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Mechanical force matters in early T cell activation
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Mechanical force has repeatedly been highlighted to
be involved in T cell activation. However, the biological
significance of mechanical force for T cell receptor signal-
ing remains under active consideration. Here, guided by
theoretical analysis, we provide a perspective on howme-
chanical forcesbetweenaT cell andanantigen-presenting
cell can influence the bondof a single T cell receptormajor
histocompatibility complex during early T cell activation.
We point out that the lifetime of T cell receptor bonds
and thus the degree of their phosphorylation which is
essential for T cell activation depends considerably on
the T cell receptor rigidity and the average magnitude
and frequency of an applied oscillatory force. Such forces
could be, for example, produced by protrusions like
microvilli during early T cell activation or invadosomes
during full T cell activation. These features are suggestive
of mechanical force being exploited by T cells to advance
self–nonself discrimination in early T cell activation.

TCR | mechanical force | T cell activation | catch bond |
self–nonself discrimination

Over the last couple of years mechanical force has become
known to be involved in all stages of T cell activation (1–3).
Already at first contact between a T cell and an antigen-
presenting cell (APC), when T cell protrusions like ruffles
and microvilli initiate T cell receptor (TCR) binding to peptide
major histocompatibility complexes (pMHCs) on the APC,
mechanical forces affect their interaction (4, 5). Strikingly,
these interactions are dynamic and physical in nature with
T cell protrusions constantly touching the APC surface,
pushing through its glycocalyx, and pulling back (6, 7).
Thereby they aim to bring TCRs into close proximity of and
to engage with the pMHCs on the APC.

Upon engagement of a single TCR–pMHC bond (8–10),
TCR phosphorylation occurs through recruitment of kinases
within a few seconds (8, 10). By increasing the lifetime of
the TCR–pMHC bond, the number of total TCR phospho-
rylation events is enhanced (11). The number of total TCR
phosphorylation events and thus the duration of the bond
lifetime is thought to determine whether to activate a T cell
or not (11, 12), both, in vitro (13, 14) and in vivo (9).

Initial T cell activation then leads to the formation of
TCR microcluster, of the central supramolecular activation
complex, and ultimately of the immunological synapse (IS)
within minutes, which marks full T cell activation (15). If
the recognized peptide antigen was nonself, then naive
T cells differentiate into T cell effectors over hours and
days (15, 16).

The process of TCR–pMHC recognition must be highly
specific (17, 18), since T cells are capable of identifying few
nonself pMHCs among a vast excess of self pMHCs (19–21).

The ability to discriminate between self and nonself is
commonly accepted to be largely amplified by kinetic proof-
reading (22, 23). Kinetic proofreading is at play at the single
TCR–pMHC bond during early T cell activation and at the IS
during full T cell activation (12).

Whereas biochemical events involved in TCR signaling are
increasingly well understood, the importance of mechanical
force for TCR–pMHC binding remains under discussion.
Al-Aghbar et al. recently concluded that mechanical force
may be involved in all stages, from early T cell activation
to T cell effector differentiation (24). Mechanical force can
contribute to the organization of the T cell membrane to-
pography (25) and T cell cytoskeletal nanostructure (26, 27),
which together with the mechanical properties of the T cell
govern antigen extraction from the APC (28).

The uncertainty about the importance of mechanical
force for antigen recognition might in part be due to the fact
that the mechanical forces acting on TCR–pMHC bonds are
diverse. For example, T cell microvilli during early T cell acti-
vation and invadosomes during full T cell activation generate
a combination of constant and fluctuating mechanical forces
in the pico-newton (pN) range. Furthermore, mechanical
forces can have different effects on bond lifetime: Slip bonds
break faster upon application of a mechanical force. In
contrast, catch bonds are stabilized by an applied moderate
mechanical force. For TCR–pMHC bonds, depending on the
TCR involved, both, slip and catch bond behaviors have been
reported (29).

Mechanical forces with constant amplitude over time
have been experimentally shown to affect the lifetime
of TCR–pMHC bonds (29). Consistently, the self–nonself
discrimination by the TCR has been found to be impaired
in the absence of mechanical force (30), highlighting their
importance in differentiating between self and nonself
pMHCs with consequences for autoimmune diseases and
antitumor responses (31).
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In an elegant study, Feng et al. uncovered recently
that mechanics drives self–nonself discrimination of the
��TCR (32) but not of the �TCR (33). TCR allostery, that is,
the transmission of signals to distal TCR sites via changes
in protein structure, could provide a molecular explanation
for the TCR–pMHC response to mechanical force (34–37).
TCR allostery warrants further investigation, though (38, 39),
as allosteric rearrangements are thought to act on the
microsecond time scale, where thermodynamic fluctuations
dominate (34), or might even dominate the catch-bond
curve (40).

