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Cell migration is a physical process central to life. Among others, it regulates embryogenesis, tissue
regeneration, and tumor growth. Therefore, understanding and controlling cell migration represent
fundamental challenges in science. Specifically, the ability of cells to follow stiffness gradients, known as
durotaxis, is ubiquitous across most cell types. Even so, certain cells follow positive stiffness gradients
while others move along negative gradients. How the physical mechanisms involved in cell migration
work to enable a wide range of durotactic responses is still poorly understood. Here, we provide a
mechanistic rationale for durotaxis by integrating stochastic clutch models for cell adhesion with an
active gel theory of cell migration. We show that positive and negative durotaxis found across cell types
are explained by asymmetries in the cell adhesion dynamics. We rationalize durotaxis by asymmetric

Received 5th October 2022, mechanotransduction in the cell adhesion behavior that further polarizes the intracellular retrograde

Accepted 28th March 2023 flow and the protruding velocity at the cell membrane. Our theoretical framework confirms previous
DOI: 10.1039/d2sm01326f experimental observations and explains positive and negative durotaxis. Moreover, we show how

durotaxis can be engineered to manipulate cell migration, which has important implications in biology,
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1 Introduction

Cell migration is central to life."” It determines fundamental
biological processes such as embryonic development, tissue
regeneration, wound healing or tumor invasion. Cells move
guided by exogenous chemical,*” electrical®” and mechanical
signals in vivo and in vitro,»®'° known as chemotaxis, electro-
taxis and durotaxis. For decades, there have been tremendous
efforts to understand how cells organize themselves to follow
these stimuli. There is also an increasing interest in controlling
cell migration through external cues because it may allow us to
propose strategies to arrest tumor progression,'’™* boost tis-
sues regeneration™'* and to design biomimetic materials.">*®

Durotaxis®>®"” represents a universal mode of directed cell
migration across cell types. Among others, fibroblasts,'® some
cancer cells** and smooth muscle cells'® migrate toward posi-
tive gradients of the extracellular matrix (ECM), while certain
types of cancer cells"*® migrate toward negative gradients.
These are referred to as positive and negative durotaxis, respec-
tively. A stiffness gradient in the ECM exposes cells to a
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differential rigidity that they sense, transduce and integrate
into intracellular responses. Experimental evidence showed
dependences on the stiffness gradient>***>* and on the abso-
lute stiffness value in which cells migrate.>*** However, there is
a lack of physical understanding of durotaxis across cell scales
that could help us to rationalize durotaxis. Among other
insights, this could allow us to understand why some cells
express positive durotaxis while others migrate down the stiff-
ness gradient. Recent experimental work, in combination with
clutch models, has shown the first pieces of evidence of how cell
adhesion is implicated in these opposed durotactic responses.”>

As for any cell migration mode,***” durotaxis should be
driven by competition of a continuous polymerization of actin
filaments that protrudes the cell membrane forward*®™° and
an inward retrograde flow generated by the contractile forces
that myosin motors exert on the F-actin network®** (Fig. 1).
Balancing these two forces, adhesion complexes (ACs) establish
cell attachments to their surroundings through a large number
of cell adhesion molecules (CAMs).>*?* At some point during
the motility process, the formation of a cell front orients the
cell toward positive or negative stiffness gradients.

Here, we integrate active gel models with stochastic clutch
models for cell adhesion to reveal how durotaxis works. Cells
read differences in the ECM stiffness through CAMs and
regulate the ACs dynamics accordingly.**® Therefore, duro-
taxis must be first activated by the mechanotransduction of the
substrate stiffness. Then, the striking durotactic modes found
across cell types must be due to a differential expression of
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Fig.1 (a) Sketch of the cell system. Main mechanisms acting in cell

migration: cell adhesion, retrograde flow, and polymerization of actin
against the cell membrane. Polymerization velocity, v°, (blue arrows) and
retrograde flow, ¥, (black arrows) are shown. (b) A model representation
includes an active gel model, to compute the retrograde flow v" and the
polarization of the actomyosin network (grey shadow), a clutch model, to
compute the velocity of the actin filaments attached to the adhesion
complex and the tractions exerted in the ECM, and the polymerization
velocity against the cell membrane, vP. At the cell-ECM interface, a friction
7] appears as a result of the cell adhesion. A stiffness gradient of the ECM
(red shadow) creates gradients in the friction #.

adhesion dynamics. Under this rationale, we explore how the
cell adhesion can be manipulated to arrest or enhance dur-
otaxis, and to switch from positive to negative durotaxis, and
vice versa.

