Il systems.

Somatic mutations or polymorphism of MHC may also affect its conformational changes
under force and thereby affect the TCR’s dynamic bonds and antigen recognition. Cancer-
associated somatic mutations encode mutant HLA-A molecules that suppress the TCR catch
bond probably by limiting MHC’s conformational changes through enhancement of the a-
chain—B,m interdomain coupling (Fig. 3c). Similarly, the a-chain—f,m coupling seems
stronger for HLA-B15 than for HLA-B44 (Fig. 3d); this potentially results in fewer
mechanically induced conformational changes, which might impair the TCR catch bond
with agonist pMHC or neoantigen peptide—-MHC complexes. This may explain why HLA-
B15* patients are less responsive to checkpoint blockade immunotherapy than are HLA-
B44* patients’®.

Immunoreceptors as force sensors

The idea that the TCR may be an anisotropic mechanosensor was suggested a decade ago on
the basis of a pioneering experiment in which optical tweezers were used to trap a bead
bearing either antibody to CD3 or pMHC to apply sinusoidal force to the TCR (or TCR and
CD8)27. When the bead was driven to move tangentially (but not normally) relative to the
bead—cell interface (Fig. 2¢), intracellular calcium was induced, which indicated conversion
of the mechanical stimulation on the TCR into a biochemical signal. By comparison, a
biomembrane force probe used to pull on the TCR (Fig. 2b) induced calcium by constant
force normal to the bead—cell interfacel®. An optical-tweezers study found that calcium
could be induced by a step displacement of the bead relative to the cell along the direction
either tangential or normal to the bead—cell interface, but much denser pMHC coating was
required in the latter case than the former case3!. These data suggest that T cells can sense
force on the TCR. However, the question of which force direction is most relevant to TCR
mechanosensing remains incompletely addressed.

We note that in the aforementioned optical-tweezers experiments, for evaluation of the
anisotropic, or force direction, effect, external forces were applied at the cellular level27-31,
Relating those forces to the molecular-level force on the TCR requires a mechanical analysis
whereby all forces and moments are balanced (Fig. 2c). A tangential force applied by optical
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tweezers to the bead center is balanced by (the tangential component of) the TCR force on
the opposite direction, but not along the same line. The distance between the two parallel
lines of force action provides a lever arm to generate a moment that would drive rotation.
Because optical tweezers cannot apply torques to balance this moment, the bead would roll
on the cell surface until it reached an equilibrium configuration (Fig. 2c), with the TCR bond
on the tip of a stretched and tilted microvillus repositioned from the center to the rear of the
bead-cell contact to provide an inclined tether force (Fig. 2g). The end result would be a
tension along the long axis of the TCR bond, rather than a lateral force perpendicular to that
axis. Therefore, the TCR bond (and the microvillus on which the TCR is localized) would
adjust its orientation to bear tension along its long axis, which would translate a ‘lateral
force’ at the cellular level to an ‘axial force’ at the molecular level.

Beyond magnitude and direction, several aspects of the force waveform, including the
pattern, duration and frequency of the force, may be sensed by the TCR to generate different
responses. In one study discussed above, calcium signal was induced by clamped normal
forces (which were increased to a preset level and held constant until dissociation) but not by
ramped normal forces (which were increased until rupture)!®. The inability of ramped forces
to induce calcium (despite their much larger magnitude) when only the TCR was pulled!®
was overcome by permitting the pMHC to pull both the TCR and the CD82°. Although more
studies are needed for full characterization of the effects of force waveforms on TCR
triggering, the existing studies suggest that the TCR does not respond to force in an all-or-
none fashion; instead, it can interpret the force waveform and translate the complex input
into distinct signals and thus function as a mechanosensor1®:27:29.31,

Immunoreceptors as rigidity sensors

The mechanical environment of a cell includes not only the forces acting on it but also the
stiffness of the substrate in which it resides. Not only can lymphocytes sense substrate
stiffness through integrins®9, similar to tissue cells, but also T cells2%:34-36 and B cells3/~39
can do so via their antigen receptors, responding with changes in their activation and
development. Stiffness is the ease with which the substrate is deformed by force. Thus,
rigidity sensing is a form of mechanosensing different from force sensing. The cell must be
able not only to apply force to the substrate but also to gauge the degree of the resistance to
the applied force. Thus, antigen receptor—-mediated rigidity sensing represents an example in
which immune cells use force to gather antigen-dependent information about their
mechanical environment and to inform biological decisions.