However, although there are ample indications that T cell
APC biomechanics may be of importance for TCR signaling, a
direct influence of mechanical force on TCR–pMHC binding
remains to be shown (3, 41, 42). Recent efforts to quantify
small mechanical forces imposed on TCR via quantitative
Foerster fluorescence resonance energy transfer (FRET) did
not detect force (43). Possibly, in addition to technical limi-
tations of the applied methodology, this could be because
fluctuating and constant mechanical forces have not been
considered separately in the contexts of early and full T cell
activation. Furthermore, subsets of T cells have distinct
mechanical properties and are known to produce various
cell protrusions like dynamic microvilli and more static
invadosomes at different stages of T cell activation (5).

In the following, to address some of these open ques-
tions, we discuss a simple effective theoretical description
of TCR phosphorylation to provide a perspective on how
mechanical forces between a T cell and an APC influence
the lifetime of a single TCR–pMHC during early T cell acti-
vation. We show that the number of TCR phosphorylation
events for catch and slip bonds can depend dramatically
on the average magnitude and the frequency of an applied
mechanical force. We also discuss how the TCR rebinding to
APC as well as TCR rigidity influence this number.

Theory Indicates That Mechanical Force
Matters in Early T Cell Activation

To discuss the role of mechanical force in early T cell
activation, we consider an effective theoretical description
of a single TCR–pMHC bond during the initial interaction
between a T cell and an APC (Fig. 1A). We first explore the
dependence on an applied constant mechanical force of
TCR phosphorylation for a TCR–pMHC bond with catch bond
property. We then expand the discussion to fluctuating me-
chanical forces and present the dependence on mechanical
force frequency. We consider the possibility of TCR to pMHC-
complex rebinding and its effects on TCR phosphorylation in
presence of both constant and oscillatory mechanical forces
with catch and slip bond features. We ask then how TCR
rigidity influences the activation of T cells. Finally, we con-
sider the time course of the degree of TCR phosphorylation
in presence of dephosphorylation and a finite number of
phosphorylation sites. Note, we refer to mechanical force
simply as force in the following sections.

Many molecular aspects of how TCR phosphorylation
leads to early T cell activation are actively investigated
and require further research. Yet, the decision-making of
a T cell to either activate or not is known to depend on
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Fig. 1. Effects of mechanical force on early stages of T cell activation.
(A) Schematic of initial TCR–pMHC interaction between T cell and APC. (B)
Illustration of the force dependence of koff for a slip and a catch bond. (C–J)
Number of total TCR phosphorylation Np as a function of external average
force f0 in absence (C) and in presence of force fluctuations (D and H), force
frequency ! (E and I),and rebinding rate kreb (F, G, and J). Parameter values
(if not varied): fc = 25 pN, f! = 5 pN, ! = 0 s−1, a / kBT = 1 pN−1, and
koff,0 = kp = 1 s−1.

the overall total phosphorylation of a single TCR integrated
over time rather than TCR phosphorylation at a given point
in time (44). For this reason, we opt first for studying the
cumulative number of TCR phosphorylation events Np as
a proxy. In this context, we neglect TCR dephosphorylation
and consider the number of phosphorylation sites to be not
limiting phosphorylation. Furthermore, we only consider the
dynamics of the TCR–pMHC binding at the time after the
bond is first formed and do not account for the process
of bond formation. The latter would explicitly require to
account for cell-shape changes like microvilli formation that
bring the TCR in the vicinity of a pMHC. Later, we extend our
description as indicated above.
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The quality of the TCR–pMHC bond typically depends on
the TCR affinity to the pMHC, the value of which is given by
its bond lifetime �. In the simplest case, the bond lifetime �
is then given by the bare off rate koff,0 of the TCR from the
pMHC through � = k−1

off,0. As a consequence, Np = kp�, where
kp is the phosphorylation rate while the TCR–pMHC bond is
intact. This relation typically does not hold upon application
of a force f , for example, by the T cell as discussed above. We
now compute Np as a function of an applied force f , where
we assume for simplicity that this force is always directed
along the direction of the bond.

Number of Total TCR Phosphorylation Depends on Constant
Force. According to their definition, slip bonds are weakened
by an applied force, whereas catch bonds can be strength-
ened (Fig. 1B). The figure illustrates that, for a catch bond,
the dissociation rate in absence of a force koff,0 is typically
lower than the corresponding rate k′off,0 of a slip bond,
koff,0 ≤ k′off,0. On this basis, self-peptide antigens have been
suggested to form slip bonds, and nonself-peptide antigens
to form catch bonds (45). Thereby, application of a force
by the T cell on the TCR–pMHC bond could enhance self–
nonself discrimination.

We follow the common Bell and Evans approach to
characterize the force dependence of slip and catch bonds
(Fig. 1B) (46, 47), with koff(f ) = koff,0 exp

{
af / kBT

}
for a slip

bond, and koff(f ) = koff,0 exp
{
af

(
f / fc − 1

)
/ kBT

}
for a catch

bond. In these expressions, fc is a characteristic force, a
a molecular length scale, and kBT thermal energy. Being
molecular quantities, fc should be on the order of a few
pN and a a few nanometers (nm). The thermal energy
kBT = 4 pN·nm with Boltzmann constant kB is considered
at room temperature.

