Mechanical feedback enables catch bonds
to selectively stabilize scanning microvilli
at T-cell surfaces
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ABSTRACT T-cells use microvilli to search the surfaces of antigen-presenting cells for anti-
genic ligands. The active motion of scanning microvilli provides a force-generating mecha-
nism that is intriguing in light of single-molecule experiments showing that applied forces
increase the lifetimes of stimulatory receptor-ligand bonds (catch-bond behavior). In this
work, we introduce a theoretical framework to explore the motion of a microvillar tip above
an antigen-presenting surface when receptors on the tip stochastically bind to ligands on the
surface and dissociate from them in a force-dependent manner. Forces on receptor-ligand
bonds impact the motion of the microvillus, leading to feedback between binding and micro-
villar motion. We use computer simulations to show that the average microvillar velocity
varies in a ligand-dependent manner; that catch bonds generate responses in which some
microvilli almost completely stop, while others move with a broad distribution of velocities;
and that the frequency of stopping depends on the concentration of stimulatory ligands.
Typically, a small number of catch bonds initially immobilize the microvillus, after which
additional bonds accumulate and increase the cumulative receptor-engagement time. Our
results demonstrate that catch bonds can selectively slow and stabilize scanning microvilli,
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suggesting a physical mechanism that may contribute to antigen discrimination by T-cells.

INTRODUCTION

T-cells directly engage antigen-presenting cells (APCs) to search for
surface-displayed antigens. They use the T-cell receptor (TCR) com-
plex to discriminate between self and foreign ligands in the form of
peptides presented by major histocompatibility complex (pMHC)
molecules on the APCs. T-cells are able to recognize small numbers
of antigens among a vast number of self-pMHCs (Sykulev et al.,
1996; Huang et al., 2013; Pageon et al., 2016) while being sensitive
enough to distinguish between peptides with a single amino acid
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difference (Hogquist et al., 1994; Robbins et al., 2008). However, a
comprehensive understanding of the mechanisms governing anti-
gen recognition remains elusive, and growing evidence points to the
importance of mechanical forces at the T-cel-APC interface (Depoil
and Dustin, 2014; Hivroz and Saitakis, 2016; Upadhyaya, 2017).

Recent experiments have revealed two intriguing physical
mechanisms related to antigen recognition: 1) T-cells use microvillar
protrusions to actively search APCs, suggesting a mechanism to
scan large portions of the APC surface (Cai et al., 2017). 2) The aver-
age lifetime of a bond between a TCR and an antigenic pMHC is
maximized when there is an applied force on the TCR-pMHC com-
plex (Liu et al., 2014; Das et al., 2015). Taken together, these results
suggest feedback between microvillar motion and TCR-pMHC
binding: Forces imparted by microvillar motion influence TCR-
pMHC lifetimes, while tensions on individual TCR-pMHC com-
plexes impact microvillar motion. To our knowledge, this feedback
and its consequences have not been explored before.

Microvilli are fingerlike membrane protrusions that have been
observed on T-cells in a variety of studies (Sage et al., 2012; Hivroz
and Saitakis, 2016; Jung et al., 2016; Cai et al., 2017; Kim et al., 2018;
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FIGURE 1: Schematic of a T-cell microvillus scanning across the surface of an APC. TCR-pMHC

bonds stochastically form and dissociate as the microvillus moves across the APC surface. The
velocity, Vv, depends on the force exerted on the microvillar tip by TCR-pMHC complexes.
(A) Side view of the system with the T-cell microvillar tip residing above the APC surface.

(B) Top-down view. The microvillus moves in the x direction. A mixed population of pMHCs is
shown; some form catch bonds upon binding TCRs, while others form slip bonds.

Razvag et al., 2018). They also contain large numbers of highly
localized TCRs (Jung et al., 2016; Kim et al., 2018), and a recent
study using lattice light-sheet microscopy revealed that T-cells use
microvilli to actively scan the surfaces of APCs (Cai et al., 2017).
Interestingly, this study showed that cognate pMHC on the APC
resulted in some microvilli becoming “stabilized,” with long-lived
contact at localized regions on the APC surface. This stabilization
occurred even when early intracellular signaling through the TCR
was disrupted, suggesting that a physical mechanism might be
responsible. Taken together, these studies suggest that microvilli
play a role in antigen discrimination during early stages of T-cell
activation.

