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Abstract

One of the main goals in T cell biology has been to investigate how T cell receptor (TCR)
recognition of peptide:MHC (pMHC) antigens determines T cell phenotype and fate. Antigen
recognition is required to facilitate survival, expansion, and effector function of T cells.
Historically TCR affinity for pMHC has been used as predictor for T cell fate and responsiveness,
but there have now been several examples of nonfunctional high affinity clones and low

affinity highly functional clones. Recently, more attention has been paid to the TCR being a
mechanoreceptor where the key biophysical determinant is TCR bond lifetime under force. As
outlined in this review, the fundamental parameters between the TCR and pMHC that control
antigen recognition and T cell triggering are affinity, bond lifetime, and the amount of force at
which the peak lifetime occurs.

Introduction — T cell Interaction with Antigen

The nature of the adaptive immune response largely depends on a variety of antigen-
specific T cell effector functions such as help, inflammation, targeted cell cytotoxicity,

or suppression. At its core, T cell activation is initiated when the T cell receptor (TCR)
engages an appropriate peptide antigen presented by major histocompatibility complex
(pMHC). Ultimately, this response outcome depends on intracellular signaling triggered

by the TCR after engagement with pMHC although biological factors including various
cytokines, surface molecules, and small biomolecules can influence final T cell phenotype
and function. The extent of intracellular signaling derives from the kinetics of T cell receptor
interaction with the pMHC ligand (1-3). Typically, receptor interactions with ligand are
determined at equilibrium with overall affinity used to distinguish ligands of different
potency. However, analysis of the T cell receptor as well as many other receptors has begun
to introduce the idea of active processes at the cell surface that may alter the time that a
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receptor interacts with its ligand (4-13). Thus, the kinetic parameters that define the TCR’s
interaction with pMHC determine the phenotype of adaptive immunity. A noncovalent
protein bond typically refers to specific atomic interactions such as hydrogen bonds, salt
bridges, or van der Waals forces; however, in this review TCR:pMHC bond refers to the
collection of atomic interactions between TCR and pMHC regardless of their specific
identity or composition.

The TCR is tasked with translating antigenic properties into functional outputs, arguably one
of the most difficult jobs of any cell surface receptor. It has a complex ligand comprised of a
peptide fragment presented by a self-derived MHC molecule. This results in several inherent
operational constraints to this interaction. First, the TCR must trigger sufficient levels of
signals through its interaction with self-peptide MHC for survival during thymic selection
(14-16). This remains true in the periphery, where tonic signaling must exist yet remain
below the threshold that would otherwise trigger autoimmunity (17, 18). When responding
to foreign antigen, the TCR must also be sensitive enough to differentiate between a diverse
array of functional responses to antigens that may differ by only a single amino acid and

are scarcely expressed amongst thousands of total pMHC on each target APC. This probably
explains why a T cell can become activated by as few as a single pMHC molecule and why
TCRs naturally possess some level of cross-reactivity with multiple antigens since there is
unlikely to be enough independent TCRs expressed in any individual to respond to each
possible 20 amino acid variation in a 9-mer peptide fragment. Given this set of operating
parameters, the TCR cannot merely be a bimodal switch for activation. Instead, recent
advances have revealed a finely tuned mechanosensor complex that successfully translates
subtle differences in antigen into intracellular signals.

The Rise and Fall of Affinity

TCR affinity for pMHC is often thought to be the driving factor for the level of T cell
response (2, 3, 19-22). While a TCR must have sufficient affinity for cognate pMHC ligands
to form a bond, affinity does not always effectively correlate with response. Originally,

the limitation in affinity measurements occurred because many of the initial studies of

T cell antigen recognition utilized soluble TCR and pMHC proteins. This meant that
purified, non-native proteins were analyzed in three-dimensional (3D) space as opposed

to the two-dimensional (2D) interactions that occur between membrane bond receptors and
their ligands. Moreover, the TCR is not an isolated molecule - it is noncovalently associated
with CD3 proteins embedded at the interface between two cells, and the inclusion of CD3
will alter TCR kinetics. Anomalies became apparent in studies wherein the 3D affinities did
not match T cell functional outcomes. Examples of this are seen in low affinity TCRs that
respond to ligation (23-27) or high affinity TCRs that are unresponsive to ligation (7, 28).
Sometimes, a complete lack of correlation between TCR:pMHC affinity and T cell function
was observed, especially with respect to altered peptide ligands (APLS) (26, 29-32). Kinetic
off-rates reported in 3D at times improved functional outcomes, but even this readout does
not accurately explain all T cell functional response (23, 33-35). Therefore, since both

