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Introduction

Multiple environmental factors guide cell migration and some of the best-known factors include soluble and extracellular matrix bound chemical gradients respectively referred to as chemotaxis [Devreotes2003] and haptotaxis [Chelberg1989]. More recent findings showed that cell migration is also directed by purely mechanical cues, such as stiffness gradients (durotaxis) [Lo2000; Isenberg2009], topographic pattern gradients (topotaxis) [Park2018], and topography anisotropy (ratchetaxis) [Jiang2005;Caballero2015a, Caballero2015b]. In this last case, called ratchetaxis, cells simply choose the direction that minimizes cellular deformation and energy expenditure. In addition, [START_REF] Reversat | Cellular locomotion using environmental topography[END_REF] showed that confined leukocytes are guided by topographic features as they migrate using retrograde actin flow, without adhering or pulling on the substrate [Reversat2020].

Mounting experimental evidence based on static substrates indicates that curvature influences single and multi-cellular migration [Malheiro2016;Pieuchot2018;Vassaux2019;Callens2020]. For example, mesenchymal stem cells and fibroblast cells cultured on a surface landscape that was defined by rolling hills and valleys were shown to be significantly affected by cell-scale curvature [Pieuchot2018]. Interestingly, cells would avoid going over convex hills by clearly steering around them and were more likely to go settle in concave valleys. No nuclei were positioned on the area representing the 20% most convex parts of the substrate, while over 60% of nuclei were positioned in the most concave valleys of equal size. Flipping the substrate over showed that gravity was not involved. Consequently, the influence of substrate curvature on cell migration is called curvotaxis [Pieuchot2018]. Curvotaxis requires a dynamic interplay between the nucleus and the cytoskeleton, and more precisely we know that nuclear integrity and actomyosin contractility are needed for curvotaxis. Disrupting either prevents curvotaxis from occurring [Pieuchot2018]. The actin cytoskeleton and the nucleus have direct mechanosensitive links between each other that regulate a range of cellular processes including nuclear positioning, while nuclear positioning influences cell polarization prior to migration [Luxton2011; Davidson2021]. This mechanosensitive linkage is in part explained by the small Rho GTPases Cdc42 which is involved in the regulation of the actin cytoskeleton, and the myotonic dystrophy kinase-related Cdc42-binding kinase (MRCK) pathway which promotes nuclear movement by forming transmembrane actin-associated nuclear (TAN) lines composed of transverse actin cables linked to Nesprin-2 [Luxton2010; Davidson2021]. Moreover, the centrosome which is associated with the nucleus membrane plays also a role in the initiation of cell polarization and directional cell migration [Zhang2017]. Interestingly, as cells traversed a curved landscape, the nucleus was generally offset closer to concave valleys than the barycenter of the cell [Pieuchot2018]. These findings lead us to create a computer model in [START_REF] Vassaux | A Biophysical Model for Curvature-Guided Cell Migration[END_REF] to physically explain the mechanobiological process of curvotaxis based on key known parameters, such as cell contractility and nucleus positioning [Vassaux2019]. In-silico analysis showed that the nucleus acts as a mechanical sensor that leads the migrating cell toward concave areas. Curvature-induced motion of the nucleus towards concave areas can be explained by the difference in mechanical constraints applied on the nucleus by the cytoskeleton between convex and concave areas. Simulation results from [START_REF] Vassaux | A Biophysical Model for Curvature-Guided Cell Migration[END_REF] showed that dragging the nucleus toward convex surfaces required more mechanical energy, while adhesion repositioning towards concave regions was energetically more efficient [Vassaux2019]. From a physical perspective, it consequently becomes harder for the cell to drag its nucleus toward convexities than to nudge it to concavities. However, hill and valley substrates cannot direct cell migration in a given direction, nor over long distances. Instead, such substrates can only bias cell migration which favors concave regions.

Interestingly, another single cell study on cylinder shaped substrates showed that stromal cells adjusted their speed and directional persistence in function of substrate curvature [Werner2019]. On the inner surface of the cylinder, cell migration was isotropic; this implies that movement of the cells is not affected by concavity. On the contrary, cells cultivated on the convex outer surface of cylinders were aligned and migrated primarily parallel to the axis of the cylinder and were able to move both ways along this axis.

The examples above clearly demonstrate that curvature influences migration by restricting cell motion, but none clearly show that reliable cell guidance over long distances can be achieved in a given direction. Long distance migration is often observed in-vivo during development. Indeed, in embryonic development, various types of processes rely on directed cell migration over long distances [Kishi2014;Scarpa2016;SenGupta2021]. Long-distance directed cell migration is essential for proper organ morphogenesis [Theveneau2012;Scarpa2016;Shellard2020] as well as the formation of new blood vessels [Patan2004;Otrock2007;Arima2011]. Furthermore, embryonic development involves various events where tissues contract [Shellard2018;Bailles2019], bend and shift [Harmand2021]. This means that cells are exposed to dynamic topography, including curvature changes and even curvature inversion as the surrounding tissues grow and develop [Schamberger2023]. In addition, various examples of calcium-mediated contraction waves are known to influence morphogenesis during the early stages of development [Chevalier2018;Bailles2019]. For instance, in drosophila, reversible millihertz contractions of the surrounding tissue were shown to induce cell ingression [Sokolow2012]. Moreover, the early embryo is composed of several cell layers and during development there are numerous examples of folds, furrows, and invaginations that induce dynamic changes in curvature. For instance, many slow calcium waves are seen as indentation waves [Jaffe1998;Jaffe2008]. As one layer transiently contracts due to calcium wave propagation, cells in adjacent layers may perceive these contractions as dynamic topographic variations, similar to traveling waves that move up and down [Jaffe1998;Jaffe2008]. This raises the question of how cells can be influenced by dynamic curvature. On another note, some cell types are more prone to curvotaxis than others [Pieuchot2018] suggesting that in vivo and/or in vitro cell sorting by dynamic curvature is plausible.

The examples above allow us to consider a mechanism by which curvature can dynamically change to stimulate and direct cell migration. We hypothesize that cell migration guidance can be achieved over long distances by continuously exposing cells to a curvature gradient. We know that on landscapes composed of hills and valleys, cells preferentially migrate towards valleys. We can therefore deform the landscape continuously so that valleys are always ahead of the cell and hills behind and one solution would be the production of traveling waves at the surface of the substrate. Over the past 20 years, significant developments have been made in cellular substrate engineering to study and control cell migration [Hersen2011; Le Digabel2011; Han2012; Pieuchot2018; Ribeiro2016]. Although there is a plethora of substrates that were engineered to influence cell migration [Dokukina2010; Caballero2015b, Caballero2015a] and some are dynamic [Raghavan2010], only a few change their shape dynamically [le Digabel2011;Chandorkar2019]. Some can change their topology on the submicrometric scale [Chandorkar2019] but none currently fit the requirements to test our hypothesis. Setting up an experiment to test our hypothesis would still require significant technical development. While it is not yet possible to produce cell-scale traveling waves, some of us have developed deformable substrates capable of switching from a flat to a wavy state. These substrates have been used to monitor the behavior of cells during switching and deformation of the substrate and consequently, during the local change of the substrate curvature as well. These studies show that the cells are able to dynamically detect a change in curvature. Substrate undulation induced cell migration over very short distances, away from convex peaks and until concave valleys are reached [Tomba2019].