Substrate stiffness is thought to be gauged by a molecular assembly that acts as a “clutch’ to
transmit force from the cytoskeleton to the ECM. The proposed clutch is controlled by the
dynamics of various bonds in the force transmission pathways82. For integrinmediated
sensing of rigidity by tissue cells, combined experimental and modeling studies suggest that
force transmission and transduction involve talin and vinculin, which bear intracellular
forces82:83, A model called the “actin-talin-integrin-ligand clutch’ proposes that two force-
dependent events, unfolding of talin and unbinding of the integrin—ligand bond, are related
in such a way that talin would unfold on a stiff substrate but not on a soft substrate to expose
cryptic binding sites for the recruitment of vinculin®. The force-dependent dynamics of
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other intracellular bonds, such as the integrin’s cytoplasmic tail with talin, talin with
vinculin, and vinculin with the actin cytoskeleton, may also have important roles in this.

It might be useful to compare relevant aspects of rigidity sensing by integrins with such
sensing by antigen receptors. Integrins can transmit forces and transduce signals across the
cell membrane bidirectionally, known as ‘outside-in” and “inside-out’ signaling. In both
directions, talin is thought to bear forces and relay signals. On the other hand, antigen
receptors are known for signal reception. Previously, only the biochemical aspect of the
signal received from the antigen was considered. More recently, the mechanical aspect has
been recognized. Regardless, both aspects permit only outside-in flow of information
unidirectionally. Also, how the TCR and BCR interact directly and/or indirectly with the
actomyosin cytoskeleton, which is a key node in the force-transmission pathway;, is still
poorly understood’%-72, To this end, an outside-in—inside-out signaling loop of the TCR
mechanotransduction apparatus!’ may serve as a ‘clutch’ mechanism for sensing of rigidity
by the T cell. The signaling kinase Lck and/or CD3 may have a role similar to that of talin,
and the signaling kinase ZAP-70 and/or Lck may have a role similar to that of vinculin,
which would make them part of the rigidity-sensing apparatus along with the TCR, CD3 and
CDs.

Effect of force on TCR triggering and antigen discrimination

Considering the TCR as a mechanosensor can provide a new angle with which to investigate
the central yet unresolved question of how the physical TCR-pMHC binding events are
transduced across the membrane into peptide-specific biochemical signals. The existing
models can be divided into roughly two categories, depending on whether conformational
changes in the TCR-CD3 complex are required. For the first category, studies of force-free
TCR-pMHC structures have revealed changes in the pMHC binding sites that may
potentially induce allosteric changes in the TCR constant region85-88. Those observations
alone cannot explain TCR triggering, due to the subtle effects of the changes and the lack of
a mechanism for coupling TCR conformational changes to differential signaling of CD3.
TCR-pMHC binding was proposed to release the cytoplasmic tails of CD3 from the inner
leaflet of the plasma membrane via dynamic allostery, which would allow phosphorylation
of the exposed immunoreceptor tyrosine-based activation motifs by Lck and/or the kinase
Fyn89.90 The details of how the intracellular structures rearrange in response to extracellular
ligand binding distal from the membrane have not been explained, and they cannot be
elucidated by mere comparison of non-ligand-bound TCR structures and pMHC-bound TCR
structures in force-free conditions85-88. Force may provide a natural mechanism for
segmenting the bipartite helix in the transmembrane domain of the TCR a-subunit to alter
its association with the CD3 subunits®®, and/or to induce apposition of the CD3(( subunits
that are spread before TCR-pMHC binding®®; this may dislodge the CD3 tails from the
plasma membrane, with more-potent ligands engaging for a longer time and transmitting
more-durable forces and thus exposing CD3 for longer periods and with a greater potential
to generate stronger signals.

In the second category, the kinetic segregation model does not require TCR-CD3
conformational changes, as it suggests that the TCR may be triggered by the segregation of
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phosphatases (such as CD45) from the TCR and kinases (such as Lck) and may thereby tilt
the local phosphorylation equilibrium92:93, Although this is not explicitly considered, both
the “kinetic’ and ‘segregation’ elements of the kinetic segregation model employ force as a
critical factor. Force may apply on the TCR—-pMHC bond during segregation passively, as
the reaction to keep the two membranes together against the repulsion of the larger
molecules; actively, through actin dynamics; or both. Force elicits catch bonds and slip
bonds to prolong or shorten, respectively, the lifetime of TCR bonds with antigenic and non-
cognate ligands4-16, which provides a kinetic mechanism for differential segregation and
signaling. Indeed, catch bonds, but not slip bonds, were shown to cause exclusion of CD45
from the contact area between a giant unilamellar vesicle and the glass-supported bilayer,
which served as a synthetic biology system with which to test the kinetic segregation
model8.

