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PERSPECTIVE

Harnessing αβ T cell receptor mechanobiology to achieve 
the promise of immuno- oncology
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T cell receptors (TCR) on cytolytic T lymphocytes (CTLs) 
recognize "foreign" antigens bound in the groove of 
major histocompatibility complex (MHC) molecules (H- 2 in 
mouse and HLA in human) displayed on altered cells. These 
antigens are peptide fragments of proteins derived either 
from infectious pathogens or cellular transformations 
during cancer evolution. The conjoint ligand formed by the 
foreign peptide and MHC, termed pMHC, marks an aberrant 
cell as a target for CTL- mediated destruction. Recent data 
have provided compelling evidence that adaptive protection 
is achieved in a facile manner during immune surveillance 
when mechanical load consequent to cellular motion is 
applied to the bond formed between an αβ TCR and its pMHC 
ligand arrayed on a disease- altered cell. Mechanobiology 
maximizes both TCR specificity and sensitivity in comparison 
to receptor ligation in the absence of force. While the field of 
immunotherapy has made advances to impact the survival 
of cancer patients, the latest information relevant to T cell 
targeting and mechanotransduction has yet to be applied 
for T cell monitoring and treatment of patients in the clinic. 
Here we review these data, and challenge scientists and 
physicians to apply critical biophysical parameters of TCR 
mechanobiology to the medical oncology field, broadening 
treatment success within and among various cancer types. 
We assert that TCRs with digital ligand- sensing performance 
capability directed at sparsely as well as luminously 
displayed tumor- specific neoantigens and certain tumor- 
associated antigens can improve effective cancer vaccine 
development and immunotherapy paradigms.

immuno- oncology | T cell receptor | mechanobiology

Treatment of cancers has improved through immunotherapy, 
an approach that uses the immune system to control and elim-
inate cancers (1). Breakthroughs have been particularly evident 
in malignant melanoma where treatments with anti- PD1 and/
or anti- CTLA4 monoclonal antibodies rejuvenate dormant T 
lymphocytes within the tumor site by abrogating inhibitory 
pathways, so- called immune checkpoint blockade therapy 
(CB). Cancers responsive to CB such as melanoma and a frac-
tion of non- small cell lung cancers (NSCLCs) (20%) display myr-
iad tumor- specific antigens, "neoantigens", to stimulate the 
immune response (2). Neoantigens arise most commonly 
through genetic mutations in a tumor. Cytolytic T lymphocytes 
(CTLs) are generated naturally against some of these neoan-
tigens, following the priming of naïve T cells by professional 
antigen presenting cells (APCs) that then target the cancer for 
destruction once the tumor's checkpoint evasion mechanism 
has been eliminated. However, for many other forms of cancer 
including the remaining 80% of NSCLCs, almost all ovarian 

cancers, and brain cancers, to mention a few, the paucity of 
neoantigens arrayed on the tumor cell prevents the immune 
system from effectively generating CTLs in the first instance. 
Unsurprisingly, no positive response is engendered by CB. 
Mechanisms of tumor evasion that thwart protective immunity 
are known, including genetic and epigenetic restriction of anti-
gen display, inhibitors of T cell migration and induction of T cell 
exhaustion via metabolites and/or chronic antigen stimulation 
in the tumor microenvironment (3–5).

Several approaches are currently being tested to overcome 
the problem of dysfunctional effectors including the search for 
additional CB pathways and clinical trials of mAb combinations 
incorporated in a neoadjuvant setting prior to surgery (6, 7). In 
one orthogonal strategy, a chimeric antigen receptor is intro-
duced into T cells (CAR- T) by lentiviral or other retroviral trans-
duction to bind to and destroy tumor cells (8). CAR- T therapy 
incorporates an antibody fragment specific for a tumor- specific 
antigen or tumor- associated antigen (TAA) joined to a CD3 sig-
naling subunit component via a linker and transmembrane 
(TM) region of another protein (SI Appendix, Fig. S1A). Another 
strategy to induce killing employs a bispecific antibody fusion 
protein comprising two single chain variable fragments (scFv), 
diabodies that engage nearby T cells via CD3 with one arm and 
a tumor cell target with the other (9). Each has merit with 
remarkable successes emerging at various preclinical and/or 
clinical stages. Notwithstanding, costs for therapies like CAR- T 
are very high, and benefits to some patients may be transient 
due either to tumor target antigen loss driven by immune 
selection or, alternatively, exhaustion of CAR- T function (8).

Importantly, ongoing immunotherapy efforts have yet to 
benefit from recent scientific advances in fundamental T cell 
receptor (TCR) structural biology and antigen- specific cognate 
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recognition of the αβ T cell lineage. TCRs with digital perfor-
mance characteristics (i.e., requiring only one or a few, count-
able ligands for activation) directed at physically detected 
neoantigens can change cancer vaccine and immunotherapy 
paradigms, by targeting tumors via sparsely as well as lumi-
nously arrayed TAAs (10–12). The purpose of this Perspective 
is to make clinicians and basic life scientists aware of αβTCR 
features that arose through ~400 My (million years) of jawed 
vertebrate evolution. Such comprehension allows for formu-
lation of rational therapeutic options. Precise CTL targeting 
can avoid autoimmune inflammatory toxicities induced by 
CB therapy (13). Although we focus on CD8+ CTLs, CD4+ 
helper T cells use the same structural features to exploit 
mechanobiology (14, 15).

A Fundamental Conundrum: How Can Weak 
αβTCR Binding Mediate Exquisite In Vivo 
Specificity and Sensitivity?

Paucity of tumor target antigens discussed above refers both 
to the absence of more than 90% of bioinformatically pre-
dicted neoantigen candidates on the tumor cell surface and, 
even when displayed, presentation in limited copy numbers. 