At the cost of some biological simplifications, in-silico modeling may provide valuable insight into cell behavior and inner mechanisms despite current experimental limitations. Previous studies simulated cell migration on curved substrates using phase-field models [Löber2014;Tjhung2015]. These models describe cell migration as a lamellipodium-based motion within a continuous medium that represents the cell and its contractile cytoskeleton, solving cell migration as a moving boundary problem where the boundary is the cell membrane. The cell interior is represented by an active gel that is able to polymerize or depolymerize and contract, which generates actin flow. For instance, the phase-field models revealed that confinement, substrate curvature, and topography modulate the cell's speed, shape, and actin organization and can induce changes in the direction of motion along axes defined by the constraints [Marzban2019;Winkler2019]. Nonetheless, these models do not describe the real architecture of the cytoskeleton, nor do they consider the interplay between the nucleus and the cytoskeleton, yet these are known to be involved during curvotaxis. Our divided medium cell model does accomplish this, even though representations of lamellipodium and focal adhesions are rudimentary.

The effect of dynamic substrate curvature on cell migration has not been studied, not even in-silico. We hypothesize that dynamic curvature can guide cell migration. Here we propose testing the hypothesis using an in-silico model developed by [START_REF] Vassaux | A Biophysical Model for Curvature-Guided Cell Migration[END_REF] on our computational cell model. This cell model was previously validated as able to reproduce curvotaxis on static curvatures. We extrapolated the domain of application of the cell model to the case of dynamic curvature by submitting it to slowly travelling waves. As a result, in each simulation, the cell model can predict a migration trajectory on a slowly moving substrate with negligible inertia effects. We can therefore reasonably assume that this application of the cell model to dynamic curvotaxis, is safe and consistent. Simulation results show that single cells are able to undergo dynamic curvotaxis over long distances when subject to traveling waves. Increasing wave height increases the speed at which cells are able to follow the traveling waves. We propose a mechanistic explanation of dynamic curvotaxis by highlighting the cellular features that are likely involved. Simulations indicate that cell migration speed depends on wave slope together with intrinsic mechanical properties of the cells such as contractility, spread area and focal adhesion distribution. This relationship is necessary to match the wave pattern speed with cell speed and to generate continuous guidance in cell migration. Finally, to offer a first virtual proof-of-concept for dynamic curvotaxis, we defined substrate specifications to reliably achieve sustained migration.

Method

The cell structure and cytoskeleton are modeled as a system of multiple mechanical interactions. The cell is subdivided into numerous rigid spherical particles that interact mechanically with each other via contact, cable, and spring interactions. These interactions represent the mechanical forces produced or supported by the various filament networks that compose the cytoskeleton and nucleoskeleton. The cell model used in this study was previously developed and validated to provide an explanation for curvotaxis on static substrates [Vassaux2019]. Here, the extrapolated model is well adapted to test whether, in conjunction with curvotaxis, traveling waves can lead to sustained long-distance cell migration. The cell model adheres on a dynamic substrate which is a moving surface that is also subdivided into rigid spheres.

Mechanical modeling paradigms

Laws of motion

The rigid spheres composing the cell model and the substrate can mechanically interact with one another through predefined contact and cohesive forces and these spheres are ultimately subject to a numerical adaptation of Newton's laws of motion:

𝐹 𝑖 + ∑ 𝐹 𝑖,𝑗 𝑁 𝑗=1 = 𝑚 𝑖 𝑎 𝑖
where respectively 𝐹 𝑖 , 𝑚 𝑖 and 𝑎 𝑖 , represent the external force vector (boundary condition) applied to the particle 𝑖, its mass, and acceleration vector. Notation-wise, vectors are distinguished from scalars by underlining the variable. 𝐹 𝑖,𝑗 is the force of the interaction between the particles 𝑖 and 𝑗, while 𝑁 is the number of other particles from the cell model or the substrate which interact with particle 𝑖.

Compressive contacts

Particles repel each other via frictionless contact interactions defined by the Signorini's contact problem, and are resolved numerically via the Non-Smooth Contact Dynamics (NSCD) implicit solution algorithm [Jean1999]. Here is how this Frictionless contact is defined: where 𝐹 𝑖,𝑗 𝑠𝑝 is the magnitude of the spring force applied by the particle 𝑗 on particle 𝑖, 𝑘 𝑖,𝑗 , 𝑔 𝑖,𝑗 , 𝑔 𝑖,𝑗 0 and 𝜏 𝑖,𝑗 respectively represent the stiffness defined as force per strain, the current length, the initial length, and the pre-strain of the cable linking the particles 𝑖 and 𝑗.

𝐹 𝑖,

Cable interaction

Unlike a spring interaction, a cable interaction only allows a particle pair to pull on each other, it therefore cannot bear compression loads. Particles only pull on each other when the distance between the two particles exceeds the rest length of the cable.

𝐹 𝑖,𝑗 𝑐𝑎 = ⟨𝑘 𝑖,𝑗 ( 𝑔 𝑖,𝑗 -𝑔 𝑖,𝑗 0 𝑔 𝑖,𝑗 0 + 𝜏 𝑖,𝑗 )⟩ + Above, 𝐹 𝑖,𝑗 𝑐𝑎 is the magnitude of the cable traction force applied by the particle 𝑗 on the particle 𝑖. The stiffness 𝑘 𝑖,𝑗 is defined as force per strain, which in turn corresponds to the product of the cross section with Young's modulus. 𝑔 𝑖,𝑗 , 𝑔 𝑖,𝑗 0 and 𝜏 𝑖,𝑗 respectively represent: the current length, the initial length, and the pre-strain of the cable linking the particles 𝑖 and 𝑗. The brackets ⟨.⟩+ refer to the positive part of the scalar in between, while any non-positive value will be considered null. Considering a positive pre-strain means that the interaction is initially under tension. Inversely, a negative pre-strain means that there is some initial slack in the interaction.

Cell model structure

Initially the cell had a spherical shape 20 µm in diameter and was composed of various concentric layers of spherical bodies. The cytoskeleton (CSK) is generated probabilistically with a low degree of randomness (intermediate filaments, microfilaments, microtubules and stress fibers) in order to introduce some slight anisotropy in the cell structure. The outer layer of spherical contact points represents the cell membrane and actin cortex. This outer layer was made of overlapping particles to prevent the particle contained within from escaping. The next inward layer represented the cytosol, modeled as dense spherical particle packing, and in the middle was the nucleus. Initially, the latter was 10 µm in diameter and was composed of a nuclear envelope and the nucleoskeleton.

The cell membrane and the cytosol amounted to about 2850 particles, while the nucleus and nuclear membrane total approximately 2300 particles, totaling approximately 5150 particles (depending on the outcome of the pre-processing algorithm). These spherical particles were mechanically connected via the interactions detailed below and were assigned the density of water.

The inner nucleus

The inner part of the nucleus (IN) is considered to be an incompressible fluid, represented by a dense polydisperse packing of spherical particles with a radius between 0.4-0.65 µm. Inner nucleus particles only interact with each other by compressive contact.