TCR and pMHC are membrane-bound and molecularly complex, it comes as little surprise
that studying their kinetics in 2D space gives a more accurate correlation with biological
response (2, 3, 36).
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In 1996, peptide-loaded MHC tetramers became an important tool for working with antigen-
reactive T cells (37). Tetramers consist of streptavidin:biotin linkages of four pMHC
molecules to provide sufficient avidity for binding and quantification via flow cytometry.
Identifying T cells with peptide-MHC tetramers placed an unintentional focus on higher
affinity TCRs. However, in many cases, antigen-responsive T cells with lower affinity TCRs
that could not bind tetramers were identified (38—45). Several of these studies have shown
that low affinity T cells are equally as responsive as high affinity responders (41-45).

In autoimmune demyelinating disease, depletion of high affinity tetramer-positive T cells
using CAR T cells bearing pMHC chimeric antigen receptors does not fully ameliorate
ongoing demyelinating disease (46), further implying that T cells baring low-affinity TCRs
effectively contribute to disease (41). Thus, it has become increasingly clear that affinity
could not exclusively describe the T cell response.

TCR Mechanosensing

AT cell is in motion while searching for antigen (47-49), naturally subjecting any surface
interaction to shear and tensile forces. Using a 2D-micropipette based system (3), we have
visualized the effects of antigen recognition on T cell spreading over time using CD8 T
cells obtained from mice infected with LCMV for 8 days. The still-shot frames (Figure

1) and included movie demonstrate that force can be applied to the TCR:pMHC bond

(and presumably any other intermolecular bonds on the cell surface subsequent to TCR
engagement). Initially, a CD8 T cell (Figure 1A, left cell) is brought into contact with a

red blood cell (RBC) coated with pMHC (Figure 1A, right cell). As time passes, the T

cell morphs by sending out projections in order to sample antigen on the target cell (Figure
1B). After a few minutes, the T cell pulls the pMHC-coated RBC from the opposing pipette
(Figure 1C). Since the RBC is solely coated with pMHC, Video 1 provides evidence that
pMHC alone is capable of triggering a TCR-driven hunt for antigen by the T cell. This

also demonstrates the dynamic interface between T cell and APC. The observed crawling by
the T cell imposes physical stress to the collective TCR:pMHC bonds, which is especially
apparent as the T cell pulls the RBC from the opposing micropipette. When the TCR was
described as a mechanosensor by Reinherz and colleagues (4), several labs began to dissect
how physical stress in the form of force applied to the TCR:pMHC interaction affects the
duration of the TCR:pMHC bond and in turn how the changes in bond lifetime impacts T
cell biology (5-13).

T cells are highly mobile and mechanosensing offers a unique mechanism to explain the
anomalies presented by APLs given the motile nature of T cells within their environment.
Mechanosensing is the ability of a membrane-bound receptor to respond to mechanical
stress, namely force, applied with an indicated directionality. Several types of bond lifetimes
exist for mechanosensing proteins interacting with their ligands. These can include: (1)

slip bonds, the decrease in bond lifetimes under increasing mechanical force; (2) catch-slip
bonds, wherein bond lifetimes increase under increasing mechanical force before reaching a
maximal bond lifetime (catch), after which increasing force yields decreasing bond lifetimes
(slip); (3) or ideal bonds, which are insensitive to mechanical force. P-selectin was the first
identified immunological receptor that forms catch bonds with its ligand (50). Since then,
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a collection of immunological catch bond-forming receptors has been identified (Table I),
including the TCR:pMHC interaction (4, 5, 8).