Physical contact between the T-cell and APC leads to mechanical
forces at the cell-cell interface. TCR-pMHC complexes experience
forces that arise from a variety of sources, including cell motion,
membrane undulations, active cytoskeletal processes, and the mi-
crovillar motion described earlier (Hivroz and Saitakis, 2016; Pullen
and Abel, 2017). A number of recent experimental studies have
characterized the force dependence of TCR-pMHC dissociation ki-
netics (Huang et al., 2010; Depoil and Dustin, 2014; Liu et al., 2014;
Das et al., 2015; Hong et al., 2015, 2018; Feng et al., 2017; Sibener
et al., 2018). When bound to stimulatory pMHC, the TCR exhibits
catch-bond behavior, in which the average lifetime is maximized
when a force ~10-20 pN is applied to the protein complex. In
contrast, a TCR bound to a nonstimulatory pMHC exhibits slip-
bond behavior, in which the lifetime strictly decreases with increas-
ing force. The ligand and force dependence of the dissociation
kinetics has been proposed as a potential mechanism to enhance
discrimination between self- and foreign pMHC (Liu et al., 2014;
Feng et al., 2018).

In this paper, we investigate the mechanical coupling between
microvillar motion and TCR-pMHC binding. We are interested in
whether the interplay between the two provides a physical mecha-
nism that could impact antigen recognition. To this end, we intro-
duce a physically motivated theoretical framework describing the
motion of a microvillus near an antigen-presenting surface. The
framework captures key biophysical features while being simple
enough to analyze in detail. When possible, we use experimentally
derived parameters, including those for force-dependent TCR-
pMHC dissociation kinetics. In the Results, we first characterize the
motion of scanning microvilli in the presence of surfaces containing
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METHODS

We consider a theoretical framework in
which an isolated microvillus scans across
an antigen-presenting surface. The velocity
of the microvillus depends on the forces ex-
erted on the microvillus by TCR-pMHC
complexes (“bonds”). The number of
bonds, bond lifetimes, and microvillar velocity are dependent on
the interplay between stochastic binding and dissociation events,
diffusive processes, and forces that result from the stretching and
compression of bonds by the moving microvillus. We use a stochas-
tic reaction—diffusion framework that accounts for the microvillar
motion and the forces on TCR-pMHC bonds.

Computational framework

Figure 1 provides a schematic depiction of the model. We repre-
sent a patch of the antigen-presenting surface as a rectangular do-
main in which pMHC molecules diffuse (Capps et al., 2004). The tip
of the T-cell microvillus is represented by a circular surface with a
diameter of 100 nm (Majstoravich et al., 2004; Fisher et al., 2008;
Jung et al., 2016; Razvag et al., 2018). We assume that it resides at
a fixed distance above the antigen-presenting surface, which we
take to be the length of a TCR-pMHC complex (zpond). TCRs diffuse
about the microvillar tip and bind to pMHC molecules on the anti-
gen-presenting surface. TCRs and pMHCs are represented by par-
ticles with a 5-nm radius (Birnbaum et al., 2014), and particles on
the same surface cannot overlap due to excluded volume. Al-
though adhesion molecules such as LFA-1 play a role in T-cell acti-
vation (Springer, 1990), it has been shown that LFA-1 and its bind-
ing partner ICAM-1 are excluded from the region between the tip
of a microvillus and the antigen-presenting surface (Cai et al.,
2017). Therefore, we do not include these molecules in our model,
which focuses just on the tip of the microvillus and not on other
parts of the T-cell surface.

When TCR-pMHC bonds are stretched relative to their natural
length, they impose a force on the microvillus. We describe the
force with a linear spring model, f= kiong (L = Zhond), Where kpong is
the spring constant, L is the distance between the two bound par-
ticles, and the force is directed along the bond. Experiments have
shown that the intracellular domain of an MHC molecule impacts its
motion, likely by interactions with the cortical actin cytoskeleton,
and that shortening the intracellular domain leads to faster diffusion
(Edidin et al., 1991; Kwik et al., 2003; Capps et al., 2004). After a
PMHC binds to a TCR, we assume that interactions with the cyto-
skeleton interfere with its motion. In our model, this interference
completely arrests the motion of the MHC molecule, and as a con-
sequence, the TCR-pMHC complex can sustain dynamically chang-
ing forces.
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The microvillar tip moves across the antigen-presenting sur-
face in the x direction. In the absence of an external force, the
microvillus moves at velocity Vq. However, forces arising from
TCR-pMHC bonds impact the microvillar velocity, which we as-
sume depends linearly on the component of the net force in the x
direction, f,(1):

(1

VMV(t)=VO[M]

fM Vv

Here, fyy is a characteristic force, and the time dependence of f,
is a consequence of the formation, stretching, and breaking of
bonds. We assume that active processes driving the microvillus
keep it in close apposition to the APC surface, and thus we neglect
motion in the z direction. Additionally, we ignore velocity fluctua-
tions in the y direction, as these would average to zero and can be
thought of as changing the frame of motion of the microvillus. Physi-
cally, for an individual TCR-pMHC bond, when the pMHC is “in front
of” the TCR (xomrc > x1cr), it effectively pulls the microvillus forward
and increases the velocity. When the pMHC is “behind” the TCR, it
decreases the velocity. The linear dependence of the velocity on
force is consistent with the terminal velocity of an object experienc-
ing a viscous drag. We discuss this choice and the results of a differ-
ent functional form for Viyy later in the paper.