Nuclear membrane

The nuclear membrane (NM) is defined by a single layer of overlapping particles, with a radius of 0.33µm encapsulating all inner nuclear particles. With the initial overlap of particles, the nucleus membrane could be considered as an impermeable envelope that prevents inner nuclear particles from escaping.

Nuclear membrane particles are connected to each other via cable interactions of stiffness 𝑘 𝑁𝑀 and a positive pre-strain 𝜏 𝐶𝑀 . Nuclear membrane particles interact by contact between inner nuclear and cytosolic particles. Nuclear membrane particles also initially overlap with one another enough to allow the nuclear membrane to stretch, yet remain impermeable.

Cytosol

Similar to the inner nucleus, the cytosol (CTS) is considered an incompressible fluid and is thus modeled as a dense poly-disperse packing of spherical particles with a radius between 0.1-2.0µm. Cytosolic particles can interact by contact with each other, with nuclear membrane, and with the cell membrane particles.

Cell membrane

This cell membrane (CM) is initially defined by a single layer of overlapping particles, with a radius 1.0µm, that encapsulates all inner cell particles. As with the nucleus membrane, with the initial overlap of particles, the cell membrane could be considered as an impermeable envelope that prevents inner cellular particles from escaping. Membrane particles are connected to each other by cable interactions of stiffness 𝑘 𝐶𝑀 and pre-strain 𝜏 𝐶𝑀 .

However, the cell and nucleus membranes are not totally impermeable in the model. On rare occasions, when the membrane stretches too much, a few inner particles may escape. If only a few out of thousands escape, we consider the membrane to be sufficiently impermeable. The impermeability of cell and nuclear membranes was therefore verified empirically.

Focal adhesions

The cell model adheres on the substrate via 30 focal adhesions (FA) initially located on the basal side. Each focal adhesion is composed of a single particle that is connected to neighboring cell membrane particles initially closer than 𝑙 𝐹𝐴 . The connection between the focal adhesion particles and the cell membrane counterpart is achieved via tension cables of positive pre-strain 𝜏 𝐴 , and of stiffness 𝑘 𝐹𝐴 .

Actin microfilaments

The actin microfilament (MF) network is modeled by positively pre-strained [Milan2016] 𝜏 𝑀𝐹 cable interactions connecting preselected particles within the cytosol where the initial distance each from the other is lower than 𝑙 𝑀𝐹 .

Stress fibers

Stress fibers (SF) are linear structures created by interconnecting particles throughout the cytosol with positively pre-strained 𝜏 𝑆𝐹 tension cables of stiffness 𝑘 𝑆𝐹 . Each stress fiber initiates at a focal adhesion and either terminates at another focal adhesion or at the dorsal part of the cell membrane.

Microtubules

Unlike the two previous networks of filaments, microtubules (MT) are able to sustain compression, therefore they are considered instead as a network of interconnected springs. A particle of the set is assumed to interact with other particles of the set located at an initial distance lower than 𝑙 𝑀𝑇 . The MT are generated from the centrosome, namely a specific location of the CSK linked to the nucleus.

Intermediate filaments

Intermediate filaments (IF) are modeled as slack cables interconnecting preselected cytosolic particles to each other and to nuclear membrane particles, provided these are located at a distance equal or lower than 𝑙 𝐼𝐹 each from the other.

Cytoskeleton interconnections

The Cytoskeleton interconnections (CI) involved all the IF, MF, and MT networks. A particle of any of these sets is assumed to interact with a particle of any of the two other sets located at an initial distance lower than 𝑙 𝐶𝐼 . These connections are ensured using cables of stiffness 𝑘 𝐶𝐼 . Identically, SF are considered connected to the IF network. This reproduces the indirect connection between the MF and MT with the NM through the IF. In addition, the MF close enough to NM connect to NM directly via CI to reproduce LINC complexes as found in Wakhloo et al. 2020 [Wakhloo2020]. In the same way, the MT centrosome is connected to NM via CI.

The parameters used in this study to define cell model structure are recalled in Tables 1 and2 

The dynamic substrate

The substrate is an impermeable surface of rigid spherical particles with a radius of 1.66µm that overlap with each other therefore preventing any external particles from sneaking through. The positions of substrate particles are controlled.

The wave motion is generated by moving the substrate particles up and down (Figure 1.a) by imposing their local vertical positions 𝑧(𝑥, 𝑛) following equation 1, without any horizontal movement. These vertical movements form traveling waves which propagate across the substrate plane.

𝑧(𝑥, 𝑛) = ℎ 2 𝑠𝑖𝑛( 2𝜋 𝜆 (𝑥 + 𝑣 𝑤 . 𝑛)) (eq.1)
In equation 1, we locally calculate the vertical position of the substrate at the x coordinate along the x axis and the migration iteration of the number 𝑛. The sinusoidal waves are defined by the height ℎ, wave length 𝜆, and travel velocity 𝑣 𝑤 expressed in micrometers per iteration (see Figure 1.c). Thus, 𝑣 𝑤 . 𝑛 represents the total displacement of the traveling wave from the initial cell model position to the current migration iteration number 𝑛. Consequently, the topological deformation of the substrate forces the cell model to adapt its shape and respond accordingly.

The substrate particles interact with cell membrane particles via contact interactions, thus preventing the cell from going through the substrate. Focal adhesion particles are positioned on the substrate plane and remain fixed in position during each iteration.

All the simulations started by spreading the cell model on the initially flat substrate until reaching a spread area of 2580µm² and the formation of focal adhesions. Then the substrate was gradually deformed to a corrugated shape before wave travel. This moment represents the starting point of all the videos. When traveling waves are involved, the deformation travels across the substrate plane. The substrate does not translate horizontally, instead it moves up and down locally to recreate the motion of the waves.

The process of dynamic curvotaxis in the cell model

Here, we used the same physical mechanisms to model curvotaxis as we did in our previous studies on static substrates [Vassaux2018;Vassaux2019]. Adherent cell migration is driven by many factors. In-vitro experiments showed that curvotaxis appears predominant over other cell migration factors when wave height is 10 µm or greater for a wave length of 100µm [Pieuchot2018;Vassaux2019]. In this study, only the contribution of curvotaxis was included in the cell migration simulations; other factors were not considered. When curvotaxis occurs, we assume that the topography induces a force imbalance on the nucleus between the high force convex area and the low force concave area (Figure 1.b). It consequently becomes harder for the cell to drag its nucleus toward convexities, than to nudge it to concavities. As a result, a bias arises which favors movements toward concave areas. In this study, we considered waves with curvature parameters known to induce a migration bias [Pieuchot2018] that were observed to dominate the steering of cells during migration. The cell model is able to reproduce this bias by predicting the mean displacement of the cells led by the drifting motion of the nucleus. Using the cell model, we predicted how cells would migrate on traveling waves due to dynamic curvotaxis.