Using anti-CD3 activating antibodies, the TCR was first described as an anisotropic
mechanosensor varying in the magnitude of antigen detection according to the direction of
force (4). The mechanosensing abilities of the TCR have since been validated by a collection
of techniques (Table I). Notably, the biomembrane force probe measures the bond lifetimes
of single TCR:pMHC interactions (5). The TCR:pMHC catch bond occurs up to a particular
amount of force, usually ~10 pN (5-8, 11-13), at which point the peak bond lifetime is
observed. Most techniques read out the bond lifetimes under applied force. However, T cell
application of force can be visualized using DNA tension sensor probes which consist of
pMHC monomers conjugated to fluorescently-labelled double-stranded DNA-based tension
sensors that become unraveled as a T cell applies force (73, 74). Importantly, TCR strength
of signal, measured by the phosphorylation of intracellular signaling molecule Zap70,
discussed below, has now been shown to be directly related to ligand potency (73, 74)
providing a biological context to T cells displaying different bond lifetimes under force.

Correlation of 2D Affinity with Bond Lifetime Under Force

Outlier TCR:

It is likely that for many ligands the affinity measured under 2D conditions and peak bond
lifetime under force will correlate with the greatest T cell effector functions Figure 2A (5, 6,
8, 10, 13, 75-77). That implies a lower affinity antigen will equate to a lower bond lifetime
under force while a higher affinity antigen equates to a longer bond lifetime under force
(3,5, 6). It should be noted that the 2D range in affinity for polyclonal TCRs can span
4-logs with the sensitivity to measure positive-selecting and antagonist ligands (38, 42, 78,
79). Of this broad affinity range, pMHC tetramers identify only the upper portion, although
some recent advances in reengineered tetramers may increase the overall detectable range
(80). The reported bond lifetimes cover a smaller 2-log range of 0.1-10 seconds at 10 pN
for agonists (3, 57, 77). This level of force is independent of both the MHC allele used
and the presence of coreceptor. To date, less potent APLs can display lower affinity, peak
bond lifetimes, and the amount of force at which the peak lifetime is found (5, 77). A peak
bond lifetime that occurs greater than 2x that of 10 pN has yet to be reported. Collectively,
this implies that 10 pN identifies the optimal level of force for T cell effector functions and
brings about the question of how effector responses are modulated by bond lifetime under
force.

PMHC Interactions

As more TCR:pMHC ligand interactions are reported, we will be able to further define

how often the affinity and bond lifetime under force coordinate. However, the rare outlier
TCRs that fall off of the line in the extreme quadrants of the graph will also be of
importance in understanding T cell activation to antigen (Fig 2A). For example, several

high affinity TCRs as identified by pMHC tetramer, 3D solution affinity, and/or 2D affinity
fail to trigger T cells on encounter with antigen (7, 28). This surprising finding of high
affinity TCRs that were incapable of functional responses indicates that when bond lifetime
and affinity are disparate, bond lifetime under force determines the outcome. Some high
affinity, nonresponsive TCRs were found to bind in a reversed orientation that likely impairs
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signaling (28). In these cases, the catch bond may be acting as quality control for the fidelity
of the TCR. The use of catch bond lifetimes to vet antigens is likely to be important given
the random nature of TCR, VDJ recombination, and the possibility to generate receptors that
engage pMHC incorrectly or even bind other proteins (12).

Additional examples where bond lifetime under force likely dominates over affinity occur

in autoimmune or tumor responses. The autoimmune 2D2 TCR is specific for a myelin
antigen and mediates a very well-established model of autoimmune demyelinating disease
(81). Despite the 2D2 TCR being derived from a mouse that can spontaneously develop
disease, its affinity for MOG is below detection using the 2D micropipette system or pMHC
tetramer (82). A strong relationship between lifetime and response would predict that 2D2
might possess a reasonable bond lifetime disparate from its extremely low affinity. Similarly,
there may be low affinity TCRs that are effective against self-tumor antigens if their bond
lifetime is sufficient to trigger effector functions (13, 29, 40, 76, 83).

Although the analysis of TCR:pMHC bond lifetimes is in its early stages, it is expected to
find additional ligands that deviate from the direct correlation between affinity and catch
bond lifetimes. In each of these cases, the catch bond is expected to be the driving parameter
for response. Another example where bond lifetime under force rather than affinity predicts
the outcome of T cell response rather than affinity is in the OT1 OVA altered peptide ligand
system (APL). The use of wild type peptide OVA (SIINFEKL N4) is a stronger TCR agonist
than its APL A2 (alanine substituted in the second position) (33, 84). Intriguingly, the 2D
affinity measurements between the two peptides are comparable (3) and thus affinity by
itself is not accurate in predicting the level of response in this case. Peak bond lifetime

falls at 10 pN of force for both N4 and A2 but the lifetime of the NAMHC:TCR bond is
about twice as long as A2MHC:TCR bond (5). Thus, A2 is a weaker agonist because of its
reduced bond lifetime.