We use a discrete-time, continuous-space stochastic algorithm
to describe the dynamics of the system. During each time step, the
algorithm accounts for diffusive hops of particles, binding events,
and dissociation of bonds. At the end of each time step, the posi-
tion of the microvillus is updated in accordance with its velocity,
which impacts the state of the system by changing the lengths of
TCR-pMHC bonds and the positions of TCRs relative to the antigen-
presenting surface. Details of the algorithm are presented in the
Supplemental Material.

Parameters used in the model are summarized in Table 1. The
system size is 200 nm x 5 pm, which is sufficiently long for the micro-
villar tip to remain within the domain. The total pPMHC concentration
is fixed at 100 pMHC/um? (Grakoui et al., 1999; Casal et al., 2005;
O’Donoghue et al., 2013), and the microvillar tip contains 23 TCRs
(Jung et al., 2016). Results presented in this paper use the diffusion
coefficients in Table 1. Additional results with varied diffusion coef-
ficients are shown in the Supplemental Material. The state of the
system is recorded every 2.5 x 10*s. The computer simulation code
is available in the Open Science Framework repository at osf.io/

bgdfj.

TCR-pMHC binding kinetics

In the model, TCR-pMHC dissociation kinetics are described by the
Bell model for slip bonds (nonstimulatory pMHCs) and by the two-
pathway model for catch bonds (stimulatory pMHCs). The off-rate in
the Bell model is characterized by (Bell, 1978)

ket (f)=ko e'’® @

where kg is the off-rate at zero applied force, fis the force on the
receptor-ligand complex, and fj is the reference force. The off-rate
in the two-pathway model is characterized by (Pereverzev et al.,
2005)

kg?ftch (f) — kce’f/fc +/<Se”f5 (3)

where ¢ and s denote catch- and slip-phase parameters,
respectively.

We parameterized experimental bond-lifetime data from two
previous studies. Liu and colleagues used a biomembrane force
probe to characterize the interactions of the OT1 TCR with a panel
of pMHCs that ranged from a nonstimulatory peptide (E1) to a
strongly stimulatory peptide (OVA) (Liu et al., 2014). Feng and
coworkers used optical tweezers to investigate interactions of the
N15 TCR with the stimulatory vesicular stomatitis virus octapep-
tide (VSV8) presented by the MHC class | molecule H-2K® (Feng
et al., 2017). Figure 2 shows the average bond lifetime as a
function of tensile force for the cases we consider in this paper.
We also consider a hypothetical slip bond (“strong slip”) with
the same maximum lifetime as a VSV8 catch bond and the same
reference force as the E1 slip bond. The strong slip bond is used
as a control to determine whether a slip bond with a large zero-
force lifetime behaves similarly to the catch-bond cases. For
convenience, we refer to the two catch bonds and the strong-
slip bond as “stimulatory.” Parameters for the different cases are
tabulated in Supplemental Table S1.

To characterize binding rates, we use data from Huang et al.
(2010), who reported effective two-dimensional on-rates for the
OT1 TCR binding to OVA and to E1 pMHC (Table 1). We use the
on-rate reported for OVA to describe the binding of all stimulatory
pMHC in this study (OVA, VSV8, and “strong slip”).

RESULTS

In this section, we characterize the collective effects of catch and slip
bonds on the motion of microvilli. The total pPMHC concentration
is fixed at 100 um=2 throughout. For reference, we consider an

Variable Definition Value Units Source

Demrc Diffusion coefficient, pMHC 3% 1073 (varied)  [um?/s] Wofsy et al., 2001; Capps et al., 2004
Drcr Diffusion coefficient, TCR 0.01 (varied) [um?/s] Favier et al., 2001; Brameshuber et al., 2018
Ar Diffusive step length 10 [nm] —