The migration of the cell model is an iterative process. Migration is simulated by mimicking a lamellipodium protrusion at the front of the cell and retraction at the rear. A real cell migrates as new FAs are continuously assembled away from existing disassembling adhesions in the direction of motion. While the cytoskeleton connects new FAs, the old ones are disassembled. In the cell model, a single FA is composed of a pair of particles, one active and fixed and the other inactive and mobile as a candidate for a new FA location. The active particle anchors the cell model to the substrate, i.e. it is attached to the moving surface of the substrate and linked to the cytoskeleton of the cell model. Meanwhile, the inactive FA particle moves in the migration direction given by the nucleus offset. The inactive particle then binds to the surface of the substrate and becomes active in its turn: it connects to the cytoskeleton and anchors the cell model to the substrate. The former active particle then becomes the inactive particle. The process is repeated iteratively. In the cellular model, the turnover of an FA is a interplay and a swap between the fixed active particle and the moving inactive particle. All FAs behave in the same way, with no distinction being made between the front or rear of the cell model. Protrusion at the front of the cell model and retraction at the rear result directly from the curvature-induced nucleus offset that gives direction and magnitude of protrusion and retraction.

More precisely, at the end of each iteration 𝑖, the internal displacement of the nucleus 𝑑 ⃗ 𝑖 is computed as the vector directed from the cell barycenter to the nucleus barycenter. At iteration 𝑖 + 1, the inactive particles of all the FAs are displaced of 𝑑 ⃗ 𝑖 . The cell model migration ends when 𝑑 ⃗ 𝑖 becomes negligible with respect to cell dimensions, when the nucleus has finally stabilized in the middle of the cell model and the model itself has stabilized. The model is not self-excited and does not generate random migration trajectories.

Our study simulates cell migration on traveling waves using an iterative approach. At first, we considered the traveling waves as a sequence of sinusoidal curvatures, with an increasing phase shift between them, thereby accounting for the changing curvature. Subsequently, our iterative migration process involved a sequence of migration steps for the cell model on successive wave profiles, with each profile having a phase shift from the previous iteration. It is worth noting that the extrapolation of our cellular model to the dynamic curvature of traveling waves follows the classical use of the model, which has been previously validated in [Vassaux2019]. By incorporating this validated model, we ensure that our approach is robust and reliable.

Computational implementation of dynamic curvotaxis in the cell model

To compute the mechanical dynamics of the cell model successively during the migration, each iteration 𝑖 lasts 0.1s and is subdivided into 1000 sub-iterations of a 0.1ms timestep each.

The travel of the waves is also calculated iteratively. The current wave shape of the substrate is calculated at the beginning of each iteration. From the previous iteration to the current one, the substrate nodes are not repositioned instantaneously. Instead, the total displacement of each substrate node is divided into sub-displacements taking place during 1000 sub-iterations composing the iteration.

Similarly, the nucleus offset due to curvature is measured at the beginning of each iteration to calculate the cell migration displacement. This displacement is then gradually implemented by moving FA nodes during the 1000 sub-iterations. To do so, the total displacement that the FA particles have to travel during an iteration is divided into sub-displacements that are performed during the sub-iterations.

During each sub-iteration, the particles of the substrate and FAs are assigned an appropriate velocity. This velocity multiplied by the sub-iteration timestep results in the sub-displacement. As a result, the particles of the substrate and the FAs move during the sub-iterations and a fortiori during an iteration. This results in a continuous motion of the travelling waves and of the migrating cell model. The substrate, the FAs and the cell move at the same time, in the same timestep and so, the cell model migrates on the moving substrate. Except for FA nodes, cell membrane nodes experience a frictionless contact with the substrate, thus allowing the cell membrane to gradually slide over the moving substrate.

Considering the FA turnover, at the end of each iteration, all the FAs have to reach a new position given by the nucleus offset vector. This final position is reached progressively, as we mentioned earlier, by an interaction between the active and inactive FA particle that occurs at the sub-iteration step. In each sub-iteration, the inactive FA particle is displaced and becomes active, while the old active particle is detached and becomes the inactive particle that will move in the next sub-iteration.

The calculation of the mechanical state of the cell model at each 0.1ms sub-iteration follows an adaptive iterative scheme ensuring calculation convergence. For the wave speeds we considered in the study, the cell model reached mechanical equilibrium at the end of each 0.1ms sub-iteration. Mechanical computations were achieved using LMGC90 a Non-Smooth Contact Dynamics (NSCD) mechanical solver dedicated to divided medium mechanics [Jean1999;Dubois2016]. Implementing the motion of travelling waves and migrating cell model on a time step of 0.1µs guarantees the convergence of the mechanical calculations at each sub-iteration and the coherence of the entire iterative process of the dynamic simulation of curvotaxis.

Cell migration is here considered as a purely mechanical process without involving duration of biological processes or biochemical kinetics. For instance, cytoskeleton remodeling or focal adhesion creation are instantaneous in the cell model. Computational timesteps were defined only to reach mechanical equilibrium at each sub-iteration. Therefore, the simulation timesteps and biological timesteps are unrelated.

The calculation of the nuclear stress during simulation was carried out using a custom-made postprocessing procedure. This procedure accounts for all contact forces external to the nucleus. It also calculates the faceted polyhedron that best represents the shape of the nucleus in order to transfer the external contact forces onto it and calculate the equivalent stress tensor within the nucleus. In our study, the nuclear stress is the hydrostatic pressure derived from the stress tensor.

Different test conditions

We considered different surface wave profiles all with a wavelength of 100µm which is optimal for observing curvotaxis for a spread cell 60µm in diameter [Pieuchot2018;Vassaux2019].

We varied wave parameters (Figure 1.c) to analyze their influence on dynamic curvotaxis in-silico. We considered the following substrate conditions with different wave propagation speeds given in µm per iteration (µm/it) and constant wave height of 10 µm:

1-"Static" wavy substrate as a reference (speed wave of 0µm/it) 2-"Very slow" traveling waves: 1µm/it 3-"Slow" traveling waves: 2µm/it 4-"Medium speed" traveling waves: 4µm/it 5-"Fast" traveling waves: 8µm/it 6-"Very fast" traveling waves: 16µm/it

We varied the wave amplitude to analyze its influence. We considered the following substrate conditions with constant wave speed of 8 µm/it: 7-"Low" traveling waves: 10 µm high 8-"High" traveling waves: 40 µm high

We analyzed sustained curvotaxis in function of the height and the propagation speed of the waves. We considered the following substrate conditions: 9-"Low & slow" traveling waves: 10 µm high, with a propagation speed of 2 µm/it 10-"Medium height & medium speed" traveling waves: 20 µm high, with a propagation speed of 4 µm/it 11-"Fast & high" traveling waves: 40 µm high, with a propagation speed of 8 µm/it

We analyzed the possibility of directing cell migration by changing the direction of the traveling waves twice:

12-Dynamically changing substrate wave direction

We performed complementary simulations reducing either the diameter of the spread area, the number of focal adhesions, and the actin cortex and stress fibers contractility: 13-Influence of reducing either spread area or focal adhesions, or by altering cytoskeleton on dynamic curvotaxis.

In all simulations the cytoskeleton structure of the cell model which was generated probabilistically as described above is the same. In all simulations, the cell model was dropped at the same midslope point on the wave. As the waves derived from a periodic sine function, stroboscopic effect could occur if the waves moved a distance equal or larger than the wavelength at each iteration. In our study, wave speeds are below this threshold and we can consider that there is no stroboscopic effect in the simulations.