Two previous models of T cell activation have integrated TCR-pMHC binding kinetics. The
serial engagement model suggests that a pMHC may compensate for its low affinity and fast
off rate by forming serial bonds with multiple TCRs%4. The kinetic proofreading model
proposes that a T cell may be activated by TCR bonds with strong ligands that outlive a
threshold, but not by bonds with weak ligands that are shorter lived than the threshold®.
Both models and their modifications® have been used as conceptual frameworks for
theoretical analyses of TCR triggering, although the basis of these analyses — the TCR—
PMHC binding kinetic parameters — was limited to their force-free values®’. Kinetic
measurements under force have opened a new avenue for re-examining these theoretical
analyses, because the force-free off rate represents only a single point in a full bond lifetime
curve that may increase (catch) or decrease (slip) with force*2.74, For example, the TCR-
pMHC catch-bond or slip-bond pattern corresponds to the T cell signaling pattern, despite
the fact that other binding parameters, most notably affinity, do not!8. A durable force on a
single TCR can induce intracellular calcium, which indicates that serial engagement is not
required®31, However, the calcium signal strength correlates with the accumulation of
sequential stimulations by multiple intermittent brief forces, each of which acts on a single
TCR1529, These data support a kinetic proofreading mechanism in which a threshold is set
for certain amount of signaling intermediates rather than certain phosphorylation states of a
single TCR, and in which the TCR triggering does not require but is enhanced by the
accumulation of serial (preferentially long-lived) bonds with pMHC.

Trimolecular catch bonds (dynamic catch) amplify the ability of thymocytes to discriminate
negative-selection ligands from positive-selection ligands’. Across the negative-selection
border, both negative-selection ligands and positive-selection ligands form biomolecular slip
bonds with the TCR. However, the slightly longer lived TCR bonds with the negative-
selection ligands may generate signals to induce the cooperative binding of CD8 to the
pMHC pre-engaged with the TCR to form trimolecular catch bonds. By comparison, the
TCR bonds with positive-selection ligands have shorter lifetimes, are unable to induce
binding of CD8 to the pMHC pre-engaged with the TCR, and remain as bimolecular slip
bonds (Fig. 4a). Although only three ectodomain interactions were measured in these studies
(Fig. 4b), experiments designed to modulate intracellular domain interactions suggest a
three-step minimal model for the dynamic catch formation: first, initial binding of a
negative-selection ligand by the TCR triggers binding of TCR-CD3 to Lck and its
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phosphorylation by Lck; second, CD8 is recruited to phosphorylated TCR-CD3 via Lck;
and third, CD8 binds to pMHC cooperatively to stabilize the trimeric complex (Fig. 4c).
Thus, the TCR’s recognition process includes not only the physical interactions at the
extracellular binding interfaces of TCR, CD8 and pMHC but also the TCR-proximal
signaling events and the adaptor property of Lck. Therefore, the dynamic catch represents a
form of ‘inside-out’ signaling for the TCR. Its manifestation requires mechanical force,
which acts not only on the ectodomains of TCR, CD8 and pMHC but also potentially on
intracellular proteins; this may alter their binding, conformation and enzymatic activity.
Future work should test the possible involvement of other intracellular proteins, such as
ZAP-70.

Feedback loops have been introduced into TCR signaling models to bestow specificity,
because the intrinsic off rate does not seem enough®8. In contrast to the published feedback
amplification mechanisms that involve molecules such as the kinase ERK and phosphatase
SHP-199 or the costimulatory molecule CD28 in the respective pathways%, the signaling-
dependent dynamic catch involves mechanotransduction. Positive feedback is employed to
further amplify differential binding to positive-selection ligands versus negative-selection
ligands. Different TCR—-pMHC bond lifetimes would transduce different signals, which
might induce different Lck-mediated intracellular interactions between TCR and CD8 and
consequently bring them to different degrees of proximity to allow or prevent TCR-pMHC-
CD8 intercellular interaction and thereby amplify the different durations of TCR
engagement with different pMHC complexes?’. In the case of negative-selection ligands, but
not positive-selection ligands, not only can cooperative biophysical interaction result from
cooperative biochemical signaling, but the latter can also be amplified by the former, as
prolongation of the time that the TCR senses the antigen can be translated into signaling
enhancement. Thus, the two cooperative mechanisms may be self-reinforcing as well as
cross-reinforcing, which provides two levels of positive feedback and synergy for
amplifying the TCR’s discrimination of different pMHC complexes.