Vo Microvillar velocity, no force 52 [pm/min] Cai et al., 2017

fuv Threshold force, microvillar velocity 50 [pN] —

Kbond Compressional stiffness of bonds 1 [pN/nm] Pullen and Abel, 2017

kS ctim 2D on-rate, nonstimulatory pMHC 2.6 x 102 [nm?/s] Huang et al., 2010

kS 2D on-rate, stimulatory pMHC 2.4x10° [nm?/s] Huang et al., 2010

Zpond TCR-pMHC complex length 13 [nm] Springer, 1990

At Time step 2.5x10°° [s] —

TABLE 1: Parameters used in the model.
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FIGURE 2: Average TCR-pMHC lifetimes as a function of tensile
force. Curves for VSV8, OVA, and slip were fitted using nonlinear
least-square fits of experimental data from Liu et al. (2014) and Feng
et al. (2017). The “strong slip” bond is a hypothetical control with the
same maximum average lifetime as VSV8 and the same reference
force as the slip bond.

antigen-presenting surface containing only nonstimulatory ligands
with slip-bond kinetics. We then mimic varying degrees of stimula-
tion by replacing 10, 20, 30, and 100% of the nonstimulatory pM-
HCs with stimulatory pMHCs (either VSV8, OVA, or strong slip). Cai
and coworkers showed that multiple scanning microvilli were able to
cover 98% of an APC surface within 1 min (Cai et al., 2017), so we
simulate each microvillar trajectory for 60 s. For each condition, we
generate 25 independent trajectories to assess stochastic effects.

Scanning microvilli are slowed in a ligand-dependent manner
Figure 3 shows the average microvillar displacement over time for
the three different stimulatory pMHCs at various fractions of the to-
tal concentration. The green line (0% stimulatory pMHC) represents
the average microvillar position when only nonstimulatory slip
bonds are present. For this case, the average displacement grows
linearly in time with a velocity of 3.5 pm/min, which is less than the
zero-force velocity of the microvillus (Vg = 5.2 ym/min). From Eq. 1,
the average velocity is consistent with the nonstimulatory TCR-
pPMHC bonds exerting an average net force of ~16 pN in the direc-
tion opposed to the microvillar motion.

The average displacement of the microvillus decreases as the
fraction of stimulatory pMHCs increases. VSV8 leads to the most
pronounced decrease in microvillar displacement, with increasing

fractions of VSV8 leading to slower average microvillar movement.
For 100% VSV8, the average displacement is nearly completely ar-
rested after a short time. OVA generates similar behavior with
smaller relative changes as the fraction of OVA is changed. The
strong-slip case shows the weakest change in the average displace-
ment as its fraction increases.

Supplemental Figure S1 shows results for varied diffusion coeffi-
cients and various fractions of VSV8. For faster diffusion, when only
slip bonds are present (0% VSV8), the average microvillar displace-
ment is similar to the result for 0% VSV8 in Figure 3. However, when
VSV8 is present, the average microvillar displacement is slower than
the corresponding case in Figure 3. For completely immobilized
pMHC (Dompc =0 um?/s), the average microvillar motion is faster.
For all diffusion coefficients, the trend is the same, with the average
displacement decreasing as the fraction of VSV8 pMHC increases.

T-cells can identify antigenic pMHCs at concentrations as low as 1
agonist/pum? (Sykulev et al., 1996; Huang et al., 2013; Pageon et al.,
2016). In our simulations, this corresponds to a single stimulatory
PMHC (1%). At this concentration, encounters between a TCR and
stimulatory pMHC are relatively rare. With slow pMHC diffusion, the
average microvillar displacement is almost indistinguishable from the
case with 0% stimulatory pMHC (Supplemental Figure S1). However,
faster pMHC diffusion increases the likelihood of encountering the
stimulatory pMHC, leading to slower average microvillar motion.

Heterogeneity of microvillar trajectories

Stochastic binding and dissociation events lead to differences in the
motion of microvilli even at identical conditions. Figure 4 shows the
time-dependent positions of microvilli from multiple independent
simulations. When only nonstimulatory pMHCs are present (Figure
4A), there is relatively small variation between individual displace-
ments. However, when the fraction of VSV8 pMHC is 10%, there is
markedly more variation between individual microvillar trajectories.
One particularly striking feature is that some trajectories plateau for
sustained periods of time. During these periods, the microvillus is
approximately stationary due to forces exerted by TCR-pMHC
bonds. When the fraction of VSV8 pMHC is 30%, a greater fraction
of microvilli become effectively immobile within the 1-min period,
which further decreases the average microvillar displacement.
Analogous figures with OVA and strong-slip pMHC are shown in
Supplemental Figure S2.