We can then compute Np for an external force f with
constant phosphorylation rate kp. Let P(t) be the probability
of the bond to be intact at time t. The number of phospho-
rylated TCR residues np(t) at time t evolves according to

ṅp = kpP, [1]

where np(t = 0) = 0. The number Np is then given by np as
t →∞. The time evolution of the probability P follows

Ṗ = −koffP [2]

with P(t = 0) = 1, reflecting our choice to consider only
the period after bond formation, and dissociation rate koff.
Using Eqs. 1 and 2, we obtain Np = kp / koff. For a slip
bond and in presence of a constant force f0, we have
Np = kp exp

(
−af0 / kBT

)
/ koff,0. An applied constant force

thus always leads to a decrease in Np.
In contrast, for a constant force f0 acting on a catch

bond, we obtain Np = kp exp
{
−af0

(
f0 / fc − 1

)
/ kBT

}
/ koff,0.

Depending on the values of fc and f0, an applied constant
force can thus increase or decrease Np. The increase of the
number of total TCR phosphorylation Np can be several
orders of magnitude for an applied external force f in
the range of a few pN and depending on the value of fc
(Fig. 1C). To this end, we used a / kBT = 1 pN−1 (13, 35),
koff,0 = 1s−1 (30, 48), kp = 1s−1 (30, 48). Note, for reasons of
simplicity the case for a slip bond in the presence of constant

force is not shown. Together, a constant force acting on a
single TCR–pMHC bond can enhance TCR phosphorylation
during early T cell activation.

One might wonder about the dependence of the re-
sults presented in Fig. 1C on parameter values. Note that
forces enter Eqs. 1 and 2 only through the rate koff. As a
consequence, Np remains unchanged when changing the
forces f0, fc kBT / a by a common factor  . This scaling
can be used to infer the value of Np for other parameter
values. Furthermore, Np is proportional to kp and inversely
proportional to koff,0.

Force Fluctuations Increase Differences between Number of
Total TCR Phosphorylations for Catch Bonds. We now expand
the discussion to fluctuating, that is, time-dependent forces.
Explicitly, we consider a constant force of value f0. The
amplitude of the variation is f� , such that f (t) = f0 + f��(t),
where �(t) is a random variable that is uniformly distributed
in [−0.5,0.5] and 〈�(t)�(t′)〉 = 0 for t 6= t′. The number of total
TCR phosphorylation Np peaks at f0 ≈ 10 to 15 pN and the
increases ofNp persists in the presence of force fluctuations
(Fig. 1D).

In addition, cells might themselves exert an oscillating
force. We thus consider now f (t) = f0 + f! cos(!t). Forces
applied to a TCR–pMHC bond formed at the encounter of a
T cell and an APC may be more complicated and contain
various different frequencies. We chose the given form,
because, a general time dependence can always be decom-
posed in terms of cosines and sines, and the dependence
of Np on ! is instructive. We will exemplify the case for the
cosine such that the force is maximal at time t = 0.

For a quantitative assessment of the number of total
TCR phosphorylation Np in the presence of an oscillating
force, we numerically solved Eqs. 1 and 2 with parameters
f! = 5 pN and fc = 25 pN (13, 35), as well as a / kBT =
1 pN−1 and koff,0 = kp = 1 s−1 as above. The values of
Np approach those for a constant force f0 + f! for small
force frequencies (Fig. 1E). Explicitly, we consider a spectrum
of force frequencies as T cells would likely experience
them in a realistic biological scenario, as well as individual
force frequencies because a spectrum of force frequencies
can mathematically be divided into a linear combination
of the individual frequencies, which ultimately determine
their effects on the single TCR–pMHC bond. Importantly,
for higher force frequencies, Np can increase several fold, if
f0 & 12.5 pN (Fig. 1E). Note, that a scaling relation similar to
the static case holds: Multiplication of f!, fc , f0, and kBT / a
by  leaves Np invariant.

From the graphs, we also deduce that force fluctuations
can compensate at least partially the reduction in Np for a
nonoptimal average applied force. In this context, optimal
means that it leads to the maximal extension of the catch
bond’s lifetime and thus largest value of Np. This reduction
is a consequence of the nonlinear dependence of koff on the
force f . It is weaker close to the optimal force that minimizes
koff for a catch bond. Thus, the fluctuations will drive the
force closer to the optimal value for longer times than away
from it. This effect vanishes, if f0 is such that fluctuations
drive the force mostly away from its optimal value. In this
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case, for f0 . 7.5 pN, Np decreases with increasing force
frequency ! (Fig. 1E).

For intermediate values of the average force f0 + f!, Np
exhibits a maximum at finite force frequency (Fig. 1E). This
nonmonotonic dependence of Np on the applied average
force results from a competition between the two effects
discussed in the previous paragraph. Note, that the force
is at its maximal value for t = 0. In case the applied force
starts at its minimal value, f (t) = f0 − f! cos(!t), only small
increases in Np are observed.