Consequently, only several molecules per cell are expressed 
among a sea of normal self- peptides (~100,000) (9, 16). The 
discernment process from the CTL's perspective (Fig. 1A) is 
really a search requiring detection of a needle in a haystack. 
As each CTL carries 20,000 to 40,000 identical clonotypic 
TCRs, multiple parallel confinement area searches are pos-
sible at the CTL–tumor cell interface. Nevertheless, the expla-
nation for how a TCR, a class of receptor with micromolar or 
weaker affinity for ligand, can accomplish this arduous task 
was obscure. Additionally perplexing has been the extraor-
dinary selectivity of peptide recognition. For instance, Fig. 1B 
shows crystal structures of two foreign peptide and MHC 
ligands (pMHC) that differ at a single p4 residue of the pep-
tide. Only a small number of atoms are distinct and yet a 
specific TCR can handily identify one from the other with a 
biological response that diverges 10,000- fold (17).

During lymphocyte development, self- reactive cells are 
eliminated to prevent autoimmunity (18, 19). Nonetheless, 
mature T cell recognition of a foreign peptide involves ligation 
of that peptide bound to a self- MHC (major histocompatibility 
complex) molecule. As shown in Fig. 2A, the pMHC mosaic 
comprises a small number of foreign peptide residues embed-
ded within many more “self” MHC residues. This creates a 
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Fig. 1. Immune surveillance: an exacting search for a 
needle in a haystack. (A) A cell expressing approximately 
100,000 pMHC complexes of various types (diverse 
peptides and MHC allele products) shown schematically 
as blue molecules arrayed on the surface. A magnified 
view around the boxed region shows a single yellow 
dot representing a copy of a rare “foreign peptide”, 
i.e., neoantigen or virus- derived peptide that could be 
targeted by a CTL for destruction. (B) 2 pMHC complexes 
that are almost identical except for a focal change at the 
p4 position of the peptide (RGYVYQGL vs. RGYLYQGL) 
bound to H- 2 Kb that an N15 TCR distinguishes (see text). 
Top views of antigen- binding groove of pMHC molecule 
VSV8/Kb (Left) and L4/Kb (Right) are shown from the 
perspective of an approaching TCR (Upper row). (Left) 
MHC Kb is shown in surface representation with the heavy 
chain colored in salmon while β2m is in pale yellow. VSV8 
peptide is in stick representation with its N terminus on 
the left and C terminus on the right. The Val residue at 
p4 is highlighted in magenta. (Right) MHC Kb is shown in 
surface representation with the heavy chain colored in 
pale green and β2m in light blue. The L4 peptide is drawn 
similarly in stick representation. The Leu residue at p4 of 
the L4 peptide is highlighted in magenta. In the Bottom 
row, the corresponding side cross- sectional views of the 
antigen- binding groove of pMHC molecules are offered 
with peptides in same left to right orientation.
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tricky proposition since most of the TCR recognition surface 
interacts directly with a self- constituent. In contrast, the sur-
face B cell receptor (BCR) and that of its secreted antibodies 
generally recognize an entirely foreign antigen. Furthermore, 
B cells undergo somatic hypermutation of their immunoglob-
ulin genes in the lymph node and spleen to enhance affinity 
for ligand (20). This refinement mechanism is not operative 
for TCR genes because it would foster self- MHC reactivity that 
could result in autoimmunity. Following somatic hypermuta-
tion, antibody affinity can achieve equilibrium Kd values of 
nM- pM while αβTCR values are orders of magnitude weaker, 
in the 1 μM to 100 μM range. How then can T cells manifest 
the specificity and sensitivity required to recognize a single 
pMHC molecule on the surface of a target cell (21)?

The answer is that the αβTCR is a mechanosensor, a bio-
molecule that discerns a change in force upon ligation 
(10, 22–29). Force is placed on an individual bond formed 
between αβTCR and pMHC consequent to cell motion during 
immune surveillance. This bond works like a sailor’s bowline 
knot which is secure under load but easy to work free, untie 
or slip, when not under tension. Fig. 2B shows a force- bond 
lifetime curve for two TCRs that recognize the same pMHC. At 
low or no force, binding to specific and irrelevant pMHC mol-
ecules is comparably weak. In contrast, bond lifetime becomes 
highly specified at a 10-  to 15- pN force. Note that these two 
TCRs interact with the same pMHC but manifest different bond 
lifetimes. Upon binding to the pMHC each TCR undergoes 
conformational changes including extensions in the bound 
state. Initially, a TCR is in a compact state but then transitions 
to an elongated state while bound to pMHC (Fig. 2C). At this 
point, the interaction can break (Fig. 2C) or transition back and 
forth (Fig. 2D) as if in a resonant state. The extension distance, 
force, and the transition frequency of each TCR can vary. Such 
motions induced via an optical trap recapitulate the native 

loading condition generated by the actin–myosin machinery 
in a T cell in contact with an APC. Physiological tangential force 
applied as T cells migrate across stroma and APCs in tissues 
is exploited for mechanosensing, as seen in optical tweezers 
experiments where applying forces that are tangential rather 
than normal to the membrane led to T cell activation (10, 23). 
Parameters describing these motions and downstream sign-
aling events are detailed below.

As a TCR undergoes transitions, it tugs at the membrane of 
the T cell, delivering energy to generate signal through pertur-
bation of vicinal lipids and facilitating exposure of the cytoplas-
mic signaling motifs of the CD3 subunits, termed ITAMs 
(immunoreceptor tyrosine- based activation motifs) (SI Appendix, 
Fig. S1B). Consequent downstream gene transcription occurs 
through a multicomponent relay (30). One may envision this 
process as switching between a resting and signaling- competent 
state driven by an attowatt generator (force*distance*fre-
quency = 15 pN*10nm*1/s= 1.5*10−19J/s = 0.15 aW). Biophysical 
distinctions among TCRs, even when directed at the same 
pMHC ligand, lead to signaling differences. These involve 
dynamic structural changes in the recognition surface of the 
TCR and its constant region module as well as the surrounding 
six invariant CD3 signaling components (CD3εγ, CD3εδ and 
CD3ζζ) associated with the TCRαβ clonotype (clone- specific het-
erodimer) that binds pMHC (SI Appendix, Fig. S2) (25, 31). Unlike 
soluble antibodies, the αβTCR transcends simple binding, func-
tioning out of equilibrium in an energized state.