Supplemental Movies S1 and S2 show sample trajectories at
10 and 30% VSV8 pMHC, respectively. In each, the microvillus ex-
periences a period during which it is nearly stationary. For these
cases, it can be seen that binding a small number of catch bonds
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FIGURE 3: Average microvillar displacement for different fractions of stimulatory pMHC: (A) VSV8, (B) OVA, and
(C) strong slip. Each line shows the average displacement from 25 independent trajectories.
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FIGURE 4: Displacements of microvilli for (A) nonstimulatory pMHC, (B) 10% VSV8 pMHC, and (C) 30% VSV8 pMHC.
Black lines show the average microvillar displacement calculated from 25 independent trajectories. Colored lines show

the displacements of individual microvilli (10 shown).

significantly impacts the velocity of the microvillus. Once the catch
bonds significantly slow the microvillus, additional slip bonds accu-
mulate over time.

Catch bonds stabilize microvilli
Figure 5 characterizes distributions of the microvillar velocity for dif-
ferent types and fractions of stimulatory pMHC. When only non-
stimulatory pMHCs are present (green line), the velocity distribution
is approximately normal with a velocity of 3.48 + 1.08 pm/min (mean
+ SD). Figure 5A shows how the presence of VSV8 pMHC changes
the velocity distributions. At 10% VSV8, a small peak in the probabil-
ity density emerges near O pm/min, which is associated with station-
ary (“stabilized”) microvilli. As the fraction of VSV8 increases, both
the number and duration of immobile microvilli increase, leading to
more prominent and narrower peaks. Results for OVA (Supplemen-
tal Figure S3) are similar but less pronounced. Figure 5B compares
distributions of the velocity for systems containing varied fractions
of strong-slip pMHC. Although larger fractions of strong-slip pMHC
decrease the average velocity, in contrast with Figure 5A, the veloci-
ties extend across a broad range with no peak near O pm/min. Thus,
even large fractions of strong-slip pMHC do not result in the effec-
tive immobilization of microvilli.

To further characterize the stabilization of microvilli by stimula-
tory pMHC, we examine the probability that a microvillus effectively
stops during the course of a simulation (Figure 6). We define a

Strong slip

“stopping event” to be when a microvillus has an average velocity
<0.25 ym/min for a continuous period of at least 10 s. Varying the
thresholds for the average velocity and the time interval did not af-
fect our conclusions. Figure 6 shows that the microvillus did not stop
for any fraction of strong-slip pMHC. However, stopping does occur
when stimulatory pMHC with catch-bond characteristics (OVA and
VSV8) are present. For OVA, stopped microvilli are observed at 20%
OVA, and there is a significant increase in the number of stopped
microvilli at larger fractions of OVA. For VSV8, stopped microvilli are
observed at all fractions of VSV8, with larger fractions increasing the
likelihood of stopping.

Catch bonds impact cumulative TCR-pMHC binding times

In Figure 7, we examine the time-dependent displacement of a
microvillus in conjunction with the number of slip and catch bonds.
Figure 7A shows a case with only nonstimulatory pMHC present.
Although the number of slip bonds varies during the simulation,
the slope of the microvillar displacement remains relatively con-
stant. This is consistent with a rapid turnover of bonds, in which
they frequently form and break (see Supplemental Table S2). Figure
7,B and C, shows cases with 10 and 30% VSV8 pMHC, respectively.
These two figures correspond to Supplemental Movies S1 and S2.
In both cases, when two or more catch bonds form, the microvillus
slows dramatically. After the microvillus is initially stabilized, there is
a gradual accumulation of additional slip bonds. In Figure 7B, the
sudden increase in velocity at later time
points is coincident with the breaking of
catch bonds and a rapid decrease in the

number of slip bonds. Supplemental Figure
S4 shows the average number of catch and
slip bonds as a function of microvillar
velocity. These results are consistent with
TCR-pMHC bonds accumulating at stabi-
lized microvilli: In systems with catch bonds,
slower velocities have more TCR-pMHC
bonds on average.