Modified Antigen for Increased Bond Lifetime

The molecular mechanism(s) of a catch bond are continuing to be defined. Molecular
modeling with applied force has proven informative on what may occur when force is
applied to a TCR:pMHC bond (7, 13, 85). Such analysis can suggest mutations that may
alter the binding kinetics at the TCR interface with antigen. For example, a TCR (Figure 2A,
purple symbol) specific for an HIV peptide polssg_s56 (TCR55) failed to form a productive
catch bond under increasing forces and thus did not trigger T cells despite being identified
through a pMHC tetramer screen and possessing high affinity (7). Instead, the kinetics for
the TCR55 bond were an example of a slip bond. To achieve T cell triggering and functional
responses, TCR55 was screened with mutant peptide antigen libraries. Several high-affinity
variant HIV peptide antigens gained the capacity to form catch bonds with TCR55 leading
to functional T cell responses. Since this initial TCR had high affinity for antigen, this study
served as proof of concept that catch bonds could be altered independently of affinity (7).

Modified TCR for Increased Bond Lifetime

Often APLs are used to successfully modify T cell responses, with the different functional
outcomes referred to as changes in the affinity between TCR and the APL. This relationship
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to affinity is very likely a misconception since the variant antigens generally alter the
amount of force and the peak bond lifetime under force in addition to affinity (5, 6, 12, 77).
The multiple effects likely result from making amino acid changes at the interface of the
peptide and the CDR3 regions of TCR. In these cases, it is difficult to determine which of
the parameters causes the change in strength of signal from the resulting APL. The results
generated using the modified antigen discussed above indicated that it may be plausible to
maintain equal or lower affinity and engineer select functions in T cells through altering
bond lifetime under force. Alternatively, it may also be possible to target the distal amino
acids of the TCR CDR3 regions with the goal of altering bond lifetimes under force with
minimal effects on affinity (Figure 2B). Among several single amino acid mutations in the
HIV-specific TCR55, an alanine to histidine mutation in the CDR3 resulted in a 3-fold
lower affinity for antigen yet remarkably a gain in T cell function (76). Unsurprisingly,

this mutated version of TCR55 formed catch bonds under force, continuing to demonstrate
the relationship between response and catch bonds (76). This also validates the process of
engineering the TCR protein to affect the characteristics of the resulting bond lifetime under
force with antigen.

Often tumor-specific TCRs are identified with low affinity for the self-antigen. This
observation biased the anti-tumor strategy towards increasing the equilibrium affinity of

the TCR to more effectively attack the tumor cells. Previously a wild type low affinity
MAGE-A3 tumor antigen TCR was identified but it was not highly responsive to antigen. A
high affinity TCR called A3A was derived from wild type MAGE A3 TCR through affinity
maturation. T cells containing these high affinity A3A TCRs were extremely responsive to
MAGE-A3 antigens and used in clinical trials. Unfortunately, A3A CD8 T cells engaged in
unpredicted off target cytotoxicity of cardiac cells expressing a cross-reactive epitope in the
Titin protein (86). The results demonstrated that TCRs engineered for high affinity to tumor
antigens might lead to more off target and unintended detrimental side effects targeting of
cross-reactive antigens on healthy non-tumor cells (86, 87). In addition, the data suggests
that greatly increased equilibrium affinity may be the incorrect parameter to focus on to
improve tumor antigen specific-TCRs. The CDRS3 regions of the original wild type low
affinity anti-tumor MAGE-A3 TCR were mutated with the goal to increase effector efficacy
via increased bond lifetimes under force while maintaining the original affinity (Figure 2B)
and presumably the same level of cross-reactivity for other self-antigens. Several potential
CDR3 mutations were found that maintained the original TCR affinity to MAGE-A3 tumor
antigen yet led to increased levels of functional response. Two of the modified TCRs were
analyzed for bond lifetime under force and were found to form strong catch bonds. The
TCR with the longest bond lifetime proved to be the most potent effector and killer cell.
Importantly, these modified TCRs were unresponsive to the previous cross-reactive cardiac
Titin antigen. In line with relationship between responsiveness and catch bond lifetime under
force, the TCRs were also screened for bond lifetime to the cross-reactive Titin antigen. Of
note, the original high affinity and deadly A3A TCR was the only TCR to form a strong
catch bond (76).
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Key Contributors to TCR:pMHC Catch Bonds