Effect of force on TCR sensitivity and specificity

Considering the effects of force also sheds lights onto the question of how the TCR is able to
correctly identify a minute amount of antigenic peptide-MHC (sensitivity) without
responding to over-whelming amounts of self peptide-MHC complexes (specificity).
Because antigen recognition is achieved via the TCR-pMHC interaction, it is generally
thought that the key to having both high sensitivity and high specificity is hidden in the
physical chemistry of this interaction. A common approach to finding this key is to
characterize a particular property using a panel of TCR—-pMHC interactions and examine the
correlation (or the lack thereof) between the measured values and the biological responses
induced by these interactions. Several binding parameters, most commonly binding affinity
or dissociation off rate, correlate with the biological responses to the pMHC
stimulations15-17.101-109 gensitivity is thought to associate with the on rate and/or the
affinity of the TCR-pMHC interaction, as the higher the on rate and the affinity, the faster
and more bonds form for given TCR and pMHC densities. Three-dimensional measurements
using soluble proteins have suggested that TCR—pMHC interactions have lower affinities
than those of antibody—antigen interactions, which raises the question of how such low-
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affinity interactions could provide highly sensitive antigen recognition. Two-dimensional
measurements of the T cell surface have shown that the affinities of interactions of TCRs
with the antigenic peptide-MHC complexes, which can be further enhanced by cooperative
binding with CD8, are comparable to those of the binding of the high-affinity integrin LFA-1
to its ligand ICAM-1, the dominant adhesion receptor—ligand interaction in the
immunological synapse102:103,107

However, specificity cannot be explained by difference in affinity and on rate alone, because
their low values can be compensated for by high pMHC densities on the APC. Instead,
specificity is thought to be governed by the off rate of the TCR-pMHC dissociation.
Specificity analysis typically employs kinetic proofreading as a foundational concept, based
on the duration or lifetime of the TCR-pMHC bond%:96.110, One difficulty in using TCR-
pMHC off rates for the analysis of TCR specificity is the small differences between the off
rates of agonists and those of antagonists when they are measured at zero force. Force
greatly amplifies such differences, owing to the distinct catch-bond versus slip-bond types of
the two ligands14-16,

Considering the effects of force also suggests modifications to the current frameworks used
to evaluate sensitivity and specificity, which often plot the activation likelihood against
either the ligand number or a kinetic parameter®’. Given that the APC presents multiple
antigenic peptides, the T cell could layer information from multiple interactions during
contact with the APC. A model that combines kinetic proofreading and serial engagement to
balance the sensitivity and specificity was used to mimic this multi-step decision-making
processl’. In the absence of mechanical force or CD8 interactions, the thymocyte lacks the
ability to discriminate between the two pMHC complexes across the negative-selection
border accurately. However, force and CD8 engagement add accuracy, which increases with
the number of TCR bonding events; this allows the thymocyte to be negatively selected on a
vast majority of encounters with the negative-selection ligand (sensitivity) and on only a
negligible fraction of encounters with the positive-selection ligand (specificity).

The analysis described above suggests that the accumulation of multiple small differences in
bond lifetime through biochemical and biomechanical feedbacks (for example, dynamic
catch) is able to enhance sensitivity and specificity so that the thymocyte can respond
appropriately when the information is layered sequentially. From a mechanistic standpoint, a
TCR’s repetitive encounters with agonist pMHC could be processed by the downstream
signaling network and could shift the phosphorylation and organizational states of the
signaling intermediates in a cumulative way, at a rate proportional to the lifetime of the TCR
bond in each encounter. If sufficient signal is accrued over a spatially and temporally defined
threshold, cellular activation will occur. In this way, mechanical force may have several
roles, from modulating conformational states of the TCR-CD3 complex to prolonging the
lifetime of antigenic interactions, to triggering the TCR, and to integrating cumulative
signals for T cell activation.
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Future work