Biophysics of TCRs and preTCRs in the αβ 
Lineage vs. TCRs in the γδ Lineage

Catching a Bond in the αβ Developmental Pathway. Direct 
biophysical probing of the αβTCR- pMHC revealed unique 
mechanosensing features including catch bond profiles 

Fig. 2. αβ T cell recognition via mechanosensing. (A) X- ray structures of TCRαβ recognizing an influenza A virus M1 peptide bound to the HLA- A*0201 (PDB 1OGA) 
in comparison to a human immunoglobulin Fab fragment bound to HIV- 1 gp120 core (PDB 1GC1). For each, a ribbon diagram of the receptor structure (Left, side 
view) and a surface model of the respective ligand (Right, 90° rotation) are shown with the foreign protein- derived element in red. The peptide in the pMHC is 
size- wise a minor component of the interaction surface. N and C mark the amino and carboxy terminus of the foreign peptide. The red peptide chain is barely 
visible in the side view between the MHC α- helices (cyan). (B) Force- bond lifetime curves of two distinct TCRs (1 and 2) interacting with the same pMHC cognate 
ligand or irrelevant peptide. (C) Structural transitions following TCR binding to pMHC. In this cartoon, only the TCRαβ variable and constant domains are shown 
for simplicity. The TCR view in panel A is rotated upside down, which is utilized in subsequent figures. (D, Top) Reversible transitioning between extended and 
compact states with indicated time constants as an example of one mechanotransduction parameter. (Bottom) low and high transition rates of two distinct TCRs.D
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and conformational transitions. Measurements performed 
on cells and purified components with optical tweezers (22, 
24–26) and bioforce probe methods (27–29) demonstrate a 
catch bond where the bond lifetime initially increases with 
load and then weakens, with a peak lifetime occurring at 
15-  to 20- pN force (22, 24). During immune surveillance, 
such forces naturally arise from cell motions that involve 
the cell’s peripheral actin network. The peak lifetimes 
generally range ~1 to 10 s depending on the system and 
ligand potency. Optical tweezer measurements also show 
discrete conformational transitions under load including 
small nm- level motions and a large (and reversible) signature 
conformational change at 15 pN (Fig. 2 B–D)

Why a catch bond? While the bond lifetime increases with 
force, it is still modest compared to other high- affinity inter-
actions such as those seen with typical antibody–antigen 
binding. Thus, it is unlikely that the lifetime per se drives 
signaling. More importantly, the 15- pN force at the peak 
catch bond lifetime can drive molecular motions and confor-
mational transitions that would otherwise be inaccessible in 
a nonenergized state. The energy associated with signature 
conformational change (15 pN*10 nm) is significant, in fact 
equivalent in magnitude to the free energy associated with 
ATP hydrolysis if only half of that transition is utilized  
(15 pN*5 nm = 75 pN*nm). From a nonequilibrium perspec-
tive, the system is normally in a resting, i.e., “off” state, and 
it is gated only when force is introduced. Surmounting the 
barrier through thermal energy alone is 90 million times less 
likely [exp(−75/4.1)] than pulling with an external force 
through a cognate ligand (SI Appendix, Text S1). Such a change 
thus requires energy input. A catch bond enables energy 
delivery and drives the system over the energy barrier to a 
signaling competent state. This scenario also supports the 
kinetic proofreading mechanism where the fidelity of signa-
ling is enhanced by combining apparently error- prone kinetic 
events with the supply of free energy (32).

The T cell activation process begins with a loaded state 
spanning the T cell and APC through their respective assem-
bled actomyosin cytoskeletal machineries. On T cells, actin- 
rich membrane protrusions, microvilli, studded with surface 
TCRs are facilitative. The attendant motions pulling across 
the cell–cell interface provide sufficient energy to drive sig-
naling. In contrast, thermal energies are insufficient to sur-
mount this barrier. The load activates the TCR- pMHC catch 
bond (31), which in turn induces the conformational change. 
We believe that the energy associated with the conforma-
tional transition drives the TM domain structural rearrange-
ments including a toggle in the α TM domain that leads to 
dissociation of CD3ζζ releasing membrane sequestered 
ITAMs (25). This event appears to be coupled to motor pro-
teins that turn on locally and transport the ligated TCR to 
follow the force, maintaining an optimal load needed for 
reversible conformational change and continued signaling. 
At the same time, unligated TCRs adjacent to the ligated TCR 
are translocated by motors to initiate immunological synapse 
(IS) formation as well (10). This spatial reorganization of indi-
vidual molecules revealed by pointillist data (33) plausibly 
promulgates effective signalsome formation and segregates 
phosphatases away from relevant activating kinases such as 
Lck for phosphorylation of accessible ITAMs in early T cell 
activation. In our experiments, at low pMHC interfacial 

density this load bearing pathway is reproduced from force 
on the bead through the optical trap. At higher interfacial 
density, where force is not required for activation, akin to 
APCs arraying hundreds or more copies of a pMHC at the T 
cell–APC interface, T cell machinery may be able to organize 
sufficiently through multiple pMHC locations to pull through 
the bead and initiate the same downstream signaling 
pathways.