Results

Influence of travelling wave speed

The first result of simulations is that travelling waves both induce and guide cell model migration (Figure 1). Varying the wave speed has an influence on the migration behavior of the cell model (Figure 1.d). For a wave height of 10µm, sustained migration of the cell model is achieved provided the wave speed does not exceed 2µm/it. The wave speed of 2µm/it appears to be the optimal guiding speed over long distances. When the waves travel faster than the optimal speed of 2µm/it, the waves overtake the cell model. However, this does not necessarily prevent migration guidance. Indeed, if the model is overtaken by a wave, it will be pushed by the next wave. For example, although less efficient, at a wave speed of 4µm/it, the cell model can still migrate in the direction the waves travel. This means that wave speeds do not need to be extremely precise to have guiding effect. However, if the waves travel too fast (8 µm/it or above) the cell is not able to migrate properly and cell model guidance is lost (Figure 1.d).

The speed of the cell model depends directly on the speed of the nucleus obtained in the previous iteration. Therefore, in the case of sustained migration, it is normal that both speeds are always equivalent. Above the optimal wave velocity, the simulations show that the cell and nucleus speed diverge (Figure 2). The relative speed of the nucleus fluctuates between iterations, but remains bounded without diverging. Nucleus speed fluctuations increase when the wave goes faster than the cell model.

Simulation of cell migration on a 10µm-height "static" wave with a propagation speed of 0 µm/it shows little net cell displacement, which corresponds to only a small repositioning of the cell model closest to the concave region of the wave trough (Figure 2.a). This repositioning of the cell model is associated with a mechanical relaxation of the nucleus as indicated by the asymptotic decrease of nucleus stress towards the residual stress of ~1kPa after the mechanical relaxation of the cell structure (Figure 3). In contrast, mechanical relaxation of the nucleus is slower or prevented altogether in scenarios where the cell model is subjected to faster moving waves of the same height. When the waves propagate at a speed greater than the optimal 2µm/it and overtake the cell model, periodic loading of the nucleus can be observed with higher levels of peak and average stress.

Influence of traveling wave amplitude

With a wave height of 10µm cell model is not able to keep up with waves propagating at 8 µm/it (Figure 1.e). However, when wave heights are increased to 40 µm, the cell can sustain curvotaxis without being overtaken by the waves (Figure 1.d). At a wave speed of 4µm/it, sustained migration of the cell model requires a wave height of 20µm (Figure 1.f). So, the cell model can undergo sustained and reliable curvotaxis at higher speeds when wave heights are increased, and as a result, the cell can travel greater distances in the same amount of time (figure 4.a). We identified an optimal pairing of wave speed (WS) and wave height (H) to produced sustained migration guidance: (WS=2µm/it, 10µm); (WS=4µm/it, 20µm); (WS=8µm/it, 40µm). Although the wave velocity remains constant during the simulation, when the wave speed and height are higher, the speed of the cell model as well as the relative speed of the nucleus appear to be more dynamic and irregular, varying slightly around their mean value, with short phases of acceleration and deceleration (Figure 4). The higher the wave, the lower the nucleus stress (Figure 5). In addition, we observe that the cell model is better able to center itself in the valleys of 40µm-height waves that result in lower stress on the nucleus. The traction force exerted by the cell model on the substrate also decreases as wave height increases (Figure 5d). Traction force was defined as the sum of all the forces, in terms of magnitude, that the cell exerts on the substrate via all its FAs. Interestingly, high waves allow sustained migration at higher speeds with lower nucleus stress and lower cell contractility.

To better understand how traveling wave curvature may influence cell migration speed, we simulated cell model migration on 3 static wave profiles (non-travelling) of 10, 20, and 40µm in height. In each case, the cell model was initially located in the middle of the slope of the static wave. On static waves of 10, 20, and 40µm in height, we reported that the speeds of the cell model at the first iteration of migration were 2.12µm/it; 4.29µm/it, and 8.36µm/it respectively. These speed values are strongly correlated with the curvature gradients of the static waves, since we obtain a linear relationship between them (Figure 6). The migration speeds of cell model on static waves are very close than the optimal traveling wave speeds, 2µm/it, 4µm/it, and 8µm/it, that were found to guarantee sustained cell migration on waves 10, 20, and 40µm in height respectively (Table 4). By simulating cell migration on traveling waves, we found that the optimal wave speed is the maximal speed of the waves that the cell model is able to follow in a sustained way. Here, by simulating cell model migration on a static wave profile, we deduced that the optimal wave speed is equal to the speed of the cell model as it migrates on the static profile of the wave. This value depends only on the intrinsic mechanical properties of the cell model and on the wave topography. So, the optimal wave speed value highlights the intrinsic capability and dynamics of the cell model to migrate on a given wave pattern. For a given wave pattern and a given set of cell model parameters, the expected optimal wave speed would be given by the curvature gradient between tops and troughs of waves. The curvature gradient of sinusoidal waves is related to the wave slope. Therefore, wave slope could also be used as a simpler indicator for the wave in order to define optimal wave speed.

Wave 

Influence of cell mechanical properties

We simulated structural changes in the cell model by mimicking different states for adherent cells or the knockdown of some intrinsic cell structure. We analyzed the contribution of these cell properties in curvotaxis when the model is subjected to a 10 µm high static wave (Figure 7). The reduction of the number of focal adhesions, the diameter of spread cell area, or the stiffness of actin cortex and stress fibers all result in the decrease in cell contractility. The nucleus is then less stressed and the nucleus offset decreases. As a result, the nucleus-oriented cell migration is impaired.

Moreover, when the model is less contractile than the control, the model stabilizes further from the concave wave trough. The loss of structural integrity of the cell model increases the wave trough targeting error. The model becomes slower and less accurate. In Figure 7.c, we defined and reported the quantity (1 -concave-targeting error) that we considered equivalent to the precision of targeting concave area spatially.

If we cross these two phenomena and multiply the speed of the nucleus by the precision of the targeting concave, we obtain the current sensitivity of the cell model to dynamic curvotaxis (Figure 7.d). The results clearly indicate that the sensitivity to dynamic curvotaxis depends on the structural integrity of the cell model.

Steering cell migration dynamically by changing the direction of propagating waves

We started the simulation by generating unidirectional traveling waves at the surface of the substrate. Then during the simulation, we changed the direction the waves traveled by 90°, which prompted the cell model to adapt its direction of migration. We changed the direction in which the waves propagated again and observed that the cellular model again adapted its trajectory (Supplementary Movie 1). We conclude that the cell model can dynamically adapt its trajectory. The surface of the substrate is defined by a set of individual contact spheres (drawn smaller to identify them individually). These substrate spheres are fixed horizontally, in contrast, their vertical movement generates the traveling wave pattern. As the wave travels, so does the concavity (valley), which in turn attracts the cell model (Supplementary Movie 2). c) The propagating waves are parametrically defined by their wave lengths (100 µm), while their height varies between conditions (10 µm, 20 µm, 40 µm), and their horizontally uniaxial propagation defined in µm/iteration (µm/it) (one iteration corresponds to a computational time of 0.1s). d) The total distance traveled by the cell model is compared based on different wave propagation speeds for identical wave heights of 10 µm (Supplementary Movie 3). e) Cell model was placed on substrates with identical wave propagation speeds, however, different wave heights lead to different outcomes. f) Sustained curvotaxis achieved at different speeds, based on different wave heights (Supplementary Movie 4). Figure 6: The speed of cell model migration depends on the curvature gradient of the wave. We simulated cell model migration on 3 static wave profiles of 10, 20, and 40µm height. In each case, the cell model was initially located in the middle of the slope of the static wave. We reported the speeds of the cell model that occurred during the first iteration of migration, that is, 2.1µm/it, 4.3µm/it and 8.4µm/it, respectively.