2 Model

To explore the role of adhesion mechanics in cell migration, we
build a minimal active gel model for cell migration.*® We consider a
1D domain, Q, with moving coordinates x(¢) € [[,(¢),l(t)]. &(¢) and k()
represent the rear and front boundaries of the cell and, therefore,
the cell length is determined as L(t) = l{t) — L(¢) (Fig. 1), where f and
r indicate the front and rear of the cell.

We take into account three actin structures (the mathema-
tical model for each network is specified in the following
section). First, an actomyosin structure that is activated by
the action of myosin motors (mostly myosin motors IIA
(MMIIA)). This network is distributed along the entire cell
domain Q and flows from the cell front toward the cell center,
which constitutes the retrograde flow of the cell, v*. We con-
sider a second actin structure, which represents the actin
filaments at the cell front that polymerize against the cell
membrane with velocity vP, as described in ref. 47. We decouple
these two regions because they are spatially and functionally
different (see, e.g., ref. 44 and 49). This cell region is small
compared with the cell length and, therefore, we assume no
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length dependence on vP. The actomyosin network is rich in
myosin motors and responsible for retrograde flow. Indeed, if
MMIIA is inhibited, the retrograde flow is dramatically reduced.*®
The other, which polymerizes actin against the cell membrane,
does not depend on myosin activity’® but it is rich in Arp2-3,
which is responsible for actin polymerization. These two models
directly control cell migration (see Section 2.2). We have included
a third actomyosin network, a stress fiber-like structure that
forms on top of adhesion complexes. This network is activated
by both myosin motors ITA and IIB and it exerts traction forces on
the substrate. To model this network, we apply the clutch model
to compute the tractions and actin velocity, v, of this structure,
instead of the classical use of the clutch model where the retro-
grade flow V¥ is obtained. To account for durotaxis, we coarse-
grain the interaction of the retrograde flow with the adhesion
complexes through a friction parameter, #, that directly enters the
active gel model (see Section 2.1 and 2.3).

2.1 Clutch model of cell adhesion

To model the adhesion dynamics, we adopt previous clutch
models (see ref. 37-39 and ESI{ for details). The clutch hypoth-
esis considers a contractile acto-myosin network that pulls on
the CAMs bound to the ECM. Different cell types respond to the
intracellular pulling forces in different ways because cells
express specific types of CAMs. Some cells, e.g. neurons,’”
express slip bonds: the lifetime of the bond decreases exponen-
tially as the force increases. Other cells, such as fibroblasts,
express catch bonds, that is the lifetime first increases and then
decreases exponentially with force. To consider these differ-
ences and the specific adhesion dynamics, the clutch model
considers that a number of molecular clutches bind to the ECM
with a constant rate k,,, and unbinds with a dissociation rate
ks, that depends on force as

k;ff = k:ffe(Fc/Fls)hp) + k((:)ffe(ch/F}'ialch) . (1)

The first term in eqn (1) alone, represents a slip bond. k2™ and
ko and F'P and F&M are the unloaded dissociation rates and
the characteristic bond rupture forces in the slip and catch
pathways respectively. F, is force per molecular clutch. Some
cells also show a reinforcement mechanism when the talin rod
unfolds and vinculin binds to the unfolded domains, which
promotes the increase of integrin density. Consequently, the
traction forces that the cell exerts on the ECM rise.*®

Previous clutch models solve the velocity of the retrograde
flow. In our interpretation of the clutch, we compute the
tractions, P, and an actin velocity, v, of the actin fibers that
form upon the adhesion complexes (see Fig. 1). We also assume
that the density of myosin motors within the actin fibers is
constant in time and space. We compute the retrograde flow
through an active gel model, as described in the following
section. We focus here on cells expressing slip bonds, as a case
of non-reinforced bonds, and cells expressing reinforced catch
bonds (all model parameters are in Table S1, ESIt) as a function
of the ECM stiffness (Fig. 2).