Mechanoreceptors and catch bond kinetics can be directly influenced by the local
environment, the developmental history of the cells, the composition of the membrane,

and the expression level of several co-localizing surface proteins. In the case of T cell
triggering, the protein players include the TCR, the pMHC ligand, CD3 proteins, the CD4/8
coreceptors, Lck associated with coreceptor, T cell intracellular signaling complex, and the
actin cytoskeleton. Together, each contributes to the maximal bond lifetime under force. To
date, most of the focus has been on the effects of peptide antigen on bond lifetime with
more recent analysis of the TCR and co-receptor. A major impetus for the identification of
TCR:pMHC catch bond effects was the use of APLs as a surrogate of ligands of different
potency to probe T cell responses (5). The single amino acid changes of most APLs can
generate the entire spectrum of pharmacologic ligands including agonists, partial agonists,
and antagonists. From some of the work on TCR outlined above, it is apparent that TCR
protein sequence and structure can also influence the affinity and bond lifetime of antigen
recognition (28, 76). It would be of no surprise if MHC stability including epitope affinity
for MHC and MHC structural integrity also influence the nature of the bond (catch vs slip)
or its kinetics (bond lifetime under force). Ongoing work continues to refine the respective
roles of peptide:MHC antigen and TCR in the catch bond phenotype.

Coreceptor Force Contribution

In addition to TCR engaging its cognate pMHC, coreceptor plays a role in enhancing T cell
activation. In fact, blocking antibodies targeting coreceptor are commonly used to thwart

T cell function. It is known that coreceptor enhances the trimolecular interaction and later
the culmination of intracellular signaling, yet the mechanism of this under 2D constraints is
only just becoming clear. The CD8ap heterodimer binds MHC via the a subunit with low
2D affinity relative to TCR (11, 36, 88). Importantly, the trimolecular interaction occurs in
a stepwise manner whereby TCR engages pMHC before CD8 enhances the interaction (11,
36). Recent evidence suggests that CD4 also behaves in a similar stepwise mechanism, albeit
the affinity of CD4 for MHC class 11 is very low (80, 89, 90). Our lab first demonstrated
that coreceptor can contribute as much as a 15-fold increase in bond lifetime under force
using a CD8 TCR model with viral variant peptides (6). Since then, it’s been shown that
coreceptor enhances the TCR:pMHC:coreceptor trimolecular interaction by increasing bond
lifetime or changing the force at which peak bond lifetime occurs (6, 77, 89, 91). Thymic
selection is also affected by coreceptor as CD8 T cells are positively selected for shorter
lived slip bonds whereas negative selection occurs via catch bonds under force by the
TCR:pMHC:CD8 coreceptor complex (12). As measured by DNA tension sensor, CD8
coreceptor is essential for T cell mediated force generation and T cell spreading (73). Given
the biological importance of coreceptor engagement during T cell activation, understanding
the mechanism by which the co-receptor modulates catch bond formation will provide
additional key information on T cell activation.

TCR Strength of Signal

TCR signal strength is a key driver of T cell fate and function. While often invoked to
describe differential outcomes for T cells, the definition of signal strength in terms of
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the Kinetics involved between TCR and pMHC is not well defined, be it affinity or bond
lifetime under force or more likely some combination of both. TCR strength of signal is
often reported using surrogate markers downstream of the TCR:pMHC interaction such as
Nur77 (92-94), IRF4 (95), CD5 (96), and more recently activation induced markers (CD69,
CD25, CD44, and OX40) (97-99). Historically, APLs have been used to assess affinity and
functional outcome (3, 84, 100) but undoubtably APLSs alter bond lifetime under force (5, 6,
13). This is apparent in the OTI system where it was demonstrated using SIINFEKL APLs
that TCR agonists (N4, A2, G2) formed catch bonds and antagonists (R4 and E1) formed
slip bonds (5). In addition, these same APLs have been used to show that Ca2+ signaling
requires bond lifetime under force (5). Recently, it was found that TCR signal strength can
be tuned through formation of force mediated engineered catch bonds (76). Importantly, this
study correlated CD69 expression with bond lifetime under force rather than affinity (76).