The preTCR, which is present during β selection, also con-
tains mechanosensing features (24). The preTCR in many 
ways is a simpler system since a clonotypic β subunit is 
paired through its constant domain with preTCR α (pTα), an 
invariant TCRα surrogate lacking a V domain (24, 34–37). 
The pTα–β heterodimer associates with the same set of CD3 
subunits as found in the αβTCR. Pulling through pMHC 
occurs exclusively via the unpaired Vβ domain and exhibits 
a more complex catch bond profile than that of the TCRαβ 
paired VαVβ module and a 10- fold increase in the rate of 
reversible hopping of the signature conformational transi-
tion. By mapping the forward and reverse rates as a function 
of force, it was determined that the critical force is similar 
between the preTCR- pMHC and TCRαβ- pMHC systems 
implying that the structural transition is associated with the 
shared β subunit (24, 26). Hyperactive transitioning and 
broader peptide specificity of a preTCR (relative to TCRαβ) 
during β selection favor signaling (24, 36) to expand the β 
chain repertoire preceding αβTCR expression while limiting 
cellular plasticity to facilitate normal thymocyte develop-
ment (38). These mechanisms anticipate subsequent αβTCR- 
driven winnowing of the mature T cell repertoire linked to 
thymic positive and negative selection.

γδTCRs Are Not Mechanosensors. Further insight on the 
importance of mechanosensing in the T cell lineage came 
from a study comparing a γδTCR to an αβTCR and a VγVδ- CαCβ 
chimeric receptor (12). The latter amalgamated the variable 
domains of the γδT cells with the constant domains of the 
αβTCR. γδT cells are found in barrier tissues and recognize 
plentiful nonpeptide ligands induced on stressed cells targeted 
for destruction (39). Like antibody Fabs, γδTCRs lack both the 
extended constant β domain connector between the F and 
G strands (FG- loop) and a sizeable interfacial contact area 
between the constant and variable domains, distinguishing 
features of αβTCRs (SI Appendix, Figs. S1 D and E and S2A). 
γδTCR–pMHC interactions were slip bond- like, where the 
bond lifetime decreases exponentially with applied force. 
In contrast, the chimera showed a catch bond even though 
both receptors have the identical V module interacting with 
the same ligand sulfatide- CD1d, a sulfoglycolipid bound to 
a class Ib MHC molecule. Conformational changes were also 
readily observed in the chimera but not in the γδTCR.

Analogue vs. Digital Performance. The adaptive immune 
system must perform effectively with plentiful as well 
as sparse ligands. To map the chemical and physical 
requirements for the breadth of response capability, we 
trapped beads coated with different numbers of a given 
pMHC molecule and apposed them to a T cell to facilitate 
activation. A sufficiently large number of pMHC molecules 
can activate a T cell without any external force. Here, we 
believe internal cellular machinery/motions stabilize and D
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pull across the bead itself through multiple pMHC bond 
locations, eliminating the requirement for an external force. 
We refer to this as an “analog” response. In addition to γδT 
cells operating under these analog conditions where stress 
response ligands are plentiful, some αβ T cells, including 
those directed at highly arrayed viral antigens such as the 
nucleoprotein epitope of influenza A viruses (NP366- 374), do 
not require sparse ligand detection capability (40). Our bead- 
facilitated activation study also demonstrates that with an 
optimal balance of ligand and external force, a subset of T 
cells can perform “digitally,” triggering reliably with as few as 
two pMHC molecules at the bead–T cell interface (10). Such 
activation requires force from the optical trap, however, and 
is tightly centered around 15 pN. This digital T cell triggering 
is tied to the actomyosin machinery that sustains the force 
in this window where signaling is optimal (10) and in vivo 
likely induces IS formation through recruitment of nonligated 
TCRs noted above. Defining those digital- quality TCRs that 
recognize a given pMHC among an individual’s repertoire of 
TCRs recognizing the same ligand shall be advantageous for 
vaccination purposes and adoptive immunotherapy.

Systems Biomechanics. Cells continually reorganize their 
internal components, changing shape, and exerting forces 
on and responding to their surroundings through dynamic 
interfacial contacts (Fig.  3). This is powered by a network 
of cellular components, stroma and conduits, collectively a 
cellular power grid, which delivers energy to drive signaling. 
The ability of cells to bend various force probes and push/
pull on other model APC surfaces (41–47) demonstrates that 
sufficient forces are available for individual receptor activation 
as shown by careful measurements at the single molecule level 
(SI Appendix, Text S2). Coupling to the grid is also influenced 
by local stiffness of the microenvironment, which can change 
dramatically during processes such as inflammation and 
cancer (48, 49). Stiffness, a measure of deformation under a 
given load on a material, can vary 100 fold under physiological 
(compliant) vs. inflammatory (stiff) conditions in the same 
tissue, and it varies even more in different tissues such as 
compliant bone marrow and brain vs. stiff cartilage and bone 
(50). The immune system adapts itself to function in the range 
of organ- related locales of the mammalian organism.

TCRs may exploit different optimal force parameters when 
operating on T cells in compliant as opposed to stiff tissues 
in anatomically linked locales, for example, a mediastinal 
lymph node draining intraepithelial and subendothelial sur-
faces of the lung as pictured at the Top of Fig. 3 (Left and Right, 
respectively). Furthermore, interplay between cancer cells 
and the tumor microenvironment often increases stiffness 
of the extracellular matrix (ECM), impacting optimal TCR 
mechanobiology. T cells produce many mediators which in 
turn modulate the ECM and its stiffness (48, 49). For example, 
TGF- β and TNF- α enhance or inhibit fibroblast collagen bio-
synthesis, respectively. The quality of a TCR that reacts with 
a neoantigen and its downstream transcriptome following 
ligation is likely to differentially regulate responsiveness to 
the tumor while at the same time modulating ECM mechanics 
and the tumor microenvironment more broadly, impacting 
productive T cell activation vs. exhaustion.

