Supplementary Information for

Multi-Cell ECM compaction is predictable via superposition of nonlinear cell dynamics
linearized in augmented state space

Michaélle N Mayalu, Min-Cheol Kim and H. Harry Asada

Michaélle N Mayalu and H. Harry Asada
E-mail: mmayalu@caltech.edu and asada@mit.edu

This PDF file includes:
Supplementary text
References for SI reference citations
Other supplementary materials for this manuscript include the following:

Figures S1-S2
Videos S1-S4

Michaélle N Mayalu, Min-Cheol Kim and H. Harry Asada

10f8



20
21
22
23
24
25
26
27

28

29

30

31

32

33

34

35

36

37

38

39

40
41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

Supplementary Text
Appendix A. Nonlinear Dynamics of Cell-ECM Interaction for Computational Model

Our nonlinear computational model is composed of two modules: 1) intracellular mechanics including focal adhesion dynamics,
actin motor activity, and mechanics of cellular and nuclear membranes, and 2) dynamics of ECM fiber network. The detailed
equations that govern each of these dynamical processes are summarized in the following sections, and the list of simulation
parameters are also summarized in supplementary Table S1.

1) Intracellular mechanics. The intracellular mechanics is a key mechanism involved in cell interactions within a 3D ECM fiber
network. The essential equations in the model consist of: a) equations describing focal adhesion dynamics based on forward
and backward kinetics of ligand-receptor bonds, b) and equation for lamellipodium protrusion by actin polymerization, and c)
an equation for cortical stress and elastic energy force. These governing equations are extensions of the prior works(1, 2) with
improvements for streamlining computation and modeling validity specifically for the current work.

a). Focal Adhesion Dynamics

As shown in Fig. S1, the Focal adhesion (FA) force acts between the 7 — th integrin node on the cellular membrane and points
on the ECM fibers where the extension of the unit vector normal to the cellular membrane interacts with the nearest point of
ECM fibers. Focal adhesion (FA) force, F% 4 ;, at the ¢ — th node of the outer cell membrane is expressed as:

Fra,=mnpker (Ly — A) AR, (1]

where n;, ;is the number of integrin-collagen bonds,« 1 ris the spring constant of a single ligand-receptor bond ( 1 pN/nm) (3) ,
Lyis the average stretched length of the ligand-receptor bonds, A is an unstressed length of bonds ( 30nm) (4) , and A% ,is a
unit vector at the local surface of the ¢ — th node of the outer cell membrane toward the bonding site at the ECM fiber (Fig.
S1). For brevity, superscript k, indicating the cell’s number, is omitted in the following derivation. We use Bell’s model(5)
to incorporate force-dependent reaction rates of the number of bonds (n; ;), which is expressed with the following ordinary
differential equation:

dny, ;

dt

where n,.is total available number of integrin molecules at the ¢ — th node of cellular membrane, k,,is the kinetic associate
rate for binding integrin molecules and ECM fiber, and it is expressed as (6, 7):

lbind krr(Ly — \)?
exp |- 27
Zo 2k, T

= kon (ntot - nb,i) - k"offnb,i [2}

kon = kon (3]

where kO, is the zero forward reaction rate ( 1 molecule ™ s, lpinais a binding radius (30 nm) to check whether the i — th

node of cellular membrane and the node on the fiber are sufficiently close, and k;,Tis the unit of thermal energy. The parameter
Zis the partition function for an integrin molecule confined in a harmonic potential between —Aand L;, — A, and is expressed as

kT KLR [ KLR
Zo =4/ T <erf [(Lb A) ST +erf _/\1 / T > [4]

The parameterk,;; in Eq. 2 is the kinetic dissociation rate. It is known as Bell’s equation for the slip bond, given by (5):

RLR (Lb — )\) Z’b-

T [5]

kogs = lchf exp [

where kgffis the zero kinetic dissociation rate in the absent of the force, zpis the distance between the minimum binding

potential and the transition state barrier, and ka/l,b represents an intrinsic force 200pN. From Fig. S1 the root location of
receptor - ligand bonds (xr,;) is given by

xri=af + Lyfipg = af — 2o [6]

where fi,,is the unit vector orthogonal to the ECM fiber, and h,is the gap between the 7 — th node of cellular membrane and
the ECM fiber. This expression is valid only when fi,, - fig,; < Oand the gap hyis less than a critical height (h.) of 300 nm
(<10A):hp < he. The latter condition is to restrict the formation of receptor-ligand bonds within the upper limith..