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Results of computational clutch models for cells expressing slip (slip case) and reinforced catch bonds (reinforced case) for values of the substrate
rigidity in 0.1-100 kPa. (a) Traction (P, black) and velocity (7, blue) for the slip case (dash) and reinforced case (solid). (b) Effective friction for the slip case
(dash) and reinforced case (solid). Like tractions, friction increases monotonically for increasing values of the substrate rigidity in the reinforced case,
while it presents a hill shape with a maximum at ~1 kPa in the slip case, where the optimal rigidity localizes. (c) Migration velocities for cells expressing slip
bonds (top) and catch bonds with talin reinforcement (bottom). Cells are followed for 20 min. The substrate stiffness goes from 0.1 kPa, at the left of the
sample, to 100 kPa, at the right. Points i (blue), ii (red), and iii (black) represent the locations where the cells are initially placed. In the sample of 200 um in
length, i = 33 pm, ii = 100 pm, iii = 166 pm. In the sample of 500 pm in length, i = 83 pm, ii = 250 pum, iii = 416 pm. In the sample of 1000 pm in length,
i =150 pm, ii = 500 pm, iii = 850 um. The grey shadow shows regions of positive durotaxis, the red shadow represents negative durotaxis, and the white
represents regions of symmetric spreading. (d—f) Singles cell durotaxis in a sample of 200 um in length for cells expressing slip bonds and placed at
E ~ 3 kPa. At steady state, actin (black) and myosin (blue) densities (d) and retrograde flow in the lab (black) and cell (blue) frame (e). Time evolution of

polymerization velocity (v° dot-dash), the retrograde velocity at the cell membrane (dash), and total velocity of the protrusion (solid) (f).

2.2 Minimal active gel model for cell migration

We model the mechanics of the acto-myosin network as a
contractile viscous gel, that represents the retrograde flow paral-
lel to the contact plane between the cell and the ECM.**™** we
assume that viscous forces dominate the elastic forces and that
inertial forces are negligible. Therefore, the balance of linear
momentum for the active gel is

F=m¥, where 6% = uFo0f + {pFp™ (2)

0,0
is the constitutive relation of the network stress, which accounts
for the effective viscosity of the actin network and the myosin
contractility, respectively. The right-hand side of the balance of
linear momentum represents the friction between the actomyo-
sin retrograde flow and the ECM, with friction parameter 7 (see
Section 2.3 for details). v is the velocity of the retrograde flow,
uF is the effective viscosity, { the active contraction exerted by
the myosin motors and p™ and p* are the densities of myosin
motors and F-actin, respectively (see details below). We impose
zero stresses on the cell boundaries so that there are not
pushing or pulling forces on the network, which allows us to
compute the resulting retrograde flow at the cell boundaries.

A second differentiated actin network polymerizes against
the membrane,***® which increases the membrane tension
and, in turn, reduces the polymerization velocity.>*>°
grow freely with velocity v§ = k5,0 if there is no opposing force to
it ref. 47. kb, is the rate of actin assembly and 0 is the size of one
single monomer at the tip of the filament. When the membrane
tension increases, the actin polymerization decreases as vP = v§
[1 — ©(L®)/tstan]’,*”"*® where T4qy is a tension required to stall
the polymerization of the actin network and z is a model
parameter that controls the velocity decay. We assume that

Filaments
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actin polymerization is symmetric and VP is equal at both sides
of the cell. The membrane tension, , follows a simple Hookean
law such that t(L(¢)) = k(L(¢) — Lp), where k is the spring constant
and L, = Ly + L, accounts for the resting length, L,, and the
buffer membrane length L, in reservoirs and foldings of the cell
membrane. Therefore, membrane tension starts to increase
once all reservoirs and membrane folds have flattened, i.e.
L(t) > Lp. We assume zero compressive stresses when L(t) < Ly,.

The outward polymerization velocities, 1Fs, compete against the
cell membrane with the inward retrograde flow velocities Vir.
Then, the rear and front of the cell expand or retract with velocity

Zr,f(t) = le,f - vf,fy (3)

respectively (Fig. 1). Then, we compute the cell migration
velocity as v = (I,(¢) + I¢(t))/2.
The distribution of the F-actin density, p¥(x,t), is modeled as

Oep" + O(wp® — Dpdyp") = kp — kap® (4)

where the right-hand side includes the polymerization and
depolymerization terms with rates k&, and kq, respectively.*® Dy
is the diffusive parameter of the F-actin. We consider that the actin
network is advected by the retrograde flow velocity w.***>*° we
write the transport equations in the cell frame and, accordingly, we
define the retrograde flow velocity as w =" — v. We impose zero
fluxes on the cell boundaries to reflect that no F-actin can enter or
leave the cell domain. Similarly, we model the myosin motors
bound to the F-actin network,***>%° pM ag

™ + 0, (wp™ — D™ = 0. (5)

D is the effective diffusion parameter.*®*® The bound myosin

also obeys zero flux boundary conditions to describe that no

Soft Matter, 2023,19, 2993-3001 | 2995
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bound myosin motors can enter or leave the cell. All model
parameters are summarized in Table S2 (ESIt).