Our results indicate that catch bonds se-
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FIGURE 5: (A) Probability density and cumulative distribution function (inset) of the microvillar
velocity for various fractions of VSV8 pMHC. (B) Probability density of the microvillar velocity for
various fractions of strong-slip pMHC. Each distribution is constructed from the velocities
obtained over the course of 25 independent trajectories. The green curve (0%) is the same on

both figures.
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Varv (pm/min)

lectively stabilize scanning microvilli in a sto-
chastic manner and that TCR-pMHC bonds
accumulate when the microvillus is stopped.
This suggests a physical mechanism that
could link the motion of the microvillus to
intracellular processes through receptor en-
gagement. As a proxy for the degree of
stimulation through the TCR, we calculate

3 5 7
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FIGURE 6: Probability that a microvillus is immobilized (“stops”)
within 1 min of scanning. A “stopping event” occurs when the
average velocity is <0.25 um/min for a continuous period of at least
10 s. Each point is obtained from 25 independent trajectories.

the cumulative time of receptor engagement as a function of time
for each trajectory:
Neonds
Time engaged(t)= Y, (t—tio) 4
i=1
Here, npongds is the number of bound TCRs at time t and t;q is the
time of bond formation for a given TCR-pMHC complex. Thus, at
time t, this function gives the total time that all current TCR-pMHC
complexes have been present. Given the results on microvillar stop-
ping in Figure 6, we analyze trajectories with and without stopping

events separately to provide insight into the effects of microvillar
stabilization by catch bonds.

When only nonstimulatory slip bonds are present, the average
cumulative time of engagement is 0.26 s. Figure 8A shows the aver-
age time of engagement for trajectories with a microvillus-stopping
event for various fractions of VSV8 pMHC. The average time en-
gaged increases with increasing fraction of stimulatory pMHC, ex-
ceeding 10 s for 30% VSV8. Note that these curves underestimate
the typical time engaged for a specific stabilized microvillus, be-
cause the average occurs over periods in which some microvilli are
stopped and others are not. In comparison, Figure 8B shows a sub-
stantially smaller average time engaged for trajectories in which the
microvillus does not stop. Figure 8C shows the average time en-
gaged for systems with various levels of strong-slip pMHC, which
did not induce any stopping events. The time engaged increases
with an increasing fraction of strong-slip pMHC, but in all cases, the
time engaged is substantially lower than corresponding cases in
which catch bonds resulted in a stopping event (Figure 8A). Thus,
systems with catch bonds are able to generate much longer sus-
tained receptor engagement in comparison with even the strong-
slip system.

DISCUSSION

In this paper, we introduced a theoretical framework to explore the
motion of a T-cell microvillus scanning across the surface of an anti-
gen-presenting cell. TCRs at the tip of the microvillus interact with
pPMHCs on the antigen-presenting surface, and mechanical forces
on the TCR-pMHC complexes resulting from motion of the microvil-
lus impact both TCR-pMHC lifetimes and the microvillar velocity.
Using parameters obtained from experimental studies of T-cells, we

A 0% VSV8 B 10% VSV8 C 30% VSVS8
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FIGURE 7: Number of catch and slip bonds (colored lines, right axes) and the microvillar displacement (black lines, left

axes) for sample trajectories at three fractions of VSV8 pMHC (A-C).
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FIGURE 8: Average cumulative time of receptor engagement for various systems: (A) VSV8 on microvilli with stopping
events, (B) VSV8 on microvilli without stopping events, and (C) strong-slip pMHC. No stopping events were observed

for the strong-slip case.
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showed that relatively small numbers of stimulatory pMHCs with
catch-bond characteristics immobilized microvilli in the model
through the mechanical coupling of microvillar motion and TCR-
PMHC binding. In contrast, slip bonds alone did not immobilize mi-
crovilli. These results are demonstrated by Figures 5 and 6, which
show the distribution of velocities for scanning microvilli and the
likelihood that a microvillus becomes immobilized. Microvillar
immobilization becomes more prevalent as the concentration of
antigenic pMHC increases.

Choice of the velocity profile, Vjyy

The mechanisms underlying microvillar motion on T-cells have not
been fully elucidated experimentally (Majstoravich et al., 2004;
Burkhardt et al., 2008; Cai et al., 2017). As such, we chose to use a
simple, physically motivated model relating microvillar velocity to
the force on the microvillus. Our model uses a linear relationship
between the velocity, Vi, and the applied force in the direction of
motion. This relationship is consistent with the terminal velocity
(zero acceleration) of an object experiencing a viscous drag: Fa + f,
— Uy = 0. Here, F, is a constant applied force driving the motion
of the object (provided, for example, by cytoskeletal processes
within the cell), f, is the applied force due to bonds, and i is the
drag coefficient relating the velocity to the drag force pVjy. Thus,
Vv = (Fa + £)/u, which is consistent with Eq. 1.