b). Lamellipodium Force

The lamellipodium force at the ¢ — th node of the outer cell membrane, F{ ;, is generated at the leading edge of migratory cells.
It is deemed the actual motors pushing the cortical cytoskeleton forward during the process of cell migration (8) . Normally,
cells experience a small protrusive pressure that results from osmotic pressure or actin branches stimulated by activated arp2/3.
Here we assume that the magnitude of the lamellipodium force is constant at 300 pN, and exists at only leading edges of the
cell.
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¢). Cortical Force and Elastic Energy Force

The cortical force and elastic energy force, collectively represented with F&, ., g.., comprise both elastic and damping forces
generated at the membrane attached to actin cortex and further connected to the nucleus through actin stress fibers. We model
this with a three-layer mesh structures: outer cell membrane layer, inner transduce layer, and nucleus layer. The computational
model is threefold:

(1)
(i)

(iii)

c,k

The cell membrane layer exhibits elastic energy force, which is modelled using elastic energy stored in the mesh structure;

The Kelvin-Voigt model is applied to the outer membrane and inner transduce layers to represent the viscoelastic behavior
between the two layers; and

Between the inner transduce layer and the nucleus layers actin stress fibers are formed, which exhibit elastic force and
contractile force.

i) Elastic energy forces at the membrane layer
The elastic force at the ¢ — th node of the outer cell membrane, Ff ;, is obtained by using the virtual work theory in
structural mechanics. To this end, the total elastic energy stored in the cell membrane is obtained. Two types of total
elastic energy are considered. One is the total elastic energy associated with distance changes between nodes (9, 10):
4C line )
c _ L c c0
Hy =) (Li- L) (7]
i=1

where LS is the length of the i — th line of the cell membrane mesh, which is updated at every time-step, L is its
unstressed length, $ is effective stiffness of the line elements connecting the cell membrane nodes (5.0 x 107> N/m)
(11, 12). Similarly, the total elastic energy associated with area changes in the membrane nodal mesh is given by

element 2
c _ Ka Af = AP\ e
Hy = > z; ( Az0 ) A (8]

whereASis the i — th mesh area of the cell membrane and Ais its unstressed values, and k9 is an effective stiffness
constant of area elements of the cell membrane (1.0 x 107*N/m?) (10) Then, F ;can be obtained by differentiating the
total of the two types of elastic energy,

O0H7 0H4

ox§ oxs 1

c
Fp,=

ii). The double-layer Kelvin-Voigt model
Including the elastic force at the outer membrane layer, we can write the combined cortical and elastic force as:

de!  dxt
FGort—FElasi = Fz: + Fr; + Dcort ( dtl - dtl ) [10]

where F7 ;is a transduce force representing the elastic force of actin cortex in the Kelvin-Voigt model at the 7 — th node
of the outer cell membrane. It is given by

8LT,i
ox§

F%,i = —Kcort (LT,z‘ - Lg",i) [11]

where kcor¢is an effective spring constant of line element of the actin cortex (8.0 x 107% N/m), Ly ; is the length of the
i — th line in the actin cortex, which is updated at every time-step, and L%iis its unstressed length (500 nm). The damping
term in the Kelvin-Voigt model is proportional to the difference in velocity between the two layers, dz!/dt — dz{/dt,
where x!is the coordinates of the 7 — th node on the inner transduce layer. The dynamic equation of the inner transduce
membrane can be expressed as

d.’):i

¢ ¢ c

dt dt

where D;is a coefficient of dissipation energy for the inner transduce membrane (0.001 Ns/m), FtTZ is a transduce force at
the 4 — th node of the inner transduce membrane, which balances with F7; = thT,i, and F%Z is an elastic force at the
1 — th node of the inner transduce membrane. Similarly to the above analysis, two kinds of total elastic energy stored in
the inner transduce membrane are considered. One is the total elastic energy associated with distance changes between
the nodes:

¢ line
Hy = 2y (L - L) [13
=1
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where k% is effective stiffness of the line elements of the inner membrane (5.0 x 1075 N/m), L! is the length of the i — th
line of the inner membrane mesh updated at every time-step, and L{%is its unstressed length. Similarly, the total elastic
energy associated with area changes is given by

¢ element ¢ 0\ 2
K A; — A,
Ha= g 2 (24% 1 ) AL 14
i=1 *

whereAlis the i — th mesh area of the inner membrane and A!is its unstressed values, k! is effective stiffness of area
elements of the inner membrane (1.0 x 10”*N/m?). Then, Fﬁ;’ican be obtained by differentiating the two kinds of total
energy,

OH: OHY
C ozl Ox!