2.3 Coupling the clutch and the active gel model

The friction n between the actin network flow has two compo-
nents, i = 3o + fi. fjo = 0.05 kPa s pm 2 is a baseline friction of
the retrograde flow with the membrane and the surrounding
cytoskeletal structures. 7] is an effective friction parameter that
coarse-grains the friction created between the retrograde flow
and the actin network that is connected to the adhesion
complexes. If adhesion complexes form, these structures create
friction with the surrounding retrograde flow. Large and stable
adhesion complexes should induce high friction in comparison
with small nascent adhesions. Indeed, large adhesion com-
plexes, such as focal adhesions, create large tractions in the
ECM and show slow velocity values ¥ of the actin structures
connected to them. On the other hand, small adhesion com-
plexes impose low friction forces of the retrograde flow within
the ECM. We compute this friction as #j = P/#,**> which repro-
duces large friction for large and stable adhesion complexes
and small friction values for small nascent adhesions. For cells
expressing pure slip and catch bonds, there is a maximum
traction force at a stiffness value, E & 1 kPa, called optimum
stiffness (Fig. 2a). Below and above the optimum stiffness, the
traction forces increase and decrease with an increasing value
of the substrate rigidity, respectively. However, reinforced
bonds show that the traction forces increase as the stiffness
of the ECM increases. For the slip case, the effective friction has
also a maximum of ~4 kPa s um > at the optimum rigidity
(Fig. 2b). The friction is ~2 kPa at 0.1 kPa and vanishes for
substrate rigidities larger than 10 kPa. Friction increases mono-
tonically from zero to ~4.5 kPa s um™? in the reinforced case.
Because ACs only exert tractions where they form, we weight
these friction values by an averaged ACs density of 0.1, meaning
that ACs occupy the 10% of the contact area. These differences
in the cell adhesion behavior could explain the opposite
durotactic modes found across cell types. We solve a clutch
model along the entire length of the cell (at each integration
point of the finite element mesh, see next section for details).
All clutch variables, including traction force, P, and actin
velocity, ¥, change point-wise along the cell-surface interface
if there is a difference in the stiffness of the matrix. Therefore,
the effective friction is space and time-dependent.

2.4 Numerical solution of the system of equations and model
parameters

We solve computationally the system above in a staggered
approach. We use the finite element method to discretize the
system in space, and an implicit second-order Crank-Nichol-
son method to discretize the parabolic equations in time.”"
The numerical solution of the parabolic equations can present
undesired oscillations if the problem becomes convective
dominant, i.e. Pe > 1. The Peclet numbers for the actin and
myosin transport problems are Per = hiw/2Dg and Pey; = hw/2D
respectively. We use finite elements of constant size & = L(t)/N,
where N is the number of elements. As the convective velocity is
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the solution to the problem, we cannot guarantee a priori that
the problem will remain in the limit case of Pe < 1. Because we
want to keep the number of elements of our domain constant
and avoid re-meshing strategies in the case that the element
size needs to be decreased to keep Pe < 1, we include the
Stream-Upwind Petrov Galerkin (SUPG) stabilization term to
overcome possible numerical oscillations in our solution.>” The
complete finite element and time discretization procedure is
presented in ESI.f The model parameters of the clutch and
active gel model are summarized in Tables S1 and S2 (ESIY).

3 Results

3.1 Cell adhesion explains positive and negative durotaxis

To analyze the exposure of cells to exogenous stimuli in the
form of shallow or highly localized stiffness gradients, we use
samples of varying length (200, 500, and 1000 pm) with
substrate stiffnesses between 0.1 and 100 kPa*® (Fig. 2a). The
clutch model predicts traction stresses and retrograde flow as a
function of the ECM rigidity and bond behavior (see Fig. 2a and
Materials and methods). Then, effective friction 7j can be
obtained to inform an active gel model for cell migration (see
Materials and methods) about the asymmetry that the stiffness
gradient induces in the cell-ECM friction.

We simulate cells initially placed at three different locations
of the sample to study how the absolute value of the substrate
stiffness, and not only its gradient, may regulate the durotactic
response. We consider that cells undergo durotaxis if the migra-
tion velocity is larger than v =1 nm s, otherwise, we assume that
they spread and remain stationary. We analyze the process during
the first 20 min. when the durotactic response is already apparent.