Within the T cell itself, activation is coupled to an intracel-
lular motility system, providing further points of modulation 

and control (10). This internal system must work near the 
activation threshold yet be robust enough to handle a wide 
range of inputs such as a sparse vs. plentiful pMHC ligand 
and a stiff vs. a compliant microenvironment. In some cases, 
internal cytoskeletal machinery may not be preassembled 
and/or properly connected to the TCR complex, reducing 
competence to drive receptor inputs. In other cases, organ-
ized machinery and coupling may be fully primed at the inter-
face of a mature dendritic cell and a naïve T cell within an 
ideal microenvironment prearranged to foster signaling 
events linked to relevant biomechanics (10). There must be 
a delicate balance between external drivers including 
dynamic microenvironment stiffness and internal machinery 
that a T cell integrates.

How does our immune system dampen T cell activation? 
If T cells fire too readily in response to ligand, there is exces-
sive noise. Conversely, if activation thresholds are set too 
high, a rare signal will not be detected. The adaptive T cell 
response must therefore strike a critical balance between 
extremes. Perhaps acute inflammation in a microenviron-
ment can shift the set point to where signal levels are being 
heard even if weak, analogous to a squelch in an electronic 
circuit that adjusts output based on signal strength. Within 
a perfect microenvironment and a carefully matched signal 
frequency such as in the lymph node where naïve T cells and 
APCs prime the immune response, a true digital channel can 
come in loud and clear. In contrast, chronic inflammation 
including that found in the tumor microenvironment may 
pose challenges, which may be overcome by recruitment of 
high- “acuity” T cells with potent digital responses enabled to 
function at requisite bioforces mandated by the mechanics 
of the system.

Atomistic Basis of Catch Bond Formation

Since the mechanosensing action of an αβTCR is a nonequi-
librium process, static X- ray crystallographic structures of 
TCRαβ–pMHC complexes cannot populate all energized 
states to reveal the clear cognate antigen recognition mech-
anism (51). While the activation of a T cell upon recognizing 
the matching pMHC is a multistep process (52), mechano-
sensing starts with the engagement of the TCRαβ heterodi-
mer by its cognate pMHC, as shown in in vitro single–molecule 
experiments of isolated TCRαβ–pMHC complexes without 
coreceptors (22). This engagement involves two elements, 
catch bond formation and conformational transition as 
noted above. The former is required for the latter and is 
then followed by pMHC- meditated T cell activation. An exam-
ple of catch bond being necessary but not sufficient for  
T cell activation is the experiment where the Cβ FG- loop 
(SI Appendix, Fig. S2A) is stabilized by the H57 antibody. It 
drastically enhanced the peak catch bond and the bond life-
time but blunted the structural transition and associated  
T cell activation (10). This study also demonstrated how 
allostery controls binding between TCRαβ and pMHC (22). 
Further confounding is the fact that TCRαβ characteristically 
forms more contacts with the MHC molecule than the anti-
genic peptide (Fig. 2A), making it difficult to understand how 
the catch bond behavior is controlled via a handful of pep-
tide contacts, while possessing a very weak equilibrium 
binding affinity.D
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Our all- atom molecular dynamics (MD) simulation study 
revealed a dynamic mechanism of catch bond formation 
(Fig. 4) (31). The 4- domain organization in a rhomboidal 
topology provides room for fine- tuning mechanical proper-
ties of the TCRαβ heterodimer to improve interfacial mis-
matches. The number and organization of interfacial contacts 
between the 4 domains (Vα- Vβ, Vα- Cα, Vb- Cβ, and Cα- Cβ) dif-
fer. Hence, the most stable binding mode between any two 
domains in isolation may be incompatible when they are 
embedded within the TCRαβ heterodimer. Interfacial mis-
match is exacerbated when TCRαβ binds pMHC, which adds 
two more interfaces, namely Vα- pMHC and Vβ- pMHC. 
Without an adequate load, the mismatched interfaces lead 
to conformational motion of the individual domains, desta-
bilizing the complex and shortening the bond lifetime. When 
a 10-  to 20- pN load is applied, however, a slight deformation 
of the complex occurs, resulting in a better fit and stabiliza-
tion of the interfaces (Fig. 4D). In this mechanism, the dom-
inance of the contacts with the MHC molecule rather than 
with the peptide per se is required since the MHC must grab 

and pull Vα and Vβ to suppress the motion. Instead, the pep-
tide organizes the surrounding contacts, screening for the 
correct fit rather than bearing the load, akin to the teeth of 
a key that slot into a lock, while the key's stem bears the load 
when turning the key.

Allostery can naturally be incorporated into the proposed 
catch bond mechanism since changes in any of the 4 domains 
impact the interfacial dynamics. In particular, the Cβ FG- loop 
that is present in jawed vertebrates (gnathostomata) and 
elongated in mammals (14), strongly influences stability of 
the TCRαβ–pMHC complex. Our simulation showed that Vβ- Cβ 
form more extensive interdomain contacts compared to 
those of Vα- Cα where the Cβ FG- loop controls the orientation 
of Vβ relative to Cβ, in addition to providing structural support 
for Vα in binding to pMHC. In an FG- loop deletion mutant, 
the orientation and conformational motion of the V- module 
changes, destabilizing the interface with pMHC when load is 
applied (Fig. 4C). The proposed catch bond mechanism is 
also compatible with the 9 to 15- nm conformational transi-
tion observed experimentally. In simulations where the 