Let us highlight that fluctuations of forces acting on single
TCR–pMHCs are inevitable, as they are subject to molec-
ular noise. Together the analysis suggests that high force
frequency fluctuations compensate partially for applying a
nonoptimal force and the strongest effect is observed for
intermediate values of the average force.

Rebinding of TCR to pMHC Strongly Affects Number of Total
TCR Phosphorylations for Catch Bonds. Having highlighted the
role of constant and fluctuating force on the number of total
TCR phosphorylations, in this section, we examine effects of
rebinding of TCR to pMHC in the biological scenario when
the T cell and APC remain juxtaposed after the unique TCR–
pMHC bond is broken. From the physics perspective, this
could occur if receptor ligand diffusion is slow compared
reaction kinetics or if integrins such as CD2 or ICAM-I on the
two cells engage in addition to the initial TCR–pMHC bond.

In light of this, we now consider a state from which
the TCR–pMHC bond can reform in addition to the bound
and unbound states. In this new state, no phosphorylation
occurs. If P(t) denotes again the probability that the TCR–
pMHC bond is formed at time t, and P1(t) the probability
that the system is in the state from which the bond can
reform, then the dynamic equations are

Ṗ = −koffP + krebP1 [3]
Ṗ1 = koffP − (kreb + ku)P1 [4]
ṅp = kpP, [5]

with kreb is the rate of reforming the bond and ku the
rate of complete unbinding. Initially, we have P(t = 0) = 1,
P1(t = 0) = 0, and np(t = 0) = 0. Also, kreb is considered
to be independent of the applied force. In contrast, ku =
koff,0 exp(f ), that is, we assume the juxtaposition of T cell
and APC surface to behave like a slip bond. In case ku is
independent of the applied force or even behaved as a catch
bond, the results below underestimate the number of total
TCR phosphorylation Np.

We again consider first the case of a constant applied
force f = f0 (Fig. 1F ). Np can then be obtained analytically.
For all constant forces, its value strongly increases monoton-
ically with the rebinding rate kreb. The value of Np is larger
than the corresponding value in absence of rebinding as
rebinding can ’rescue’ an initial unbinding event. Note that
the dependence of Np on f0 is nonmonotonic for a fixed
value of kreb.

Similarly, in the case of an oscillating force with f (t) =
f0 + f! cos(!t), Np is monotonically increasing with the
rebinding rate kreb for a range of force frequencies f!
(Fig. 1G). Consistent with the constant force, Np decreases
monotonically with ! for a given value kreb. Together, this

highlights that rebinding of TCR to pMHC can strongly affect
number of total TCR phosphorylations for catch bonds
during early T cell activation.

Effects of Force on Slip Bonds. For a slip bond, the number of
total TCR phosphorylations Np decreases compared to the
force-free situation in the presence of a constant force f = f0
as discussed above. This is also the case when applying a
stochastic force f (t) = f0+f��(t) with � as above (Fig. 1H) or an
oscillating force f = f0 + f! cos (!t) (Fig. 1I). Np increases with
a sigmoidal dependence as a function of force frequency
!. For low frequencies, Np tends toward the value for a
constant force f0 + f!. For ! → ∞, in contrast, Np tends
toward the value of a constant force f = f0.

Interestingly, Np still decreases with f0 in the case of a
constant external force f = f0 for a given rebinding rate kreb
(Fig. 1J). But Np strongly increases monotonically without
an upper bound as a function of kreb, suggesting that
the increasingly rapid rebinding ’protects’ the bond from
breaking and thus stabilizes it for increasingly longer periods
as the value of kreb is increased. Together, this analysis
highlights that rebinding of TCR to pMHC can strongly affect
the number of total TCR phosphorylations for slip bonds
during early T cell activation.

Effects of TCR Rigidity on Total Number of TCR Phosphoryla-
tions. Above, we considered forces directly acting on the
TCR–pMHC bond. From the molecular mechanics perspec-
tive, the force exerted by the T cell is transmitted to the bond
through the TCR, and the mechanical properties of the TCR,
i.e. its rigidity, affect this transmission.

To account for TCR rigidity in the analysis based on
Eqs. 1 and 2, we capture TCR deformation in terms of an
extension of the molecule along the direction determined by
the applied force. Let xTCR denote the position of the point at
which the TCR is anchored to the T cell surface and xbond the
position of the bond along this direction. We assume that, in
the situations of interest, the mechanical properties of both,
the TCR and the pMHC, can be captured by linear springs.
The corresponding spring constants are kTCR and kMHC.
The positions xbond and xTCR are measured relative to their
positions at which the two springs are stress-free. Finally, the
rest length of the TCR is given by Δ and dissipation during
length changes of the respective molecules is captured by
the constants �TCR and �MHC, which have units of a friction
coefficient (pN/(nm/s)).