Simulations of cells placed in the sample of 1000 pm in
length do not express durotaxis. However, there is a strong
durotactic response in the 200 um-length sample. Cells simu-
lated in the 500 pm-length sample also sustain durotaxis but at
a lower degree. In the three samples (200, 500, and 1000 um),
the strongest durotactic response is obtained for cells located at
the center of the sample (E ~ 1-10 kPa). This is due to a large
friction gradient (Fig. 2b) and absolute friction that enables
intracellular polarization.

In terms of migration direction (Fig. 2c), all cells with
reinforced adhesions move toward the positive stiffness gradi-
ent of the ECM with similar migration velocities that peak for
substrate rigidities between 0.1-1 kPa. However, without rein-
forcement, cells can migrate toward positive or negative stiffness
gradients of the ECM. Cells located on the left of the optimal
rigidity (E = 0.1-1 kPa) undergo positive durotaxis. Cells located at
the stiffest region of the samples, above 10 kPa, and where no
friction gradient exists, show a weak durotactic response and stay
mostly stationary. However, cells located just on the right of the
optimal rigidity, E ~ 1-10 kPa, express negative durotaxis. This is
because of a negative friction gradient. For the strongest dur-
otactic expression, in the 200 pm-length sample and for cells
placed on the right of the optimal rigidity, the maximum migra-
tion velocity is v ~ 8 nm s . Cells placed on the left of the

This journal is © The Royal Society of Chemistry 2023
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4.5 nm st

optimal rigidity migrate with v ~ . However, cells
placed on E &~ 10-100 kPa show a weak durotactic response.

To understand the physical mechanisms behind durotaxis,
we further analyze the model results for the strongest durotactic
response (right of the optimal rigidity, 200 um sample) of cells
expressing slip bonds (Fig. 2a and c). We analyze the model for
20 min when the migration velocity is maximum. The actomyo-
sin network polarizes (Fig. 2d) because of an asymmetric retro-
grade flow (Fig. 2e) that results from asymmetric adhesion
forces. The asymmetric retrograde flow and the constant poly-
merization velocity at both cell edges make one side of the cell
protrude faster than the other, which establishes the cell front
(Fig. 2f). Cells elongate 4-fold from the initial length and the cell
membrane reaches a tension of ~60 pN nm™ " (Fig. S1, ESIY),
similar to previous experimental data.>® The stress of the
actomyosin network is mostly symmetric with a maximum at
the cell center of 50 Pa (Fig. S1, ESIt). This result indicates that
the actomyosin network imposes traction on the nuclear region
of the cell, which is also in agreement with previous results on
the mechanosensitivity of the cell nucleus.*® All other cases of
durotaxis shown in Fig. 2 exhibit similar results, with the model
variables polarized towards the positive or negative direction,
depending on the direction of the friction polarization, and a
smaller or larger polarization depending on the strength of the
durotaxis response (Fig. S2, ESIf). All cases with spreading
signatures (see Fig. 2) show an almost symmetric distribution
of all models’ variables (Fig. S3, ESIY).

At steady state (Fig. 3), the friction values are symmetric and
large enough to significantly reduce the retrograde flow, which
reduces the front-rear differences between the inward flow and
the outward actin polymerization velocity and, consequently,
cells get into a stationary spreading-like phase.

To further analyze the durotaxis dynamics as cells travel
along the sample until they reach a steady state (reached when
cells stop and no longer migrate), we focus on three cases (Fig. S3,
ESIt): the two slip cases of cells initially placed on the left and right
of the optimum rigidity in the 200 pum-length sample (strong
positive and negative durotaxis expression, respectively, Fig. 2c)
and the reinforced case with cells located on the stiff side, E ~ 30
kPa, of the 200 pm-length sample (positive durotaxis expression,
Fig. 2¢). As cells migrate, they travel through regions of different
stiffnesses (Fig. S3b-d, ESIt) and, therefore, the friction computed
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through the clutch model also changes in space and time
(Fig. 3b-d). In the slip cases, cells migrate toward the optimal
rigidity location and stop when they reach it (Fig. 3b and a). Cells
stall at the optimal rigidity because they reach a symmetric
distribution of the adhesion forces, which reverses the durotactic
mode into the symmetric spreading phase (Fig. 3a-c). The non-
motile steady state is reached at &~ 1 and 4 hors. for cells expressing
negative and positive durotaxis, respectively (Fig. 3). For the
reinforced case, where no optimal rigidity exists, cells stall when
they reach a friction of ~4.5 kPa s um™> at a stiffness of ~60 kPa.