Innate T cells/TCR Interactions

Almost all of the published work on TCR lifetime under force has focused on traditional a8
receptors from cells of the adaptive response. Additional information of the mechanosensing
restrictions on the TCR can be garnered by considering innate T cells, such as y8 T, NKT,
and MAIT cells. Of these T cell subsets, a single -y6 TCR/ligand interaction has been
reported (101) whereby, the y& TCR was unable to form catch bonds with an activating
ligand sulfatide presented by CD1d. This y6 TCR could be engineered for catch bond
characteristics through the insertion of the constant region from a traditional ap TCR. While
this supports the notion of af structural integrity being a key component to the ability

of TCRs to form catch bonds, it is also possible that catchable ligands for the 6 TCR

have yet to be analyzed. Additional analysis of other ligands for y& TCRs would determine
whether the lack of catch bond features is a general characteristic of all y& TCR/ligand
interactions. The use of catch bonds under force by iINKT and MAIT cells to distinguish
ligands is unknown at this time. Invariant natural killer T (iNKT) cells express a fixed
a-chain with limited B-chains that recognize glycolipids presented by CD1d. Although

the proposed TCR:CD1d binding orientation on engagement with aGalCer:CD1d differs
from that of TCR engaging with peptide antigens, the ap TCR is structurally similar

to canonical CD8/CD4 T cell TCRs which may support catch bond behavior. Similarly,
mucosal-associated invariant T (MAIT) cells also express a semi-invariant ap TCR that
recognizes vitamin B-derived ligands presented by the non-classical MR1 MHC molecule.
Analysis of each of these innate T cell subtypes would further inform on the relationship of
TCR structure, catch-bond behavior, and effector function.

TCR:pMHC Catch Bond Initiates a Positive Feedback Signaling Loop

Here, we summarize the respective players that transpose antigen recognition into response
for naive T cells. The first interactions between APCs and T cells are determined by

TCR affinity for pMHC (Figure 3A and 3B) (2, 3, 22, 84, 87, 102-106). Following

the initial TCR:pMHC interaction that happens at zero force, coreceptor rapidly joins

the complex (36, 84, 90). This begins the process of assessment of the quality of the
interaction through the resulting bond lifetime via the application of force on the bond.
Intra- and extracellular forces initiate the positive feedback signaling cascade that tests
bond lifetime under increasing force magnitude (Figure 3C) (4, 107). As the TCR itself
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does not contain cytosolic sighaling domains, it associates non-covalently with CD3 made
up of two heterodimers, -ye and &e, and one CG homodimer, which signal via a total of

10 immunoreceptor tyrosine biased activation motif (ITAMs) phosphorylation sites (83,
108-111). Indeed, full activation of the T cell requires association of the CD3 complex
and allosteric conformational changes (4, 112, 113). The CD4/CD8 coreceptors further
potentiate TCR:pMHC interaction by bringing activated lymphocyte specific tyrosine kinase
(LCK) into contact with ITAMs. LCK engages and phosphorylates the ITAMs (28) (Figure
3C). This facilitates the recruitment of zeta chain associated kinase 70 (ZAP70) to the
ITAMs (114) (Figure 3D). ZAP70 aids in phosphorylation of linker of activated T cells
(LAT), which serves as a hub for the transduction of TCR initiated signaling events (115,
116). This initial signal propagation occurs while TCR:pMHC are in the bound state and is
enhanced by molecular forces initiating a positive feedback loop (36) of effector signaling
events. Canonically this is known as inside out signaling since cytosolic changes result in
heightened TCR:pMHC or other extracellular interactions (12, 117-119) (Figure 3D). As
TCR signaling is amplified, we expect that the force applied on the TCR:pMHC bonds
increase (denoted by increasing gear size over time in Figure 3). For example, longer bond
lifetime under increased force aids in the dynamic rearrangement of the actin cytoskeleton
(120-122) initiated by VAV1 a cytoplasmic guanine nucleotide exchange factor for Rho
family GTPases (123). Several different actin inhibitors have been shown to prevent T cell
spreading and TCR force generation indicating the importance of actin retrograde flow in
TCR inside out signaling (73).