Due to the negligible mass of the TCR and the pMHC,
the dynamics of the bond is overdamped and the dynamic
equations read

�TCRẋTCR = f0 + f! cos(!t) + kTCR(xTCR − xbond − Δ) [6]
�MHCẋbond = −kMHCxbond − kTCR(xTCR − xbond − Δ). [7]

The lifetime of the bond is affected by the mechanical stress
it is exposed to. This stress, which has the units of a force
and is denoted by f , is given by f = |kMHCxbond + kTCR(xTCR−
xbond−Δ)|. The dependence on f of the unbinding rate koff is
as above. The dynamics remains unchanged if all forces, the
friction coefficients �TCR and �MHC, and the spring constants
kTCR and kMHC are multiplied by the same factor.
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B Number of phosphorylation Np as a function of TCR rigidities 
kTCR for different applied forces f0

kp = 1 s-1a/kBT = 1 pN-1, koff,0 = 1 s-1,fc = 25 pN,fω = 5 pN,

A Force amplitude f as a function of time t for different
TCR rigidities kTCR 
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Fig. 2. Effects of TCR rigidity on early T cell activation. (A) Force amplitude as
a function of time for kTCR = 0.5 pN/nm (blue) and kTCR = 50 pN/nm (red) and
kMHC = 5 pN/nm, Δ = 1 nm, �TCR = �TCR = 5 pN/(nm/s), f0 = 5 pN, f! = 5 pN,
and ! = 1 s−1. (B) Number Np of total phosphorylation events as a function
of TCR rigidity for different applied forces f0. Parameter values (if not varied)
as in (A) and fc = 25 pN, a / kBT = 1 pN−1, and koff,0 = kp = 1 s−1.

Solving the dynamic equations numerically, we find that
the force amplitude depends on TCR rigidity (Fig. 2A). For
these computations, we assume that the TCR–pMHC bond
is stress-free at the time of formation, t = 0, and used spring
constants of kTCR = 0.5 pN/nm and 50 pN/nm. Although,
as expected, in both cases the same average stress is
eventually reached, for the softer spring, the duration of the
transient regime is about 5 times longer and the oscillation
amplitude about 5 times smaller than for the stiffer spring.
This result shows that a soft TCR can “buffer” part of the
force applied by the T cell for several seconds.

The number of total TCR phosphorylations Np also de-
pends on the TCR rigidity for different values of the constant
force f0 (Fig. 2B). For f0 ≈ 5 pN, the effect of varying the
spring constant can be dramatic, leading to an increase ofNp
by two orders of magnitude. The size of the effect depends
sensitively on the value of fc . Together, these results suggest
that TCR rigidity is an important determinant of how the
TCR–pMHC bond responds to force.

Time Course of Phosphorylated TCRs. Having considered the
cumulative number of TCR phosphorylation events Np as
a proxy for T cell decision-making, we now study the
underlying time course of the number np of phosphorylated
TCR residues in the presence of force. The time course
consideration provides a quantitative understanding of how
force influences the T cell’s decision-making over a period
within its activation time scale of 60 s. This is the window in
which the earliest activation marker calcium is released into
the T cell’s cytosol (49). For this part, we also consider TCR
dephosphorylation at rate kdp and a finite number of TCR
phosphorylation residues np,max. We include these effects
by modifying Eq. 1 to read

ṅp = kp(np,max − np)P − kdpnp. [8]

For a quantitative assessment of np in the presence of
oscillating force, we solved Eq. 8 with parameters kdp =
1/s (50) and np,max = 20 (50). We find that for an average
force f0 = 12.5 pN, fc = 25 pN and independently of the force
frequency !, the number of phosphorylated sites is close to
its steady state value forP = 1,np,0 = kpnp,max / (kp+kdp), dur-
ing more than 60 s (Fig. 3A). This is different for f0 = 2.5 pN,
for which the time with np ' np,0 increases with decreasing
force frequency ! (Fig. 3B). For these parameters, the TCR–
pMHC bond acts as a low-pass filter for oscillating forces. In

contrast, for fc = 15 pN there is no plateau and np decreases
with decreasing force frequency, making the TCR–pMHC
bond act as a high pass filter (Fig. 3C).

Similarly, the time course can depend dramatically on
TCR rigidity (Fig. 3 D–F ). The duration of the plateau phases
can be reduced by an order of magnitude (Fig. 3D) or
an extended plateau phase can be generated (Fig. 3F ).
Alternatively, the height of the plateau phase can be affected
(Fig. 3E). The results show that, in general, the dependence
of early T cell activation on force is complicated. Together,
they further support that TCR rigidity is an important
determinant of how the TCR–pMHC bond responds to force.