The characteristic force in Eq. 1, fyy, is unknown. If fyy is too
small, then even single slip bonds would significantly slow the mi-
crovillus. If fyyy is too large, then even a large number of bonds
would not be able to significantly slow the microvillus. Both of these
limits are inconsistent with the results from Cai et al. (2017). With
these limits in mind, we chose the value to be a few times larger
than both typical forces experienced by individual TCR-pMHC
bonds (Liu et al., 2016) and the force associated with the peak
lifetime for catch bonds (Liu et al., 2014; Das et al., 2015). Moder-
ately changing the value of fy, impacts quantitative aspects of our
results, although it does not impact the observation that catch
bonds selectively stabilize microvilli. Supplemental Figure S5 shows
this for twofold changes in the force threshold for purely stimulatory
and nonstimulatory pMHC systems. For systems with a single stimu-
latory pMHC, smaller values of fy,, would enable the single catch
bond to more significantly slow microvillar motion in a fraction of
trajectories.

Other models for Vyyy are also plausible. For example, microvilli
could exhibit a “stall force,” with applied forces below a threshold
having little effect on the velocity and forces above the threshold
having a large effect. To this end, we also consider a velocity
profile with a Hill-like (sigmoidal) form in the Supplemental Material
(text and Supplemental Figure S5). This profile results in an
even more pronounced impact of catch bonds due to the inability
of nonstimulatory ligands to significantly slow the microvillus on
their own.

Assumptions and features of the model

There is compelling evidence for the role of the cytoskeleton in T-
cell activation (Yu et al., 2013). However, there is not a clear mecha-
nistic picture of actin-TCR interactions before and during initial TCR-
pMHC binding events. In the model, we assume that TCRs undergo
diffusive motion at the microvillar tip, where they have been shown
to be highly localized (Jung et al., 2016; Kim et al., 2018). We
assessed the importance of TCR diffusion by conducting simulations
with randomly distributed but immobilized TCRs (Supplemental
Figure S1). The results are nearly identical to the case with mobile
TCRs, because the microvillar tip is highly confined and contains
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many TCRs, leaving relatively little space to diffuse. Thus, these re-
sults demonstrate that TCR motion within the tip does not have a
large impact on the overall response.

The motion of pMHCs is influenced by intracellular interactions
likely involving the actin cytoskeleton (Edidin et al., 1991; Kwik
et al., 2003; Capps et al., 2004). We assessed the effect of pMHC
mobility and found that it influences microvillar motion. When catch
bonds were present, faster diffusion of pMHCs produced slower av-
erage microvillar motion. Faster diffusion increases the likelihood of
stimulatory pMHCs encountering the moving microvillus. Addition-
ally, once stimulatory TCR-pMHC bonds start to slow the microvillus,
faster diffusion enhances the transport of other pMHCs from the
region around the microvillar tip. This promotes the formation of
additional bonds that further stabilize the microvillus.

Immobilized pMHCs were least effective at slowing microvilli. In
many contexts, the immobilization of proteins enhances rebinding
of recently dissociated complexes due to their prolonged spatial
proximity. This can increase the effective on-rate between colocal-
ized proteins (Abel et al., 2012). In our model, TCRs move with the
microvillus. Unless the microvillar motion is arrested, initially colocal-
ized TCR-pMHC pairs move apart, even if they are immobilized with
respect to their own membrane. This suppresses the potential en-
hancement of on-rates due to rebinding.

Cai and colleagues showed that the adhesion molecule LFA-1
was excluded from regions in which a microvillus was close to the
antigen-presenting surface (Cai et al., 2017). However, it is possible
that LFA-1 or other adhesion molecules could play a role in microvil-
lar scanning. LFA-1 is essential for proper T-cell function (Walling
and Kim, 2018), and it has been shown to exhibit catch-bond behav-
ior when interacting with its ligand ICAM-1 (Chen et al., 2010). Our
model provides a framework to test the potential impact of such
interactions, which could influence antigen discrimination, in the
future.

Our model shares conceptual features with the molecular
clutch model, which is a successful theoretical framework that
describes the sensing and response of cells to mechanical
properties of their local environments (Chan and Odde, 2008;
Elosegui-Artola et al., 2018). It describes the linkage between
motor-driven actin retrograde flow and the compliant extracellu-
lar substrate of a cell via molecular clutches, which couple the
actin to the substrate through binding and force-dependent
dissociation. In the molecular clutch model, motors drive the
motion of actin, which has a velocity that depends on the force
applied by molecular clutches. This is similar to the motion of
the microvillus in our model. Molecular clutches bind and unbind
the substrate in a force-dependent manner (analogous to TCR-
pPMHC binding). The substrate is also deformable, with its own
inherent stiffness that controls the behavior of the actin flow. The
model predicts three actin retrograde-flow regimes that depend
on the substrate stiffness and number of molecular clutches: free-
flowing, load-and-fail, and stalled. These regimes are similar
to the behavior we observe as the number of catch bonds is
increased in our system.