3.2 Durotaxis response to talin knockout: switching to
negative durotaxis

Then, we look into the effect of talin knockout, because we
know that it changes the cell adhesion behavior remarkably®®
and, ask ourselves if it could reverse positive durotaxis. By talin
depletion, talin reinforcement is canceled and, therefore, the
adhesion behaves as a pure catch bond. This inhibition of the
adhesion reinforcement induces a drastic reduction in cell
traction and, consequently, in cell friction above a new optimal
rigidity that forms at E ~ 7 kPa (Fig. 4a).

To analyze this idea, we use again a sample of 200 pm in
length and simulate cells initially placed at E ~ 30 kPa. We
choose this location to analyze substrate regions where the catch
and the talin reinforced cases differ (white region, Fig. 4a). Our
results show that we are able to shift the direction of durotaxis by
inhibiting adhesion reinforcement (Fig. 4b). Furthermore, the
motility of the cell is enhanced, and the maximum migration
velocity doubles in the knockout case to ~8 nm s~ *. These cells
reach the target optimal rigidity in ~90 min (Fig. 4b). At the
optimal rigidity, the cell reaches a state of symmetric friction,
which makes it depolarize and stall. Therefore, the talin knockout
allows us to switch the directed durotaxis. Moreover, we could
tune the location where the motility of the cell stalls and, there-
fore, we could design matrices to precisely control the target
locations in cell migration.

3.3 Engineering durotaxis

Finally, we further explore possibilities for engineering duro-
taxis other than the matrix features where cells are placed.
Specifically, we are interested in physical quantities that may
enhance, arrest or shift durotaxis. Our results above indicate that

a 0 w@m) 200 u(kPa-s/um?) n(kPa-s/um?) (kP s/um?)
. iie b4.5 2.5 ¢ 5 2 d5 2
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Slip@ii E \E/ §/
Catch/reinforcement@iii + + +
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Fig. 3 Analysis of durotaxis until steady state. All cells are in a sample of 200 um in length. For the slip cases (b and c), cells are located at soft (a, point i)
and intermediate stiffness (a, point ii) locations. For the reinforced case, cells are initially located at stiff locations (a, point iii). (a) Migration velocity of the
cell. (b—d) Kymographs of the cell friction for the three durotactic cases analyzed.
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Fig. 4 (a) Results of computational clutch models for cells expressing
catch (catch case) and reinforced catch bonds (reinforced case) for values
of the substrate rigidity in 0.1-100 kPa. Effective friction for the catch case
(dash) and reinforced case (solid). Like traction forces, friction increases
monotonically for increasing values of the substrate rigidity in the rein-
forced case, while in the catch case, it presents a hill shape with a
maximum at x~1 kPa. (b and c) Durotaxis for catch and reinforced cases
until steady-state. All cells are in a sample of 200 um in length. Cells are
located at the stiff side of the sample (a, point iii), where their behaviors
differ. (b) Migration velocities along time and (c) kymographs of the cell
friction for the reinforced case.

cell adhesion, in particular the asymmetric distribution of the
adhesion strength, controls durotaxis. Therefore, we should
arrest durotaxis when the traction force vanishes, is too high or
there are no friction gradients. We would enhance durotaxis
when the friction gradient increases, in combination with placing
cells in specific stiffnesses. Finally, we would shift the durotactic
direction if the friction gradient changes sign. We focus on
adhesion parameters that can clearly induce these changes in
the adhesion behavior and that are prone to be manipulated
in vitro and in vivo. To do so, we performed a parametric analysis
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E
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of different adhesion model parameters (the binding rate kop,
the slip part of the off-rate in all the unbinding models ko sip, the
catch part of the unbinding rate, ko catch, the number of integrins
added to the system int,qq and the rate of vinculin attachment
konv).- We show in Fig. 5 the specific values of the model para-
meters and the resulting traction.