Fig. 3. Systems view of the αβTCR mechanome. Stiffness of the cellular microenvironment modulates mechanical coupling between T cells and APCs (External 
coupling to the grid shown at the top of the figure). Local compliance ranges two orders of magnitude, about ~1 to 100 kPa, and is substantially altered in 
inflamed, infected, or diseased tissues. Such changes fine- tune signaling levels during immune surveillance. Differences in compliance of anatomically linked 
locals as discussed in the text are shown with some key cell types labeled and ECM components represented as wavy lines. The other figure elements depict the 
mechanochemical pathway that works through the αβTCR- pMHC bond connecting across the active and load bearing actomyosin machinery in both the APC and 
T cell as denoted. During surveillance, shear forces exert on cell surfaces, tilting the αβTCR- pMHC bond (TCRαβ alone shown for simplicity). Interfacial organization 
and catch bond stabilization occurs between pMHC and the variable domains of αβTCR. Force strengthens the bond, extending the lifetime and energizing the 
system. This input facilitates a ~10- nm conformational transition that is inaccessible by thermal fluctuation alone. Reversible transitioning agitates the T cell 
membrane toggling the TCRα transmembrane domain from bent (L) to extended (E) conformations. Such agitation and motion loosen the transmembrane helix 
organization leading to the release of membrane- sequestered CD3 ITAM domains (omitted for clarity). Internal coupling to the actomyosin machinery maintains 
the load between the APC and TCR at the proper level for reversible transitioning.
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C- module was removed (31), the interface between the 
V- module and pMHC became more stable than even the 
high- load case (Fig. 4E) due to absence of the C- module inter-
facial mismatch, allowing a better fit with pMHC. A partial 
unfolding of the C- module may occur in the extended state, 
keeping the V- module engaged with pMHC as the transition 
occurs. More studies are needed to characterize the struc-
tural origin of the conformational transition in TCRαβ, infor-
mation that in turn could lead to optimal TCR design for 
immunotherapy.

We recently analyzed load- dependence of another set of 
TCRαβ- pMHC systems, involving the adult T cell leukemia A6 
TCR and agonist and nonstimulatory peptides in complex 
with HLA- A*0201 that were studied by X- ray crystallography 
in the past (51). Consistent with our previous MD study, the 
interface was stabilized upon application of physiological- 
level loads. In contrast, the presence of antagonist peptides 
led to destabilization of the complex with load, indicative of 
a slip bond behavior (53). These results suggest that the catch 
bond mechanism based on domain motion and interfacial 
mismatch is general, predicated on the basic organization of 
domain interfaces. We posit that the interaction with pMHC 
by preTCRs expressed on DN thymocytes and manifesting 
ligand- dependent catch bond formation speaks to the fun-
damental αβ thymic selection process. During TCR repertoire 
development, preTCRs may be screened not only for 
sequence- dependent interaction with self- pMHC, but also 
for proper mechanical matching.

Impact of Force on TCR vs. BCR and CAR- T 
Systems

Structural analyses by cryo- electron microscopy of αβTCRs 
(54–56) provide considerable insight into the features that 
imbue the receptor with its anisotropic (directed) mechano-
sensing involving the amalgam of CD3 subunits and force 
transduction architecture (SI Appendix, Text S3 and Fig. S2A). 
NMR data support that a dynamic TM segment conforma-
tional switch of the TCRα subunit impacts αβTCR mech-
anotransduction as well as dissociation of the CD3 subunits 

from TCRαβ (25). Rapid dissociation of CD3ζζ is noteworthy, 
given its prominent role in CAR- T systems (SI Appendix, 
Fig. S3).

B cell receptor (BCR) structures have also been character-
ized, revealing a TM immunoglobulin molecule noncovalently 
associated with CD3- like Igα/β heterodimeric signaling mol-
ecules (57–59) (SI Appendix, Text S4 and Fig. S2B). BCRs like-
wise detect force, utilizing cellular energy to discriminate 
ligand affinity (60), but without catch bond formation. 
Separation of ligand binding and signaling functions into 
distinct subunits and physical dissociation of those compo-
nents from one another are common to both membrane- 
bound systems (SI Appendix, Texts S3 and S4).

Biophysical measurements of CAR- T cells show markedly 
different properties than αβ T cells interacting with the same 
pMHC ligands (SI Appendix, Text S5). As CAR- T cells and dia-
bodies lack physiological TCR mechanotransduction features, 
the sensitivity of such systems is unsurprisingly less than that 
of digital αβTCR mechanosensors (61). While CARs are stra-
tegically facile, they lack participation of the Cβ loading path-
way and the TCRα TM switch. They are also grossly unmatched 
to the typical lifetime and force ranges found in native TCR- 
pMHC interactions. Thus, there are opportunities for new 
CAR- T strategies given the potential for 1) coupling more 
directly to the same load pathway utilized in αβ T cells in 
fostering conformational transition, 2) matching more appro-
priately the force window for native T cell activation such that 
membrane, cytoskeletal machinery, and motors can partic-
ipate optimally and 3) better mimicking the lifetime profile 
found in native T cells. Consistent with this notion, a recent 
study showed that HLA- independent T cell receptors (HITs), 
chimeric designs utilizing VH- VL module replacement of the 
Vα- Vβ module of the αβTCR, can target tumors with low anti-
gen density (SI Appendix, Fig. S1C) (62). Similar to the Vγδ- Cαβ 
chimera, HITs may possess a catch bond, and with the same 
Cαβ- module and CD3 signaling subunits as the αβTCR com-
plex, that promote conformational transitions and digital 
sensitivity to the low- density antigen. Further single- molecule 
(SM) and simulation studies will help to understand the 
mechanism of HITs.