Implications of Mechanical Force for T Cell
Activation

Most efforts to explain self–nonself discrimination in T cell
activation have focused on biological signaling mechanisms.
Undoubtedly, however, TCR–pMHC bonds are exposed to
fluctuating force. Our theoretical analysis suggests that
the number of total TCR phosphorylation and thus early
T cell activation critically depends on the force applied to
a TCR–pMHC. According to our analysis, a minimal force
amplitude of 7.5 pN and a spectrum of force frequencies
from 0.1 to 10 Hz would be ideal to exploit these mechanical
properties of TCR–pMHC bonds by a T cell (Fig. 1 C–F ) and
(Fig. 3 A–C). Consistent with our findings in the presence
of fluctuating forces, molecular dynamics simulations (51)
and biomembrane force probes (52) suggest that the force
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Fig. 3. Time dependence of the number of phosphorylated TCR residues
when forces act directly on the TCR–pMHC bond (A–C) and for finite TCR
rigidities. Parameter values are f! = 5 pN, a / kBT = 1 pN−1, koff,0 = kp =
kdp = 1 s−1, and np,max = 20 as well as f0 = 12.5 pN and fc = 25 pN (A and D),
f0 = 2.5 pN and fc = 25 pN (B and E), and f0 = 7.5 pN and fc = 15 pN (C and F ).
In (D–F ), additionally, kMHC = 5 pN/nm, Δ = 1 nm, �TCR = �TCR = 5 pN/(nm/s).
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leading to the maximal lifetime of a TCR–pMHC bond is
around 10 to 15 pN. In our computations, this value depends
on parameter values, notably, the molecular length scale a,
which defines an interaction volume between the TCR and
pMHC. Although Np remains unchanged when changing the
forces f0, fc kBT / a by a factor  , decreasing the interaction
volume by  results in proportional changes in the respective
forces. As a consequence, this could mean that the TCR–
pMHC bears larger characteristic forces for smaller volumes
and smaller forces for larger volumes.

Forces with these characteristics could be produced by
microvilli (5). Microvilli are dynamic with characteristic time
scales on the right order of magnitude. For this reason,
we encourage experimental investigation of the role of
microvilli in self–nonself discrimination in T cell activation.

To date, as detailed above, experiments disagree on
whether force is relevant in T cell activation (2, 3, 29, 31, 32,
43, 53). We discuss in the following how our findings could
provide a consistent frame for interpreting the multitude of
experimental results. We then indicate which experiments
would be particularly helpful to elucidate the role of force
in early T cell activation and, finally, speculate about the
role played by force in self–nonself discrimination. Before
delving on these points, let us discuss potential limitations
of our analysis.

Potential Limitations of the Theoretical Analysis. In the simple
theoretical analysis, we opted for neglecting molecular
details and instead employed an effective description. This
aids to focus on generic properties of the TCR–pMHC bond
that are independent of structural and signaling pathway
complexities. Hence, direct comparison of our results to
specific experimental data should be made with caution.
Eventually, one would like to relate structural properties of
the TCR and TCR–pMHC bonds quantitatively to the effects
of force on bond lifetime. This requires a more detailed
approach as can be provided by molecular dynamics simu-
lations. Nevertheless, our effective description should yield
correct orders of magnitude for bond lifetimes and can
serve as a conceptual guide for more detailed computations
and future experiments.

We initially investigated the cumulative number of TCR
phosphorylation events as a quantitative readout of bond
lifetime. Assuming that the number of TCR phosphorylation
sites is not limiting, we did not need to account for dephos-
phorylation events. Later on, to understand the effects of
force on the time scale of early T cell activation, we con-
sidered a finite number phosphorylated TCR residues and
their dephosphorylation. Although many molecular details
remain to be understood, the relationship between bond
lifetime and early T cell activation is almost certainly more
complicated. Yet, in addition to allowing for a transparent
discussion of the effects of force on TCR–pMHC bonds, we
expect our description to capture qualitatively the effect of
force on early T cell activation.

Also, we did not account for the dynamics and mechanics
of the T cell and APC environments on bond lifetime, for
example, the dynamics of the T cell plasma membrane and
cytoskeleton that directly couple to the TCR and the pMHCs
on the APC. First studies suggest that they do play a role (26),

but additional investigations are needed in this context.
Further, we did not consider the role of coreceptors. For
example, TCR–pMHC–CD4 bond lifetimes have been shown
to be prolonged by force (27). Such studies might indicate
experiments that would allow to further probe the role of
force in early T cell activation.

As a final point, let us stress that spatial aspects of the
dynamics leading to early T cell activation merit a detailed
investigation. Even though, we do not expect a full spa-
tiotemporal analysis to qualitatively affect our conclusions,
for example, important quantitative differences likely exist
between passive transport by diffusion and active transport
driven by molecular motors of kinases to the TCR. Also,
it might be interesting to investigate the dependence of
IS position in later stages of T cell activation on kinase
transport (54) for a theoretical study of localization in Ca2+-
signaling.