Among the different possibilities prone to change durotaxis,
we present one case of enhancement, arrest and direction shifting
of durotaxis for each adhesion case. We show that in the pure
catch case, where the maximum migration velocity in the control
case is ~5 nm s~ ', we can enhance durotaxis by decreasing the
off-rate of the catch bond (Fig. 5a and c). We show that the
migration velocity increases to 12 nm s ' (Fig. 5c¢). We also
demonstrate a shift in the migration direction when the off-rate
of the integrin increases. These two modifications are enabled by
increasing and decreasing the rigidity gradient, respectively. To
shift the direction of migration, ie. to shift the gradient sign, we
increase the binding rate of the integrin. Similar to the reinforced
case (Fig. 5b), we can foster durotaxis by increasing the off-rate of
the catch part of the bond. In this case, the migration velocity
increases from ~5 nm s~ ' in the control case to ~7 nm s
(Fig. 5d). We can arrest durotaxis by increasing the recruitment of
integrins to the AC, which creates a friction large enough to
significantly reduce the retrograde flow. Finally, we can also shift
the durotaxis direction, with a remarkable enhancement in the
migration velocity up to ~12 nm s~ (Fig. 5d), by reducing the on
rate of vinculin to talin. This inhibition of vinculin binding
cancels the adhesion reinforcement and, at the same time,
increases the friction gradient (see also Fig. 4).

3.4 Haptotaxis

To take advantage of the engineered approach that we discuss
in the previous section, and provide an application of our

0
107 E (kpa)

10°

2
e 0 50

100
t(min)

E (kPa) 150

Enhanced migration Shifted migration

Fig. 5 Results of computational clutch models for the traction force of cells expressing (a) pure catch bonds (catch case) and (b) reinforced catch bonds
(reinforced case) for values of the substrate rigidity in 0.1-100 kPa. Color maps indicate tractions (Pa). All cells are in a sample of 200 um in length. The
control cases are plotted in black. We show situations of arrested (red, point ii), enhanced (blue, point i) migration, and shifted migration direction (green,
point iii). The binding rate ko and the slip part of the off-rate in all the unbinding models ko siip, the catch part of the unbinding rate Kot catch, the number
of integrins added due to reinforcement int,qq, and the rate of vinculin attachment ko, are analyzed. Migration velocity during durotaxis simulated until

steady-state for catch (c) and reinforced cases of cell adhesion (d).
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Fig. 6 (a) Results of the clutch model for cells expressing catch bonds for
values of the substrate rigidity in 0.1-100 kPa and number of ligands in
20-2000. Like traction forces, friction increases monotonically for an
increasing number of ligands. There is a maximum traction at ~10 kPa.
(b and c) Migration velocities in time for cells on top of matrices of £ = 1
kPa (grey) and on top of matrices of £ = 10 kPa (red). (b) Migration velocity
for cells initially located at n. &~ 100. (c) Migration velocity for cells initially
located at n. ~ 1700.

model to a similar system, we focus now on haptotaxis.
Haptotaxis refers to the migration of cells toward gradients of
ligands density.>>® We vary the ligands number, n,, for fixed
adhesion lengths, while we also vary the stiffness gradient of
the matrix. We first use the clutch model to compute the cell
traction for the combination of these two features of the matrix
(Fig. 6a). As we discussed previously, we can anticipate that a
cell traction gradient along with an increase in ligands density
will activate a directed cell migration. We compute the migra-
tion velocity for two values of the matrix stiffness (£ =1 kPa and
E =10 kPa) while we increase the number of ligands under the
adhesion complexes in a domain of length 200 um (Fig. 6). We
compute the migration velocity in time for four cases. For each
value of the matrix stiffness, we simulate cells that start to
migrate at locations of low ligands density (n. ~ 100) and in the
default density from all previous cases (n. ~ 1700). The results
show that cell migration is always activated toward the positive
gradient of ligands density. Therefore, we cannot demonstrate
negative haptotaxis. Our results show that on average a low
ligands density induces weak haptotaxis compared with a
higher density (Fig. 6b and c). Similar to durotaxis, the cell
traction, and equivalently friction gradient, has also an important
role in the migration velocity. A large traction gradient at E =
10 kPa and n. &~ 1700 results in a higher migration velocity than
in the shallow gradient at E = 10 kPa, n. & 100 and at E = 1 kPa,
ne. & 1700. Our results show that not only does the gradient of
ligands density matter, but the stiffness of the matrix to which
those ligands are attached has also a significant effect on the
migration velocity in haptotaxis.

4 Discussion

Durotaxis represents a universal mode of directed cell migration.
Although it manifests across most cell types, fibroblasts'® and
smooth muscle cells*® express positive durotaxis, while other cell

This journal is © The Royal Society of Chemistry 2023
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types present negative durotaxis.'>** Similarly, axons also move
toward soft regions of the ECM,° although they do not really test
migration. How the physical mechanisms that enable cell motility
cooperate to activate these remarkable and reversed modes of
durotaxis were hindered behind complex in vivo and in vitro tests.