A D E

Peptide mismatch

B

No load

C

No FG-loop Cognate peptide
& Load

C-module
decoupled

MHC

Vα Vβ

Cα Cβ
FG
-loop

Fig. 4. Interdomain motions define an atomistic basis of αβTCR- pMHC catch bond formation. (A) Nonmatching peptide, (B) absence of adequate load, or  
(C) deletion of the Cβ FG- loop leads to mismatch between subdomains and allow domain motion, which lead to destabilization of the αβTCR- pMHC interface.  
(D) When the complex with a cognate peptide is under 10-  to 20- pN load, fit between domains is achieved, stabilizing the bond. (E) Decoupling between the V-  
and C- modules, as would occur in the extended state of the complex, eliminates the requirement to satisfy the V–C interface, which enhances the fit between 
the V- module and pMHC. In this illustration, interfacial matches are shown as geometric fit. In reality, it can be more subtle, such as matches in motional 
behavior. By incorporating “mechanical match,” the peptide discrimination can be enhanced far beyond chemical and conformational matches in equilibrium. 
See refs. 31 and 53 for MD simulations upon which the model is based.D
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Implications of αβTCR Mechanobiology as 
Related to Tumor Antigen Targeting

Principles of mechanobiology suggest how to optimize T cell 
monitoring and craft effective immunotherapies. Force 
omission in in vitro immunological studies obscures αβ T cell 
recognition of sparse pMHC ligands including neoantigens 
or certain viral antigens. For effective immuno- oncology 
approaches, a match must exist between a CTL αβTCR acuity, 
i.e., its ability to recognize a threshold number of pMHC 
complexes incorporating a neoantigen on a target cell, and 
the number of copies arrayed on that tumor. Pertinently, 
certain CTLs manifest digital performance whereas other 
CTLs need dozens or even hundreds of pMHC copies. If 
there is such a quantitative mismatch, then no killing of 
tumor will occur in vivo even if “specific” killing of peptide 
pulsed APCs in vitro is detected. Emphatically, the array on 
the actual tumor cell is relevant, not a surrogate APC that 
has been pulsed with micromolar concentrations of pep-
tides yielding thousands of copies of a particular pMHC 
complex. A variety of evolving methods (microfluidics, smart 
particles, and optical tweezers) (10, 42, 43, 63–65) exert 
force on αβTCR- pMHC bonds to foster in vitro TCR perfor-
mance studies that can gauge acuity. For experimentalists, 
the challenge is to determine which parameters of αβTCR 
mechanotransduction correlate best with TCR activation 
responses (Fig. 5).

T cells and their purified receptor- pMHC proteins can be 
probed using biophysical tools at the SM and SM single- cell 
(SMSC) levels. Optical trapping facilitates an interaction and 
provides measurements (detailed in Fig. 5) that directly 
reveal the strength and properties of the TCRαβ- pMHC 
bond. At the SM level, a good TCRαβ–pMHC pair readily 
forms interactions and “holds” for a few seconds under 
load. Bond lifetime distributions typically exhibits a catch 
bond type profile (rather than irrelevant slip bond) peaking 
at ~15 pN, a force where one likely observes a conforma-
tional change. Good pairs show a clear conformational 
transition, and many will reversibly hop when held at the 
right force window. Parameters include lifetime, transition 
distance, critical force for hopping, and hopping frequency. 
While purified components provide the highest resolution 
measurements, similar studies can be performed directly 
on the surface of a coverslip- bound T cell, eliminating the 
need for protein expression and purification (SMSC in 
Fig. 5). Here pMHC is tethered to a bead through a DNA 
rope and brought in the vicinity of the cell by manipulating 
the optical trap or cell position. Repeat measurements 
reveal catch bond curves and even visible transitions. 
Although the data are “noisier” due to cell motions along 
the load pathway, one can readily score the ease of forming 
and maintaining interactions (and frequently identify con-
formational change) across a panel of cells. Perhaps the 
best test of cell’s quality against a particular peptide is an 
assay where one actually mimics activation by proxy 
through presentation of a bead (and associated force) to 
determine what physical and chemical thresholds are 
required for activation [SCAR (Single- cell activation require-
ment) in Fig. 5]. The measurement not only involves 
mechanical manipulation of the trap but also a simultane-
ous fluorescence measurement to track calcium flux 

changes, a marker for early T cell activation. Parameters 
include chemical threshold for activation, force threshold 
for activation, calcium flux magnitude and rate, activation 
probability, and frequency of forming bead- cell adhesion. 
High- quality T cell–pMHC pairs can be triggered with as few 
as 2 molecules at the bead- cell interface. As only a few “bits” 
of information are processed by the cell, we refer to this 
as a digital activation. Digital T cells readily bind beads and 
show a steady and sustained rise in calcium in response to 
bead presentation.

Defining biomarkers that correlate with the above bio-
physical parameters of digital performance is a key next step. 
These signature molecules may include a set of differentially 
expressed activation molecules measurable using antibodies 
in conjunction with flow cytometry. Those molecules will 
likely be brought to light by in vivo single- cell RNAseq gene 
expression data derived from digital vs. analogue CD8 CTL 
performers directed at the same pMHC. How those biosig-
natures relate to IS formation and IS topology along with 
microtubule- organizing center polarization will also be inter-
esting to discern. Readily measurable markers will circum-
vent the limited access of immunooncologists currently to 
detailed mechanobiological measurements.

The crucial task of neoantigen identification has been 
approached in several ways as identified in SI Appendix, Text S6.  
The recently developed attomole (10−18) Poisson detection 
liquid chromatography- data independent acquisition mass 
spectrometry (LC- DIAMS) method is an important step for-
ward (66–68). It captures the entire immune peptidome in 
a single run from small numbers of tumor cells (106) 
retrieved by clinical fine needle biopsy. This method uses a 
Poisson metric to detect a reference fragmentation pattern 
embedded in a background of ion fragments and mitigates 
false negative or false- positive detection (67). It meets the 
challenge of the complexity, limited sample, and spectral 
crowding of molecular ions and suits a focus on detecting 
very low abundance peptides from a very large number of 
candidate peptides that could mark the cell as infected or 
transformed. The advance changes the MS calculus, permit-
ting neoantigen search at any point following data collection 
using existing MS instrumentation in a facile manner to 
detect both sparse and luminous targets. Both truncal muta-
tions associated with all tumor cells of an individual as well 
as nontruncal clonal variants are detectable via LC- DIAMS 
from analysis of individual biopsy sites at one point in time 
or over the clinical course of a cancer. For CTL- based vac-
cines to prevent infectious diseases, there is opportunity to 
target viral, parasitic, or other infectious antigens that 
appear early in the infectious process after the pathogen’s 
entry into a host cell (69).