While future studies will continue to grow the list of immunoreceptors identified as
mechanosensors, more work will provide the structural and/or organizational basis of their
mechanotransduction and develop robust phonotypical mechanokinetic ‘markers’ (for
example, catch or slip bond, long or short lifetime, high or low force) for immunoreceptors.
The activation of immune cells is not determined by the antigenic stimulations alone. A
variety of co-stimulatory and inhibitory receptors also deliver signals to be integrated with
the antigen-receptor signals at multiple levels. lon channels, in particular mechanosensitive
channels such as Piezo1111, may also contribute to this. Spatially, different receptors may be
organized in different membrane microdomains that dynamically merge or segregate in
response to antigen stimulation, as suggested by imaging studies of molecular microclusters
and protein islands12-116, The reorganization of these molecules is largely due to the active
restructuring of the local cytoskeletal network to which they are coupled, which also apply
forces on them”-61.62_ |t would be interesting to determine how force regulates the function
of individual immunoreceptor species, as well as the interplay among them. It is possible
that one receptor species can cross-modulate another by tuning the force applied via the
shared cytoskeletal network. For example, signals from inhibitory receptors may disrupt the
formation of a stable synapse by suppressing TCR signaling that triggers actin
polymerization for active force generation!1’. This mechanically based communication may
be able to propagate quickly and globally across the cell and thereby relax the requirement
for the colocalization of two receptors when only the diffusion of downstream signaling
intermediates is considered. Therefore, the eventual cell functions may not only be
determined by the biochemical cascades weaved into the immunoreceptor networks but
could also be regulated by the information ‘encoded’ in and transmitted by force. In
decoding this information, experiments that use toolkits such as FRET-base tension
sensors82:118.119 will shed light on the key players and details of the characteristics of the
force-transmission and force-transduction pathways.

New insights gained from studies of immunoreceptor-mediated mechanosensing may have
translational applications. The finding that TCR—-pMHC catch bonds are suppressed by
cancer-associated somatic mutations to the genes encoding HLA molecules suggests that
force effects should be considered to counter the impairment of the TCR’s recognition of
tumor antigen. Moreover, the presence of catch bonds may be a signature of cancer
neoantigens, so such information may be used to predict neoantigens for the development of
vaccines directed against cancer. As another example, chimeric antigen receptors (CARS)
use antibody derivatives as the ligand-binding domain and the cytoplasmic signaling motifs
of CD3 and CD28 as the signaling module120, Despite the promising applications of CARs,
details of the molecular mechanism underlying CAR triggering remain elusive, which
prevents CARs from achieving optimal design for the improvement of clinical efficacy.
Because CARs probably share part of the TCR-triggering mechanisms, it may be important
to incorporate force in the design process to achieve both durable binding and more-efficient
triggering.
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Fig. 1 |. Immune cells are subjected to external forces from, and apply endogenous forces to, their
surroundings, which can be measured by biophysical techniques.

a, A lymphocyte rolling on the endothelium experiences forces. Blood flow applies a
tangential force £ to the cell center and a rotational torque 75, which are supported by the
tether force A at the rear with an inclined angle. The tangential component /&y balances .
The normal component Ay generates a torque /y x 7x singto balance 7g and the torque of
the tangential force Ay x rx cosé. Ay also induces a reaction £ from the endothelium. b,c,
During migration (b) and formation of the immunological synapse (c), a lymphocyte can
apply endogenous forces, generated by actomyosin contraction and actin retrograde flow, on
the ECM (b) or the APC (c). d, The TCR and CDS8, localized at the tip of the microvillus of
a T cell interacting with an APC, bind pMHC in the center, while LFA-1 binds to ICAM-1 at
the periphery. CD45 is uniformly distributed. e-g, TFM (e), mPADs (f) and molecular
tension probes (g) measure the endogenous force generated by cells and applied on
receptors. Force is measured from the displacements of beads embedded in an elastic
substrate to which the cell adheres (TFM), the deflections of elastic pillars to which the cell
attaches (mPAD) and the unquenched fluorescence (molecular tension probe). Cellular-level
forces on many receptors are measured by TFM and mPAD, which reflect only the
tangential force components, because only lateral bead displacements and pillar deflections
can be visualized by the microscope’s top view. By comparison, molecular tension probes
measure tension along the long axis of the receptors. h, Tension gauge tethers fail when
force exceeds a designed threshold, which thus limits the level of tension that the cell can
apply on its receptors.
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Fig. 2 |. Single-molecule force techniques for applying forces to immuneoreceptors on immune
cells.