R, = 15]
iii). Actin Stress Fiber Contraction

In the dynamic equation of the inner transduce layer, F Fiis an actin stress fiber (SF) force at the ¢ — th node of the
inner transduce membrane. The actin SF is a bundle of actin microfilaments assembled by actin-myosin II interactions. In
the model, the ¢ — th node of the inner transduce membrane is connected to the j — th node of nuclear membrane by a SF.
Its connection to the j — th node of nuclear membrane is determined by the nearest distance from the i — th node of the
inner membrane to the nucleus. The stiffness of a SF is a variable. According to literature, the stiffness increases with a
contractile agonist (histamine) and decreases with a relaxing agonist (isoproterenol)(13). These characteristics must be

reflected to the formulation of the SF stiffness:
EsrAsr
RSF = T [16}
SF,i
where FEsris Young’s modulus of SFs (230 kPa) directly measured from isolated smooth muscle cells(14), Agr is the
average cross-sectional area of SFs (250 nm in radius (15), and LgF’iiS the length of a single compartment of the i — th

SF. Similarly, the elastic energy stored in the 7 — th SF is given by

REIG dsF,i 1 2

— SF i .

ESF,i - Z 2 (NSF LSF,J)
j=1

[17]

2
= 55 (S5~ b ) Nor = 53¢z (dsm — Nor L)’
where Ngr is the number of contractile compartments in the ¢ — th SF, and dsr,represents the distance between 7 — th
node of inner membrane and j — th node of nuclear membrane for a SF connected to the nucleus. It should be noted that
dsr,iphysically means the length of SFs under tension and L} r,1 represents the length of a single unstressed bundle of
SFs. Using the virtual work theory, forces due to actin SFs’ motor activity at the ¢ — th node of inner membrane and the
j — th node of nuclear membrane is given by

Odsr,;
oxt

OEgk, K
Fspi=— aij’z = _NZI; (dSF,i - NSFL.ls‘F,i)

18]

It is considered that actin motor activity starts when the other end of a SF is connected to the nucleus, and ends when
integrin nodes are broken from FAs. The sliding rate of myosin II is known to fluctuate (i.e. is non-uniform) unlike myosin
I which slides with a uniform rate. Furthermore, the sliding rate of myosin II is adjusted by sensing the transmitted focal
adhesion force from the ECM (16). To incorporate these characteristics into the model, force-velocity relation of muscle
myosin II, first proposed by A.V. Hill (17), is adopted as the following equation:

Foo— Fra

Vm = VUm0 ————————
" mFm0+CmFFA

[19]
where vmois the sliding rate of myosin in the absence of load (10 nm/s), Fino is the isometric force of myosin, or stall
force, and ¢, is a parameter in the force-velocity relationship for myosin. Initially, the length of sarcomere unit is 800 nm
(Lgm = 800 nm at t = 0 s), which contracts until 60 % of the initial length has contracted. As the contraction takes
place at both sides of each sarcomere unit, the minimum time required for 60 % contraction is calculated as 16 s with v,0.
Actin motor activity is terminated when integrin nodes are broken from FAs.

Lastly, the dynamic equation at the ¢ — th node of the nuclear membrane can be expressed as

n
dx;

D,
dt

:FyEL‘,i_FFgF,ia ’L:1, 7N7l [20}

where D, is a coefficient of dissipation energy for the nuclear membrane (0.001 Ns/m), x}'is a position vector at the i — th
node in the membrane of nucleus, and F ;is an elastic force at the 7 — th node of the nuclear membrane. Similarly, two
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kinds of total elastic energy stored in the nuclear membrane are considered. One is the total elastic energy associated

with distance changes between the nodes (9, 10):

line

Hff% (Ly - L7

i=1

where k7 is effective stiffness of the line elements of the nuclear membrane (5.0 x 1072 N/m) (18) (5

0)2

21]

0), L} is the length

of the i — th line of the nuclear membrane mesh, which is updated at every time-step, and takes a constant valueL?“when
it is unstressed. Similarly, the total elastic energy associated with area changes is given by

element
o /«Jg —An
A= AnO

0
)

22]

whereA”is the i — th mesh area of the nuclear membrane and A70is its relaxed values. k% is an effective stiffness constant
of area elements of the nuclear membrane (1.0 x 107*N/m?). Then, F% ;can be obtained by differentiating the two kinds

of total energy,
F%,i = -

OHY  OHT
oz Ozl

23]

Integrating the above models, we can simulate the intracellular dynamics in great detail. Combined with the dynamics of
ECM fiber network, as detailed below, detailed nonlinear simulations can produce a data set of 7, €7, F& ot pras,i F 74,0 F L0
F%14s,:, as defined in the main text. In the DF Linearization, regression models are formed based on the simulation data,
instead of performing the detailed nonlinear simulation. The detailed dynamics of the inner transduce membrane and
nucleus layers as well as the stress fiber dynamics are imbedded in the regression models in Egs. (10) and (11). This

significantly reduces the computational load.