An additional effect of the increased signaling are changes in integrins. The integrins are
also dynamic proteins responsive to force that increase their level of interaction through
catch bond formation. Integrins change to an open conformation under force that has
been detected by interferometric photoactivation and localization microscopy. In short,
when integrins such as lymphocyte function associated antigen 1 (LFA-1) are in the
inactivated form, a fluorophore attached is quenched; but, when LFA-1 enters in the open
state bound to intercellular adhesion molecule 1 (ICAM-1) under force this fluorophore is
visible by fluorescent microscope (124, 125). Interestingly, LFA-1:1CAM-1 bonds under
force have been shown to enhance TCR:pMHC bonds (126). Throughout the course of an
immunological synapse between T cell and APC, TCR:pMHC bonds will reach maximal
force which results in the bond breaking completing the test of the antigen quality. TCR
signaling propels the reorientation of the cytosolic tails of costimulatory molecule CD28
optimizing PI3K signaling (127). In addition to costimulation, check point inhibitors such
as PD-1 can directly alter bond lifetime (128). It is unclear to the field whether TCRs can
undergo serial engagement, however, undoubtably new TCR:pMHC bonds under force form
(3, 8, 129) (Figure 3E).

Conclusions

Ultimately, the TCR is an example of a mechanosensor influenced by several proteins
to accomplish the task of translating antigen quality into strength of signal controlling
T cell fate and phenotype. This is accomplished through the application of force to the
TCR:pMHC bond to discern the potency of the antigen. Future studies manipulating the
structure of the TCR will uncover key contact points for efficient outside/in signaling
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while disentangling the relationship between affinity, bond lifetime, and force. Beyond the
intricacies of aTCR, additional study of innate T cells and non-classical MHCs will further
inform on the many possible triggers of T cell responses. Regardless of innate or adaptive
TCRs, there are many biological contexts remaining to be to examined to define how the
kinetics of antigen recognition determine response. Of note, the 2D kinetic measurements
can be applied to all areas of T cell biology. In thymic selection, the preTCR has been
identified as a mechanosensor that interacts more strongly with antigen than the mature
TCR (72). During later steps of thymic selection, catch bonds are required for thymocyte
death during negative selection whereas survival of positive selection was dependent on

slip bond formation (12). In other words, bond lifetime under force supports a mechanism
of thymic selection whereby T cells must interact strongly enough with self to survive
(positive selection) but will be deleted if these interactions are too strong to avoid host-
directed immune responses (negative selection). After selection, in the periphery, continuous
sampling of self-antigen is required to provide tonic survival signals, yet the onset of
autoimmune disease is rare. It is of interest to determine what kinetic level allows for these
tonic signals from self-peptides for survival; however, at this time many of the self-epitopes
mediating this process are unknown (130). Similarly, T cell mediated autoimmunity is
commonly associated with specific MHC alleles. As the kinetics of self-antigen recognition
for these alleles are discovered, we may finally be able to dissect their role in the progression
of autoimmune disease. Understanding the biological implications of changes to bond
lifetime under force will allow for targeted manipulation of the kinetics of the TCR to
potentially generate more effective Tregs, preferred effector phenotypes, or enhanced CAR
T cells. Such engineered TCRs or chimeric antigen receptors (CARs) targeting both cancer
and autoimmune epitopes have been developed (9, 46). Bond lifetime under force may be
more informative as opposed to affinity when designing such adoptive transfer therapies.

In a similar light, pMHC-CAR technology can be used for deletion of autoreactive T cells
(46). Bond lifetime under force may increase their efficacy as well, which could include

the screening of APLs or enhancement of coreceptor contribution (80). Thus, the TCR as a
mechanosensor and how the affinity, type of bond (slip vs catch), and bond lifetime under
force probe the unique features of antigen will finally provide the insight and understanding
of determine of T cell activation.
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Figure 1: High-affinity T cell lysis of a pMHC-coated target cell -

A splenic CD8 T cell from a C57BI/6 mouse at peak expansion (day 8) after infection

with lymphocytic choriomeningitis virus (LCMV) applies a strong pulling force against
cognate pMHC. A) After confirming high affinity on 2D-MP, the T cell was manually
aligned against a human RBC artificially coated with gp33:H2-DP. B) After two minutes, a
significant morphological change is observed in the T cell as it samples antigen. C) After
only four minutes, the CD8 T cell pulls the RBC from the opposing pipette and lyses the
RBC, indicated by the translucency of the RBC.
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Figure 2: Force magnitude, peak bond lifetime, and affinity may beindicative of T cell effector
function -