Curvature gradient was calculated between the top and the trough of the wave as

𝛥𝐶(𝑥) 1 2 𝑊𝐿 = 8
𝐻 .𝜋² 𝑊𝐿 3 , with H the height of the wave between top and trough, WL, the wave length of undulation and the curvature, 𝐶(𝑥) = 𝑓 ''(𝑥). (1 + 𝑓 '(𝑥) 2 ) -3 2 with f(x), the equation of the wave. 7: Structural changes in the cell model and their influence on the sensitivity to curvotaxis when the model is subjected to a 10 µm high static wave. Alternately, the number of focal adhesions (nFA) was multiplied by 0.3, the diameter of the spread cell by 0.75 or 0.5, the stiffness of the actin cortex and the stress fibers by 0.05 or 0.01. Each of these conditions has been given a specific color in the graphs. a) Boxplot representation of compressive stresses on the nucleus acquired during the migration of the cell model on the static wave from the start and until it stopped at the concave area or at its vicinity. b) Average nucleus motion speed in the cell model towards the concave region of the static wave trough. c) Concavetargeting error vs control. When the cell model stopped near the concave area, we measured the distance between the center of the cell model and the center of the concave area. This distance, normalized by half the wavelength of the wave, defines the Concave-targeting error. The concave-targeting error vs control is the relative concave-targeting error committed by an altered model compared with the error committed by the control model. d) Curvotaxis sensitivity calculated as the nucleus speed in (b) multiplied by (1concave targeting error in (c)), the (1 -concave-targeting error) being equivalent to the chances of targeting concave area spatially. 

Discussion

The results of the model suggest that dynamic substrate curvature can be used to guide cell migration over long distances. This finding may have a profound impact on the way we apprehend single and multi-cell migration. In the end, these findings may trigger new ways to tackle and explain a plethora of phenomena in developmental biology and tissue engineering.

However, by themselves the results of the model are not sufficient to fully describe the essential characteristics of a future dynamic substrate. First, in the model, the speed of the traveling waves was not described in physical units, therefore quantitative estimates will require additional analysis. Secondly, although curvotaxis is known to impact cell migration, in some cases its influence is non-deterministic. In other words, cell migration remains partially random which was not considered by the model. We will address both of these dilemmas below.

Estimating the speed of the traveling waves

Estimating optimal speed for traveling waves must be relative to the capability of the cells to migrate spatially under dynamic curvature gradient. The maximal speed of the traveling wave is given by the threshold below which the cells can maintain cell migration guidance and above which they cannot do so.

Based on previous studies [Pieuchot2018], for a wave height of 10 µm, we observe that mesenchymal stem cells can generally migrate at about 20 µm/h and up to 40 µm/h. We therefore conclude that traveling waves should propagate slower than 20 µm/h to allow all cells to keep up. Otherwise, we expect that some cells would be overtaken by the waves, if the waves traveled faster than 20 µm/h, which would be less efficient as the simulation results show.

Ensuring reliable migration

Pieuchot et al. showed that nucleus positioning and cell migration were strongly influenced by static waves with a height of 10 µm and a wave length of 100 µm, this phenomenon being coined curvotaxis [Pieuchot2018]. Moreover, Pieuchot et al 2018 also showed that actomyosin contractility and nucleus integrity were necessary for curvotaxis to occur. Later Vassaux et al 2019 created a numerical cell model that successfully reproduced curvotaxis. The hypothesis was that substrate curvature influence nucleus positioning and that the cell would then reposition its adhesions to center its nucleus. Simulation results show that cells could migrate to concave area, while avoiding convex peaks.

In the current model, the effects of curvotaxis were the only contributors to cell migration. This study was thus conducted at the detriment of common migration pathways. Generally, in adherent cells, protrusion and migration are driven by complex interplay between adhesion binding and unbinding, actin polymerization, actomyosin contractility, and mechanosensitive signaling. These primary contributors to cell migration would have a major impact on simulation results, and taking them into account would thus better match expected experimental results. This suggests that curvotaxis should only be considered as a secondary contributor to cell migration that may bias cell directionality. Indeed, with the limited curvature generated by low waves (less than 10 µm high), curvotaxis contributes to cell migration, but it is not dominant. As a result, curvotaxis has a probabilistic effect on cell migration.

However, the pronounced curvature of high waves significantly increases the guiding effect of curvotaxis [Pieuchot2018;Vassaux2019], to the point that it can become dominant. At that stage, cells seldom go over convex summits [Pieuchot2018] when wave heights are 10 µm or higher. In other words, being able to generate waves that are at least 10 µm high should reliably promote and guide cell migration. Common contributors to cell migration may consequently become negligible in a high curvature context. This is why our study only focuses on the effect of curvotaxis.

The linear relationship between the cell speed and the height of the waves, showed in Figure 6 was not verified experimentally in [Pieuchot2018]. Pieuchot et al 2018 only observed that the cells travel on average two times faster when they were in convex area than when they were in concave areas. Nonetheless, one expects the cell speed to be bounded and not to increase indefinitely with curvature gradient and wave height.

Substrate specifications defined by the model

We have estimated an appropriate wave speed of 20 µm/h wave heights of 10 µm to induce reliable cell migration over long distances and showed promising biological examples [Sokolow2012, Jaffe1998, Jaffe2008]. We can define the specifications of a functional substrate. Based on our results, we predict that reliable and sustained migration can be achieved by generating traveling waves with:

-wavelengths of 100 µm -heights between 10 and 40 µm -travel speeds ranging from 10 to 20 µm/h. This low wave height substrate would consequently generate waves with frequencies ranging from 0.03mHz to 0.06mHz. On the other hand, on strongly curved substrates [Pieuchot2018], speeds up to 40 µm/h may temporarily be achieved to the detriment of reliability.

According to the model, our study shows that cells can surf travelling waves provided that the waves travel slower than the cells. The model also predicts more subtle behaviors depending of wave patterns such that:

-Cells can surf faster if the wave height is increased. However, this result is dependent on the hypothesis assuming that curvotaxis is a phenomenon involving only nucleus stress and cell repositioning leading to its mechanical relaxation. -Cells can still move over long distances even if they are overtaken by waves that travel a little bit faster than the cell. Interestingly, this implies that propagation speeds do not need to be extremely precise to have an effect. -Nuclear deformation is lower when wave height is increased. This difference in nuclear deformation could also be physiologically relevant as it may alter the mechanobiological response of the cell.