A Common Theoretical and Experimental Framework for Early
T Cell Activation. To a large extent, experiments on the role
of force in TCR–pMHC binding are so far not quantitatively
comparable among each other, chiefly owing to differ-
ences in measurement techniques and their sensitivity.
For instance, the single TCR–pMHC binding quantifications
stem mostly from optical tweezers in the context of early
T cell activation (2, 32), whereas for TCR–pMHC binding
at the IS, FRET force sensors were employed in presence
of fluid supported lipid bilayers (43). For these reasons,
differences in the outcomes of the experiments must be
interpreted with care. They might be resolved with improved
experimental techniques. Yet, such differences might also
turn out to be real. Our analysis suggests a number of
possible reasons.

First, the applied force amplitude matters. Depending on
its value, total TCR phosphorylation might be enhanced or
reduced for catch bonds. Our computations suggest that
differences of even a few pN in the applied force amplitude
could make a large difference (Fig. 1C). An increase by
1 pN could augment or decrease TCR phosphorylation by
an order of magnitude.

Second, the force frequency of a fluctuating applied force
also affects TCR phosphorylation, albeit less dramatically.
Maximal changes are about a factor of 5 and can either in-
crease or decrease TCR phosphorylation, depending on the
average applied force (Fig. 1D). Compared to its dependence
on the force amplitude, TCR phosphorylation’s dependence
on the force frequency is thus much less sensitive. Further-
more, force frequencies exist above and below at which
TCR phosphorylation is essentially independent of the force
frequency (Fig. 1D). This behavior holds true for slip bonds
(Fig. 1H).

Third, when analyzing T cell activation in the presence
of force, it is also essential to consider the TCR subtype.
Indeed, ��TCR exhibit catch bond behavior (32), whereas
�TCR have been found to behave like slip bonds (33). At the
outset, 90 percent of all T cells are known to be ��TCR (55).
The molecular structural and signaling pathway differences
through which ��TCR and �TCR signal remain under active
investigation. The presented analysis above suggests that a
constant force acting on a catch bond could enhance TCR
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phosphorylation multiple orders of magnitude. Similarly,
dynamic forces acting on single catch bonds could enhance
TCR phosphorylation up to five-fold. This is consistent with
single molecule TCR–pMHC experiments on ��TCR (29).

Finally, the rigidity of the TCR has also a strong effect
on the lifetime of the TCR–pMHC bond and thus on TCR
phosphorylation (Figs. 2B and 3 D and E) (56). Experimental
evidence for these findings will rely on direct measurements
of TCR rigidity which is technically challenging but single-
molecule experiments (40, 57) and molecular simulations
indicate that it seemingly depends on the effective length
extension of the TCR complex and its conformational
changes (58, 59). Consistent with the time scale of calcium
release in activating T cells (49), the phosphorylated TCR
residues act as low pass or high pass filter for the influencing
force frequencies (Fig. 3 A–C).

In summary, the presented effective theoretical analysis
suggests that self–nonself discrimination in early T cell
activation depends sensitively on a number of mechanical
parameters. The findings are consistent with measurements
in which force on the TCR induces signaling events de-
pending on its magnitude, duration, frequency, and timing,
such that agonists form catch bonds that trigger the T
cells, whereas antagonists form slip bonds that fail to
activate (52). Comparison between outcomes of different
experiments can only be meaningful if these parameters
are accounted for.

Future Experiments of Early T Cell Activation. A remedy for
improving measurements and quantitative comparison of
force in TCR–pMHC binding across both early and full T
cell activation could be offered by combining molecular
FRET-based sensors (43) and superresolution traction force
microscopy (TFM) (60, 61). Astigmatic TFM provides the
biologically demanded spatiotemporal sensitivity adequate
for TCR–pMHC binding including acquisition speed and
spatiotemporal mapping of the direction and magnitude
of the generated force vector with pN-sensitivity. Comple-
mentary, the FRET sensors can probe force magnitudes of
the TCR–pMHC molecules. This combined usage of TFM
and FRET sensors would provide two independent mea-
surements of the forces in a single experiment acting on
single TCR–pMHCs, for example, through T cells presenting
ruffles and microvilli during early T cell activation (5) or
invadosomes across the whole contact interface of the
IS during full T cell activation (62–64). The experiments
could be further expanded to include measurements of
the T cell and APC membrane mechanics, e.g., with tension
probes (65).

Let us note that engineered changes of TCR rigidity can
yield valuable insights into the role of mechanics for early
T cell activation. Such efforts to engineer the TCR may con-
sider that both stiffer TCR bulk domains and softer flexible
domains contribute to TCR rigidity. To this end, the ��TCR
and �TCR rigidities would be expected to differ because
their number of softer flexible do mains is different. As
highlighted above, although single-molecule assays (40, 57)
and molecular simulations suggest that TCR rigidity depends
on TCR length extension and conformational changes upon
binding (58, 59), electron microscopy structures suggest a

lack of conformational changes in the extracellular regions
of some ��TCRs upon pMHC-II binding (38, 39). Confor-
mational changes involved in TCR–pMHC binding could be
captured in our approach by considering that TCR rigidity
dynamically evolves under an applied force. In this way,
TCR rigidity changes contribute to the force balance of
the TCR–pMHC binding interaction, which in turn rescales
the characteristic force amplitude typically at 10 pN with
changing smaller or larger interaction volumes as discussed
above. Consequently, a very soft TCR could effectively
mechanically isolate the TCR–pMHC form the T cell and
thus provide a qualitative insight into how T cell activation
depends on mechanics.