Clinical Benefit Resulting from TCR 
Mechanobiology and Its Modulation

The matching of TCR mechanosensory performance with 
distinct neoantigen displays is likely to create a new dawn 
of immuno- oncology for personalized immunotherapies 
including targeting of certain high value truncal neoantigens 
such as TP53 shared by multiple patients (9). With respect 
to TAA, although these are not tumor- specific peptides given 
their expression on normal fetal or adult cell types, the array D
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of certain TAA across tissues and cell types can be very lim-
ited in distribution while highly overexpressed on tumors. 
This differential expression profile creates a therapeutic 
opportunity. The anaplastic lymphoma kinase (ALK) is an 
example where TAA epitope–specific T cells can be engen-
dered against ALK without central tolerance (70). The poten-
tial to convert physically defined but immunologically weak 
TAA into strongly immunogenic TAA has been documented 
through clever structural analyses offering additional future 
therapeutic vaccination opportunities (71).

Some investigators have begun to exploit mechanobiol-
ogy to identify TCRs with enhanced TCR- pMHC catch bonds 
through site- directed mutagenesis of the specific TCR–ligand 
interaction surface (28). This approach seeks to avoid cross- 
reactivity against off- target antigens as previously resulted 
in fatal organ immunopathology and occurred through engi-
neering of TCRs for antibody- like high- affinity TAA recogni-
tion in the absence of force. It is presently unclear whether 
enhanced catch bond formation alone shall be broadly suc-
cessful in avoiding such a danger. Many additional TCR 

biophysical parameters exist (Figs. 2 and 5), requiring explo-
ration to identify the best surrogates of TCR performance 
and specificity. Without a nuanced appreciation of mechano-
biology, serious errors may follow. Recent usage of an TCRβ 
CAR- T with an unpaired Vα touted as an efficient way to 
achieve TAA targeting would result in significant peptide 
cross- reactivities akin to a preTCR as evidenced by activation 
without peptide addition (72).

As a more global approach to discern CTL performance 
predicated on TCR mechanobiology, repertoires of T cells 
recognizing a single ligand (viral-  or tumor- related) should 
yield important information. The sequence relatedness of 
highly functional T cells, associations with immune protection, 
inflammatory pathologies, damaging cross- reactivities with 
other self- derived epitopes in tissues, and propensities to 
progress to exhaustion, can all be explored. Not all T cells 
bearing different TCR clonotypes respond in the same man-
ner against a virally infected or transformed cell. Within such 
a single pMHC- specific repertoire, the determination of TCR 
sequence distance, differential MD simulation behavior, 

Fig. 5. Single- molecule biophysical parameters defining αβTCR- pMHC recognition. (Left column) Single- molecule (SM) measurements probe purified TCRαβ- pMHC 
interactions by loading the bond through an optically trapped bead with 0.1- pN force and nm- level spatial resolution. Multiple traces scoring bond lifetimes 
vs. force populate catch bond curves (example in Fig. 2B) yielding lifetime and force as well as shifts in catch bond profile width. At the critical force, reversible 
transitions can be tracked to obtain hopping frequency (Fig. 2D), hopping distance, and transition barrier energetics. (Middle) Single- molecule single- cell (SMSC) 
measurements by tethering pMHC molecules to a bead and presenting the bead to a surface- bound T cell. When the tethered bead is pulled away, it produces 
a transient that can score the bond lifetime for a given force (catch bond curves), transition magnitudes, and opening probabilities for a given force window. 
(Right) Single- cell activation requirement (SCAR) measurements by trapping a pMHC- coated bead and facilitating interfacial contact with a T cell containing a 
fluorescence- based reporter of calcium concentration. Beads of varying pMHC densities ranging from analog to digital are presented to determine the interfacial 
copy number required for activation with and without force. At limiting pMHC, force is required for activation (digital). In this case the optical trap is not only 
used to facilitate bead connection with the cell, but force on the bead pulls on the pMHC- TCR bond mimicking a shear load between the T Cell and APC across 
such a bond through their respective actomyosin machineries. Such force is expected to lead to a conformational change in the TCR including reversible 
transitioning, which agitates the membrane sequestered ITAM domains releasing them and leading to changes in phosphorylation. Intracellular calcium flux 
transients show a range of profiles from nonactivating (black) to activating (blue and red) and sustained (green) (11). A 10- min time course showing activating 
(Top) and nonactivating (Bottom) cells are shown. Differential interference contrast images are shown on the left with a 1- µm bead and scale bar. For simplicity, 
the SMSC model lacks CD3 components of the cell surface αβTCR complex while the SCAR model omits TCRs altogether.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 V
A

N
D

E
R

B
IL

T
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 P

E
R

IO
D

IC
A

L
S 

R
E

C
E

IV
IN

G
 o

n 
Ju

ne
 2

3,
 2

02
3 

fr
om

 I
P 

ad
dr

es
s 

12
9.

59
.1

22
.7

7.



10 of 10 https://doi.org/10.1073/pnas.2215694120 pnas.org

structural features, biological performance in vivo as well as 
in vitro, and transcriptomes in response to pMHC ligand shall 
inform us about the hallmarks of optimal performance to 
guide adoptive αβTCR T cell therapy. In turn, investigators can 
vet epitopes for incorporation into cancer vaccines to induce 
T cells arraying optimal cognate recognition receptors.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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