A) Schematic of correlation between peak bond lifetime at 10 pN of force and TCR effective
2D affinity. Pink line predicts increasing strength of signal and optimal effector functions as
it moves to the upper right quadrant of the graph. Thus, TCRs can potentially be categorized
into strong and weak agonists. This pink line indicates when bond lifetime and affinity

are in lock step with one another in determining functionality. Although affinity and bond
lifetime are often paired together there are instances where they do not. In these cases,

it is hard to predict T cell functionality biased solely on affinity. For example, there are
outlier TCRs (blue lower right quadrant) that may be highly responsive. These TCRs are
low affinity but have a higher bond lifetime and may be more indicative of a TCR that is
highly autoreactive. Overall, the issue with affinity prediction alone for T cell functionality
is that low affinity cells are often present and highly functional with a strong strength of
signal. Additional outlier TCRs, that are high affinity TCRs with a weak strength of signal
and limited functionality are also commonly found. We posit that bond lifetime and ability
to form catch bonds under force is a better predictor of TCR mediated responsiveness in

T cells. Essentially, if there was a third axis which represents T cell function, it would

more tightly correlate with bond lifetime but rather than affinity. Although affinity, bond
lifetime and force magnitude are typically correlated to one another, it is possible that TCRs
of similar affinity can have drastically different bond lifetime/strength projecting different
T cell effector responses. For example, in B) the green line represents T cells with the

same level of affinity but varying bond lifetimes at 10pN of force. In this case longer intact
TCR:pMHC bonds correspond with increased effector function. This graph illustrates that
in theory the best way to test the effects of bond lifetime under force is to decuple it from
affinity, by fixing affinity. Based on current research discussed further in this review it is
more likely TCR bond lifetime that predicts projected T cell effector function following
activation.
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Figure3: TCR:pMHC bond lifetime under force -
A) As an APC and a T cell approach during T cell antigen recognition pMHC and

TCR are confined to the dynamic 2D environment of the plasma membrane. Affinity is
what initially mediates the likelihood of a TCR:pMHC bond formation, however, after

the bond is B) formed force is immediately exerted on the bond. The forces applied on

the TCR:pMHC bond are in part due to the fluid motion of the plasma membrane and
cytoskeleton application of inward tension. Force in this figure is denoted by green gears,
increasing in magnitude for the duration the bond remains intact. C) Shortly after the
TCR:pMHC bond is formed coreceptor binds MHC creating a trimolecular interaction
facilitating the cytosolic phosphorylation of ITAMs by LCK. D) Prolonged bond lifetime
under increased force propels a positive feedback loop that further transduces strength of
signal by Zap70 and other molecules downstream of the TCR. This in turn modulates and
creates a stronger TCR:pMHC bond and is known as inside-out signaling. Costimulation
(CD28) and other adhesion molecules such as LFA-1 bind and further propagate the
formation of the immunological synapse and full activation of the T cell although exact
timing is unclear. When the synapse is fully mature larger inhibitory molecules such as
CD45 are confined to the peripheral supra intramolecular cluster. In addition, it is clear that
PD-1 may interact with TCR:pMHC and augment or inhibit signaling. E) the bond lifetime
comes to an end and the bond breaks either due to the amplified forces that can no longer be
maintained by the TCR:pMHC bond or the bond lifetime comes to an end. The pMHC then
may rebind the same TCR, bind a new TCR or be pulled off the membrane by TCR known
as trogocytosis.
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BFP — biomembrane force probe; AFM — atomic force microscopy; FC — flow chamber; OT - optical

Table I.

Collection of identified catch bonds.

tweezers; MT — magnetic tweezers

Receptor Ligand Technique[Citation]
Receptor Ligand Technique [Citation]
Selectins Various Ligands AFM (50-53)
FC (51, 54-58)
BFP (52, 56, 58-60)
QT (61)
Integrins Cell Adhesion Molecules | AFM (62)
BFP (63-66)
Cadherins | Cadherins OT (67, 68)
AFM (69)
Notchl Jagl BFP (70)
CD44 HA AFM (71)
TCR pMHC BFP (5-7, 11-13)
OT (4, 8-10)
preTCR pMHC OT (72)
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