Different theoretical and computational models have
explained positive and negative durotaxis individually (see,
e.g., ref. 57-59). Recently, a clutch model with a number of
modules that moves forward and enables cell migration showed,
in cooperation with experimental data, the role of adhesion
mechanics in durotaxis.’” Here, we coarse-grained the effect of
ACs in the retrograde flow through an effective friction parameter
that results from clutch models. This friction parameter directly
enters in our cell migration model, which we solve through classical
active gel models for cell migration, from where we can recover actin
retrograde flows. Our theory also explains positive and negative
durotaxis by the mechanics of cell adhesion. Our results suggest
that cells that express bonds with talin reinforcement follow positive
durotaxis while those that express negative durotaxis are crowded by
either pure slip or catch bonds. This is the case, eg, of
fibroblasts'®*® and neurons,?” respectively. In other words, reinfor-
cement seems to control the durotactic response.

Our results also support and validate previous experimental data.
Focal adhesions induce high friction between the retrograde flow
and the ECM in comparison with small nascent adhesion, or other
types of cell adhesion. This is reproduced by our model. We showed
that low friction values are associated with larger retrograde flows
and reduced protrusion velocities. However, large friction values
reduce the velocity of the retrograde flow and increase the protru-
sion velocity of the cell fronts (see eqn (3)), which is in agreement
with previous data on spreading cells’”* and on how adhesion
forces are transmitted to the nucleus.>* We also show that cells need
a strong stiffness gradient (and friction gradient) in order to express
durotaxis and that they prefer intermediate stiffnesses rather than
soft or stiff substrates.?®?>?*6162 Indeed, there is a sweet spot at
1-5 kPa that favors durotaxis. Conversely, lower and higher stiff-
nesses reduce cell motility and arrest durotaxis, respectively, which
are aligned with low and high friction forces. These results may also
explain differences between weakly and strongly adherent cancer
cells.* Interestingly, our results also show that cells migrate through
the extracellular space guided by the stiffness gradient up to regions
of large and symmetric adhesion forces, where the asymmetry of the
motile forces stalls and cells stop. These results indicate that cells
migrate towards the optimal rigidity location, when it exists, or up to
a location of friction large enough to stall the polarization of the cell.

Friction has a central role in our durotaxis model. As we
discussed in Section 2.3, the friction between the retrograde
flow and the ECM, 75, is due to the formation of ACs. The
retrograde flow couples with the stable ACs through a conti-
nuum actin network. When ACs are present, the friction
coefficient accounts for the reduction in fluid flow velocity as
the ACs become larger and more stable. Although our model
doesn’t tackle explicitly such interactions, and just coarse-
grained them through a friction parameter. How the inter-
action between these differentiated, but also structurally con-
nected actin networks mechanically communicates to regulate
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cell function is a fundamental research question that should be
carefully addressed in the future.

We also show specific aspects of the adhesion complex that can
be pinpointed to control the strength and the direction of durotaxis.
Future experimental work should confirm these predictions and
further interact with computational models to exploit the control of
cell migration. Because mechanical cues usually coexist with other
exogenous signals, our theory can be extended to incorporate, e.g.,
chemotaxis and investigate the competition between these two
prevalent migrating cues. In our model, if we do not establish a
stiffness gradient, the cell would never migrate and it would just
spread. Symmetric spreading occurs when cells are seeded in
matrices of constant stiffness. However, there are always other
signals in in vivo and in vitro systems, that may also cohabitate with
the mechanical gradients. These signals can trigger downstream
polarization of GTPases.*® GTPases may self-polarize because of the
noise of stimuli and induce cell migration.®””* Even changes in the
cell membrane tension may induce polarization of GTPases, which
eventually would polarize the downstream signals to enhance actin
and myosin activity and aid in the formation of a clear cell front and
rear.®®®® Eventually, cells migrate even though no stiffness gradient
exists. How chemotaxis and durotaxis compete when they coexist is
an interesting research question to be addressed.

The viscoelastic properties of the ECM may also mediate cell
motility. Viscoelasticity of the ECM is involved in the formation of
adhesion complexes”””"”® and spreading.”®”"”® Previous studies
have used constant viscous properties. However, whether a
viscoelastic gradient can also induce directed cell migration or
not is still widely unknown.”

A deep understanding and precise control of the mechan-
isms in cell motility may allow us not only to understand how
tumor cells invade healthy tissues and metastasize'""'* or how
cells orchestrate the regeneration of the tissues,"** but also
provide tools to arrest tumor progression’® and to engineer cell
migration for better biomimetic tissue designs.®*%
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