a—d, Atomic-force microscopy (a), biomembrane force probes (b), optical tweezers (c) and
magnetic tweezers (d) apply force to single receptors on cells and analyze the effects on
receptor—ligand interactions, protein conformational changes and cellular functions. Atomic-
force microscopy (@), biomembrane force probes (b) and magnetic tweezers (d) tend to
apply force normal to the bead—cell (or substrate) interface by pulling them apart. Optical
tweezers (c) apply a force ~ by moving the cell normally or tangentially relative to the
bead—cell interface, pulling the receptor along the normal direction or an inclined direction
with a force A. A is equal to A in the normal case but is larger than £ in the tangential case.
The mechanical analysis in the tangential case is similar to that in Fig. 1a. The inclined
angle, determined by the relative dimensions of the microvillus length /and the bead radius r
by the equation /& = Ay/sin{cos—1[1/(1 + #7]}, is needed to generate both the normal force
component /Ay and tangential force component Ay to balance the forces (£ and £) and
torques (fy % rx sinfand — Fz % rx cosé) on the bead. e, Normal motion of the T cell
away from the substrate stretches the microvillus and pulls the TCR upward with a cell force
F¢ against the bond force A. f, Tangential motion of the T cell parallel to the substrate
surface bends the microvillus and the TCR, assuming the root of the microvillus and the
membrane anchor of the TCR can support bending moments (i.e., behave as a built-in end).
g, If the microvillus root or the TCR membrane anchor, or both, behave(s) as a hinge
incapable of supporting bending moment, the microvillus and/or the TCR would tilt to adjust
its (their) orientation(s) to bear tension along its (their) long axis (axes).
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and rotation

a, When a TCR forms a catch bond with an agonistic pMHC (top), increasing force prolongs
the bond lifetime at low forces, but the bond changes to a slip bond at high forces. When a
TCR forms a slip bond with antagonistic pMHC (bottom), increasing force monotonically
shortens the bond lifetime. b, A TCR catch bond with agonistic pMHC is initiated by force-
enhanced engagement between the TCR’s CDR3 loops and the peptide’s ‘hotspot’ residues,
followed by a force-induced betterment of the complementarity of the MHC-TCR interface
(top). Force also induces separation of Bo,m from the MHC heavy chain, which leads to
MHC extension and rotation of the aja, domains toward the TCR; this further strengthens
the TCR-MHC engagement allosterically. For a weak ligand, force is unable to induce the
conformational changes noted above in the pMHC, which leads to slip bonds (bottom). c,d,
Cancer-associated somatic mutations (c) or genotype variations (d) encoding mutant HLA
molecules may also affect the susceptibility of MHC to conformational changes under force.
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Examples of the former are HLA-A2 F8V and A236, which form more hydrogen bonds
between Bom and the MHC heavy chains (c). As an example of the latter, HLA-B15 has
more hydrogen bonds between B,m and the MHC heavy chain than does HLA-B44 (d).
Diagrams in Fig. 3c,d are modified from ref. 19,
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Fig. 4 |. TCR mechanotransduction via dynamic catch.
a, Lifetime-versus-force curves of various bonds. Dynamic catch is a catch bond that results

from the binding of CD8 to a negative-selection pMHC (—p) pre-engaged by a TCR

(t{gR +cpg: purple). This is an emergent property from cooperative binding rather than a
property intrinsic to the two arms of the trimeric complex, because both TCR-pMHC
bimolecular interactions (t;SR; cyan) and pMHC-CD8 bimolecular interactions (&pg; red)
behave as slip bonds. Interaction of the TCR with a positive-selection pHMC (+p) also
forms a slip bond (t}GCR; green) with a lifetime slightly shorter than that of the bond with a
negative-selection pMHC. However, it does not induce dynamic catch formation. b, Up to
three extracellular interactions participate in the binding of a thymocyte to pMHC, which
involve the TCR (left), CD8 (middle), or both (right). ¢, Minimal model for dynamic catch
formation. For elucidation of the inner workings of the dynamic catch, intracellular
interactions are shown here, which include the binding of Lck to TCR-CD3 pre-bound by

pMHC and the phosphorylation of TCR-CD3 by Lck (Step 1; left), the recruitment of CD8
to phosphorylated TCR-CD3 by Lck (Step 2; middle), and the binding of CD8 to pMHC
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cooperatively to stabilize the trimeric complex (Step 3; right). During the recognition of
antigen by the TCR and signal initiation, mechanical forces may apply to both extracellular
interactions and intracellular interactions, which may elicit catch bonds or slip bonds, induce
protein conformational change and regulate enzymatic activity.
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