Comparing our in-silico results with existing biological observations

In 2019, Tomba et al. cultured cells on a dynamic substrate capable of switching from a flat to a wavy state [Tomba2019]. Initially, the substrate, a PDMS film, was stretched to 100% and then laser irradiated. When the substrate was relaxed, wrinkles of ~15µm height and ~40µm wavelength were formed. The top and bottom of the wrinkles are distant by 20µm from each other in the horizontal direction. Saos-2 cells were cultured on the flat substrate stretched to 100%. When the substrate was relaxed and wrinkles formed, the cells migrated towards the concave valleys within about 2 hours. This indicates that the cells can migrate a horizontal distance of 20µm in ~2h, at a speed of ~10µm/h to reach the nearest valley.

While the guidance of cell migration by dynamic curvotaxis over long distances has not yet been studied experimentally, the study by Tomba et al. in 2019 can be considered as the first step towards an in vitro proof of concept of dynamic curvotaxis, since cells migrate to the concave areas when a vertical undulation suddenly appears. Cells are able to dynamically detect a change in curvature. Undulation of the substrate induces the migration of cells over very short distances, migrating away from convex peaks to reach concave valleys [Tomba2019]. Moreover, the cell migration speed we estimated on the basis of our traveling wave simulations is consistent with the experimentally measured cell migration speed. Therefore, we are able to consider that the study of . This sub-millihertz frequency range was observed by measuring the fluctuation in apical cross-sectional cell area during embryo development. Although we cannot directly relate these results in terms of wave height since the cells are not laying on a 2D plane that deforms along its perpendicular axis. Slow contractions can therefore promote cell ingression and sorting. These experimental observations suggest that folds and furrows that are induced by ultraslow calcium waves would form and propagate at speeds that closely match those found by the model. Our results can be considered consistent with these biological examples.

Consistency of cell model extrapolation to dynamic curvature case

Here, we extrapolated the domain of application of our model from the case of static curvatures [Vassaux2019] to the case of dynamic curvature. Our model was originally developed and validated on and for static curvatures, nonetheless we consider that this extrapolation to the dynamic case is relevant. The intrinsic mechanism of curvotaxis has been defined as cell migration guidance by the nucleus offset induced by curvature gradient [Vassaux2019]. In the present study the intrinsic mechanism of curvotaxis remains the same. The only difference between static curvotaxis simulations and dynamic curvotaxis simulations is the slightly motion of the substrate under the migrating cell model. In dynamic curvotaxis simulation, the motion of the travelling waves and the migrating cell model is computed by considering sub-iterations with a time step of 0.1µs. During such a time steps, the speed and displacement remain very low.

The advantage of considering dynamic curvotaxis and displacement wave generation, as we have done in the present study, is the maintenance of cell migration guidance. Indeed, when the wave speed matches the speed of the cell model, the cell model is continuously exposed to the same curvature gradient despite the fact that the cell model is moving. This constantly maintains the same level of mechanical tension in the cell model and the same nucleus offset between simulation iterations. So, the extended application domain of the cell model to the dynamic curvature of traveling waves implies a use of the model following and respecting the classical use of the model validated in [Vassaux2019]. Thus, we may consider that our present results are consistent with our previous study.

Physical interpretation of the cell model on travelling waves

The cell model on moving curvature can be likened to a system subject to mechanical potential energy, biased cell migration, and mechanical relaxation. For a fixed curvature, this system has maximum potential energy when it is at the most convex point, at top of the wave. This potential energy induces a bias in cell model migration until the cell model reaches the concave region, where it relaxes. Then, the structural reorganization of the cytoskeleton with a more rounded cell shape leads to a mechanical relaxation of the system. The time taken to reach the concave region could be assimilated to a relaxation time. The speed of the cell model to reach concavity could be assimilated to an intrinsic relaxation speed. This speed defines a threshold speed. The generation of a travelling wave will constantly provide potential energy to the system to prevent complete mechanical relaxation. Below the threshold speed, the cellular model surfs the wave. Above the threshold speed, the cell model is overtaken by the wave. In this case, the cell model and its nucleus undergo an oscillating mechanical stress, the stress being high when the cell model is overtaken by the top of the wave. The frequency of oscillating stress is the same as that of the overtaking of the cell model by the wave. However, further work is needed to propose an analytical model able to discriminate the different regimes of the cell model on travelling waves, from guided migration to no migration accompanied by fluctuating intracellular mechanical stresses.

It is worth mentioning that the wave speeds studied here were slow enough such that the inertia of the cell model remained marginal. The particles in the cell model have the same density as water and the inertial forces are weak compared with the mechanical interaction forces that reproduce the contractile cytoskeleton.

Limits of this study

The cell model we used in this study does not reproduce the dynamics of the cell migration mechanism which results from complex interplay between adhesion binding/unbinding, actin polymerization, actomyosin contractility, and mechanosensitive signaling. Each of these elements can be influenced by a dynamic change in curvature. In the present study, the representation of the cell migration mechanism is very rudimentary. We only reproduce the protrusion of the lamellipodium at the front of the cell and a limited remodeling of the cytoskeleton at the front and rear. Indeed, we do not attempt to analyze the possible influence of dynamic curvature on the dynamics of each element of the cell migration mechanism. Instead, we analyze the influence of dynamic curvature on the mechanical positioning of the cell nucleus, which has been shown to bias the migration direction on static curved substrates. In this study, we considered that dynamic curvotaxis is driven by the mechanical relaxation of the cell in the direction of motion of the nucleus pushed towards the concave trough of traveling waves. Although, we believe that this simplified cell model is able to reproduce the general migration bias that cells will experience when subject to travelling wave, in its current state the model does not represent the probabilistic trajectories that cells would normally generate. For example, cells were shown to migrate in the same direction the wave travel at, however, in-vitro experiments will most likely show that cells also travel in part perpendicularly to the waves. The authors who have developed phase-field models propose a dynamic representation of the cell migration mechanism [Marzban2019;Winkler2019]. They also show that curvature influences cell migration by proposing a mechanism other than the one we modeled. The results of phase-field model simulations indicate that static curvature can also influence the flow of intracellular actin through which the cell polarizes.

In the future, we wish to integrate the dynamics of focal adhesions and cytoskeletal remodeling more accurately. It would also be interesting in the short term to confront these two types of modeling, as well as others, on dynamic substrates and on the traveling waves we considered here. It is possible that dynamic curvotaxis results from competition or cooperation between different curvature sensitivity mechanisms.

Perspectives and applications

Once confirmed experimentally by testing cell migration on dynamically curved substrates, we believe that dynamic curvotaxis may significantly impact our understanding of cell mobility. Not only will it become an additional phenomenon to consider when trying to explain single cell motility, such as ingression, but we expect that dynamic curvotaxis may also have a profound impact on our understanding of collective cell migration and the behavior of cell groups. Several examples have demonstrated that for collective cell migration to emerge, various phenomena have to work in synergy, otherwise the collective behavior becomes undefined [Mayor2016;Shellard2019;Szabó2016]. Therefore, it is reasonable to assume that dynamic curvotaxis may be one of the key phenomena required to explain several processes involving collective cell migration and controlled tissue growth [Rougerie2020]. As a result, in addition to dynamic curvotaxis, dynamic curvature may have a significant impact on embryogenesis, regeneration, and cancer metastasis.