In another interesting study, Pielak and coworkers showed that
the first few TCR-pMHC binding events increase the on-rate of sub-
sequent TCR-pMHC interactions without changing the dissociation
rate (Pielak et al., 2017). This is conceptually similar to our model, in
which catch bonds initially slow down scanning microvilli, which
promotes additional binding. Pielak and coworkers proposed that
morphological changes at the cell-cell interface cause the increased
on-rate; morphological changes at the microvillar tip could also
impact subsequent binding and antigen discrimination.
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A physical mechanism for microvillar stabilization and
enhanced antigen discrimination

T-cells exhibit remarkable specificity and sensitivity in their search
for antigenic ligands, yet the underlying mechanisms are still not
fully understood. A growing body of work has revealed that physi-
cal mechanisms involving mechanical forces may play an impor-
tant role (Hivroz and Saitakis, 2016; Upadhyaya, 2017). In this pa-
per, we have explored feedback between microvillar motion and
TCR-pMHC dissociation kinetics. We were intrigued by the results
from Cai et al. (2017), which revealed that T-cells use microvilli to
scan the surfaces of APCs. Additionally, microvilli were stabilized
by cognate pMHC, even in the absence of tyrosine kinase signal-
ing, which plays a key role in the early TCR signaling pathway. In
light of recent single-molecule studies of TCR-pMHC dissociation
kinetics (Liu et al., 2014; Das et al., 2015), we hypothesized that
catch-bond kinetics could lead to stabilization. To investigate this
idea, we developed a model that captures key biophysical proper-
ties of the microvillus=APC interaction but that is simple enough
for analysis.

Taken together, our simulation results reveal a purely physical
mechanism—the mechanical coupling of microvillar motion and
TCR-pMHC binding—that may enhance antigen recognition by T-
cells. Forces generated by scanning microvilli provide a means to
mechanically “test” TCR-pMHC bonds connecting the microvillar
tip to the antigen-presenting surface. If only nonstimulatory
TCR-pMHC bonds are present, the microvillar motion constantly
increases the force on the bonds and promotes their rupture. Short
engagement times would prevent intracellular signaling through the
TCR pathway.

In contrast, when a TCR binds to a stimulatory pMHC, the re-
sulting catch bond is able to withstand larger forces, thus allowing
it to slow the microvillus and prolong the time spent in the range
of forces that enhance its lifetime. For the VSV8 system, forces in
the range of ~10-30 pN significantly increase the lifetime of the
bond. Thus, with fizy = 50 pN in our model, two such bonds can
halt the motion of the microvillus if they are aligned so that the
force is mostly opposed to the direction of motion. This allows
other TCR-pMHC complexes to accumulate and further stabilize
the microvillus. As a consequence, the total time that TCRs stay
engaged increases substantially when the microvillus is immobi-
lized. This can promote intracellular signaling, starting with
phosphorylation of immunoreceptor tyrosine-based activation
motifs on the cytoplasmic domain of the TCR complex (Courtney
et al., 2018; Siller-Farfan and Dushek, 2018). Because the stimula-
tory pMHCs are randomly distributed, microvilli stop at random
times. Microvilli are immobilized more quickly on average at higher
concentrations of stimulatory pMHC because of the increased
likelihood of encountering multiple stimulatory pMHCs at once.
Faster diffusion of pMHCs also promotes faster immobilization.
At very low concentrations of antigenic pMHC, relatively rare
encounters can still immobilize a small fraction of the many
scanning microvilli and activate the T-cell.

Our results reveal that physical stabilization of microvilli could
amplify differences in the response to self and foreign pMHCs, thus
enhancing the ability of a T-cell to identify antigens. Other potential
advantages that microvilli confer to T-cells are that they enable the
scanning of large portions of the APC surface, facilitate contact be-
tween TCRs and pMHCs, and may provide protrusive and retractive
forces (Cai et al., 2017; Pettmann et al., 2018). Other molecules
such as coreceptors, transmembrane phosphatases, and adhesion
molecules are also important players in T-cell activation. This is a
rich area for future study, and combining experiments and theory
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should help to untangle the complex mechano-chemical events
leading to antigen discrimination by T-cells. For example, to ex-
plore mechanical feedback, it would be useful to conduct imaging
studies of the dynamics of T-cell microvilli when interacting with
varied concentrations of antigenic pMHCs both immobilized on
surfaces and freely diffusing on vesicles or supported lipid bilayers.
Additionally, it is interesting to speculate about active search and
force generation as a tool in designing synthetic systems for detect-
ing ligands of interest.
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