Importance of TCR Force Sensitivity in Early T Cell Activation.
The high sensitivity of TCR phosphorylation on the applied
force might appear as a flaw in the evolutionary design
of TCR–pMHC bonds. Nevertheless, in the context of self–
nonself discrimination, this “bug” might really be an advan-
tageous feature. The mechanical parameters characterizing
a TCR–pMHC bond depend on the TCR-peptide antigen
pair. As the theoretical analysis suggests, slight differences
in these parameters, notably the value of characteristic
force fc , can have a strong effect on TCR phosphorylation.
Whether mechanical properties of TCR–pMHC bonds indeed
play a role in the discrimination between self and nonself
requires experimental investigations. We now discuss this
possible role from a theoretical point of view.

Self–Nonself Discrimination in Early T Cell Activation. Adopting
the currently accepted view that phosphorylation of the TCR
is directly linked to early T cell activation, force has multiple
effects on this process. In the theoretical analysis, the
parameters characterizing the TCR–pMHC and depending
on the peptide antigen are a / kBT and fc . In the context
of self–nonself discrimination and for a catch bond like
��TCR–pMHC, the putative dependence of fc on the peptide
seems particularly relevant. Indeed, for a fixed applied
constant force, the value of fc decides about whether TCR
phosphorylation will increase or decrease compared to the
force-free case. Assuming that a self-peptide leads to a
value of fc that is 2.5 pN larger than for a nonself-peptide,
TCR phosphorylation can differ by an order of magnitude
between the two peptides. In this way, an applied force
can significantly contribute to self–nonself discrimination.
Let us speculate on features of TCR base level phosphoryla-
tion. An intriguing consequence arises from the effective
description suggesting that if a large number of TCRs
were simultaneously bound to self, a single TCR bond to
non-self might not be detectable. Consequently, TCR self-
nonself discrimination would potentially transiently break
down.

The presented analysis revealed that mechanical im-
provement of self–nonself discrimination is very sensitive to
actual values (Fig. 1C), because small differences in fc , but
also in f0 strongly affect the absolute values of TCR phos-
phorylation. While this might be perceived as a problem
for using force to enhance self–nonself discrimination, we
would argue that evolution could optimize the force exerted
by T cells on APCs such that self-peptides do not lead to
T cell activation. It will be interesting to investigate whether
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a combination of kinetic proofreading and force can robustly
sharpen the discrimination between self and nonself.

Self–Nonself Discrimination at the IS. In contrast to ��TCR,
for �TCR, which exhibit slip bond behavior, the magnitude
of the average applied force does not aid the discrimination
between self and nonself antigens. Nevertheless, oscillatory
force can minimally enhance the number of total TCR
phosphorylation in the absence of rebinding and vastly in
the presence of rebinding. This might be irrelevant during
early T cell activation, but makes a significant contribution
at the IS.

Let us highlight in this context again that a single TCR–
pMHC bond has experimentally indeed been demonstrated
to be detected by CD8+ and CD4+ T cells (19, 20). But at
least 10 pMHCs have been shown to be required to induce
IS formation in T cells (20, 66). Importantly, it is therefore
still not fully established whether a single TCR–pMHC bond
activates T cells as the self-peptide also directly interacts
with the TCR for positive selection (67).

Indeed, self–nonself discrimination at the IS differs from
early T cell activation (67, 68), because at the IS, the
T cell interprets multiple TCRs organized in clusters and
interacting with pMHCs instead of individual TCR–pMHCs.
The role of TCR avidity, the effective kon, for TCRs within TCR
clusters must therefore be carefully considered for the dif-
ferent force parameters in theoretical descriptions in future
discussions. After all, TCR rebinding led to improvements in
TCR phosphorylation only at large kreb during early T cell

activation (Fig. 1H). Experimentally, TCR avidity is known to
be important at the IS (55, 69).

Biochemistry, Biomechanics, and Mechanobiology. Although
the majority of efforts to adequately explain T cell activation
have previously prioritized biochemistry, many of its pro-
cesses profoundly depend on mechanics. Force acts across
a variety of length scales, from the human organism down
to tissues, single cells, and molecules such as the TCR. This
theoretical discussion highlights the force’s influence on a
single TCR–pMHC during early T cell activation. Emerging
evidence indicates indeed that the mechanics of the TCR,
the pMHC, the T cell surface, and APC surface all together
dynamically contribute to TCR mechanics. Now, this discus-
sion may be suggestive that the question may no longer be
whether TCRs depend on force. Rather, we can proceed to
investigate T cell mechanobiology (70), that is, to determine
how mechanical force affects TCR function and behavior,
and decision-making of T cells.

Data, Materials, and Software Availability. There are no data
underlying this work.
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