We propose to experimental scientists travelling wave heights and speeds to guide cell migration. Important technical development is still needed to design dynamic substrates. Dynamic environments would enable groundbreaking in vitro cell analyses to be carried out by mimicking in vivo conditions, and could have industrial applications in cell and tissue engineering involving the guidance of migration over long distances, the mechanical stimulation of cells, and the sorting of cells into those that respond to curvature and those that do not. We also believe that more elaborate wave shapes, such as a crescent shape, would better constrain cell movements and thus prevent cells from moving perpendicular to the intended direction, a phenomenon we have not modelled but which we expect to occur experimentally.

Interestingly, up to now most models of cell migration with a strong emphasis on cell mechanics have been used only to explain known experimental results. At this time, in our field, it is still rare to use a model as a predictive tool to both engineer experiments and estimate their outcome. Although only experimentation will tell whether our forecast is valid, we nonetheless believe that predictive cell modeling is the future.

Conclusion

Cell migration is influenced by curvature, but the effects of dynamic curvature have not been shown at this time. While there are numerous examples of folds, furrows, and invaginations that induce dynamic changes in curvature during embryo development, dynamic substrates able to promote cell migration do not exist at the moment. For this reason, we used a numerical model to predict how deformation waves traveling at the surface of a substrate could promote long distance cell migration. The results of the model suggest that dynamic substrate curvature defined by traveling waves can be used to guide cell migration over long distances. Although curvature is generally considered as a statistical migration bias, in this study we purposefully chose wave heights that appear to make this bias dominant over other parameters that would otherwise influence cell migration trajectories. Our study shows that wave height and travelling wave speed of the wave are key. A speed higher than the optimal speed would result in poorer or no cell migration. Although, due to technical limitations, currently it is not possible to validate our results experimentally, we anticipate that validation and our results are consistent with the existing literature.

Based on our analysis we propose the following substrate specifications to achieve migration experimentally: the wave should have a wavelength of 100 µm, a height of at least 10 µm, and propagate at 10 to 20 µm/h. The model also predicts that increasing the wave height should allow for efficient migration for higher travelling wave speeds.
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 1 Figure1: Cell model (salmon) and the nucleus (pink) on traveling waves (turquoise). The waves propagate horizontally along a single axis by making the local surface move up and down. As the wave moves, so does the concavity (valley). Subject to curvotaxis, the cell model is prone to migrate toward concavities. As a result, the cell model moves over the surface of the substrate as it continuously seeks the closest valley. (b-f) are side views. a) Sky view of a cell avatar on the undulated substrate (Supplementary Movie 1). b) The surface of the substrate is defined by a set of individual contact spheres (drawn smaller to identify them individually). These substrate spheres are fixed horizontally, in contrast, their vertical movement generates the traveling wave pattern. As the wave travels, so does the concavity (valley), which in turn attracts the cell model (Supplementary Movie 2). c) The propagating waves are parametrically defined by their wave lengths (100 µm), while their height varies between conditions (10 µm, 20 µm, 40 µm), and their horizontally uniaxial propagation defined in µm/iteration (µm/it) (one iteration corresponds to a computational time of 0.1s). d) The total distance traveled by the cell model is compared based on different wave propagation speeds for identical wave heights of 10 µm (Supplementary Movie 3). e) Cell model was placed on substrates with identical wave propagation speeds, however, different wave heights lead to different outcomes. f) Sustained curvotaxis achieved at different speeds, based on different wave heights (Supplementary Movie 4).
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 2345 Figure 2: Simulation results of single cell migration induced by 10µm-height waves of various wave speeds (WS). WS conditions are each represented by a specific color a) Instantaneous distance traveled depending on wave speed. Each curve represents only one simulation. b) Instantaneous cell speed depending on wave speed. c) Box plot of cell speed. Box plot represents the distribution of cell speed by indicating the min and the max and the lower and upper quartiles. Each box plot represents only one simulation between the 20th and the 60th iteration, during which the migration regime of the cell model is stabilized. d) Box plot

  𝑗 𝑐𝑡 is the magnitude of the force of contact applied by the particle 𝑗 on 𝑖; 𝑔 𝑖,𝑗 = |𝑥 𝑖 -𝑥 𝑗 | 2 is the gap between centroids of the particles 𝑖 and 𝑗, with 𝑥 the position vector; 𝑟 𝑖 and 𝑟 𝑗 are radii of the particles 𝑖 and 𝑗.

	𝑗 𝑐𝑡 ≥ 0 ;	
	𝑔 𝑖,𝑗 -(𝑟 𝑖 + 𝑟 𝑗 ) ≥ 0;
	𝐹 𝑖,𝑗 𝑐𝑡 . (𝑔 𝑖,𝑗 -(𝑟 𝑖 + 𝑟 𝑗 )) = 0
	where 𝐹 𝑖,Spring interactions		
	A spring interaction enables two particles to push and pull one another.
	𝐹 𝑖,𝑗 𝑠𝑝 = 𝑘 𝑖,𝑗 (	0 𝑔 𝑖,𝑗 -𝑔 𝑖,𝑗 𝑔 𝑖,𝑗 0	+ 𝜏 𝑖,𝑗 )

Table 1 :

 1 . They are identical to those used in Vassaux et al. 2019 to calibrate and validate the cell model [Vassaux2019]. The access to the cell model is open at [Vassaux2018]. Number of particles composing each intracellular structure

	Structure	MT	IF	MF	SF	NM	IN	CM	CTS	FA
	Number	500	200	500	838	648	377	8059	5138	30
	Structure	𝑘 (nN)		𝜏		l (µm)		Source	
	MT		228		0		10		[Gittes1993]
	IF		157		-0.1		10		[Gittes1993]
	MF		10		0.02		10			
	SF		45.7		0.2		5		[Deguchi2006]
	NM		10		0		<5			
	CM		10		0.02		2			
	FA		20		0.02		5			
	CI		500		0		0.1			

Table 2 :

 2 

stiffness (𝑘), pre-strain (𝜏), and length (𝑙) values of intracellular cable and spring interactions

Table 4 :

 4 Comparing cell speed on static substrate vs optimal travelling wave speeds allowing sustained cell migration

	height (µm)	Cell speed on static wave	Optimal wave speed for
		(µm/it)	sustained cell migration (µm/it)
	10	2.12	2
	20	4.29	4
	40	8.36	8

  Tomba et al. supports our study in terms of concept and final results experimentally. The examples selected from the literature and stated in the Introduction all include mention of naturally occurring curvatures induced by ultraslow calcium waves. During development, various ultraslow calcium waves travel at 3 to 60 µm/h, making such waves plausible inducers of dynamic curvotaxis [Jaffe1998; Jaffe2008]. Our simulation results show that effective migration can be induced by waves traveling at optimum speeds of 20 µm/h when wave heights are low. With a wavelength of 100 µm, this speed corresponds to a wave frequency of 0.06mHz. In drosophila, Sokolow et al. 2012 found the contraction waves responsible for cell ingression belonged to the frequency band ranging from 0.01 to 0.1mHz, this suggests a possible adequation [Sokolow2012]
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