2) Dynamics of ECM fiber network. We assume the ECM fiber network to be composed of viscoelastic ECM fibers and crosslinks,
which make strong bonds between adjacent fibers(19). The elastic energy stored in the ECM fiber network can be expressed in
terms of stretching and bending properties of the constituent fibers. The stretching modulus of a fiber is given by % (: EfA f),

where Ejand Ay (: mﬂ?) are Young’s modulus (1 Mpa) and the cross-sectional area of a single fiber, respectively. The bending

modulus of a fiber is given byk$ , (: EfIf)7 where Iy (: mﬂ}i-/ll) (20). The stretching elastic energy of the j — th segment

of the ¢ — th fiber is given as a function of the difference between the stressed (le) and unstressed (L;?g) lengths, and the

bending elastic energy as the one of stressed (0]“) and unstressed (9;5;) angles at the j — th node between two segments in the

i — th fiber (Fig. S2). The total elastic energy in the i — th ECM fiber in the network can be expressed as:

Nzc (Lez Lez

051_9 )

H;z _ ’i;,s Z jT % Z 7o -

j=1 J j=1

24]

Here, it should be noted that the elastic energy at the j — th node in the ¢ — th fiber is summed only for coaxial neighboring
nodes. Similarly, the elastic force at the j — th node in the ¢ — th fiber,bfF'g ; ;, can be derived by using the virtual work

principle:

e OH () o

k=j

Ej = T ale = Rt E L0 aw;,z R

Jj+1

Yy (03" — O50) 905"
L Ly o

[25]

where QZ’i =cos * (1?}c - tAﬁH_l) Jttand f};+1are tangential unit vectors at the k£ and k+1-st nodes in the ¢ — th fiber, respectively,

80(’“7" Y3 N . a*i
and . b — —1 (;tf;i cthar + ity a;’;ﬁ) . To solve the dynamics of ECM fiber network, a dynamic equation at
! 17( k t2+1) ’
the 7 — th ECM fiber node can be expressed as
dxt
L PG, +Fh,, i=1,- N.. [26]

e

dt

where D, is a coefficient of dissipation energy for the ECM fiber, and F% 4 ;is a FA force at the 4 — th ECM fiber node. Note
that dynamics of ECM fibers is coupled with intracellular mechanics through the relationship: Fg 4 ; +Fr4,; = 0.

Appendix B. Least Squares Estimation for Identification of the Parameter MatricesA, B, C, G involved in the

Latent Space State Equations

The Dual Faceted Linearization method discussed in this work is used to represent the nonlinear system in augmented space

with two sets of linear differential equations:

daxc* _ c c,k c c,k k
ddi - FCo7t Elas +WFAFFA +Lcu )
x® e

i = ElasFElas + WeaFry

Michaélle N Mayalu, Min-Cheol Kim and H. Harry Asada
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e,k

dF ort—Elas c,k

< dtt = = QC Ck+QFCEFCort Elas+Quuk7 k= 17 ) Teell
dITiFA ~ Hc c,k + Hew + HFFA FCFlA + Huuk set 2 [28}
dF

El ~ €
dtas — sz + RFElaSFElas

The first set of differential equations Eq. 27 are the original state equations, which are apparently linear in terms of the
auxiliary variables (Fclgm Flas F%’Z, F%,..) and inputu®. Since the ECM focal adhesion forces (F%,) can be represented

as a linear compilation of cell membrane focal adhesion forces (F%Ij‘), they are excluded from the set of auxiliary variables.

Here,z®* € R3Ne*1 is a vector containing the 3-D coordinates (mfk i=1,.. .,NC) of all the cell membrane nodes and
xf € N3NeX s a vector containing the 3-D coordinates (xf i =1,...,N) of all the ECM nodes. FZ:ISTFEMS RINeX g
a vector that comprises cortical tension and elastic energy forces (FCCL’ZM_EMSJ ) for all the cell nodes. F% € R3Nexlig g

k

vector of focal adhesion forces (F;’Zz) at all the cell nodes. Variable u® € ®3¥<*! is an input vector containing all the

lamellipodium forces (Fi’z) Wee, Wi, Le,Wg,,.., W§are constant matrices of consistent dimensions. The second set
of differential equations (Eq. 28) represent the transition of auxiliary state variables estimated through linear regressions.
Here, (R} € R3Nex3Ne Q1 ¢ @3NeX3Ne Hr ¢ R3NeX3Ne) are high-dimensional parameter matrices. As discussed in the
main text, we transform the augmented linearized system to the one in the latent variable space spanned by eigenvectors

(ve = ( veT Ve VFFA )T € RMeXMeand V€ = ( veT %EZGST )T € R™Me*™e) of the covariance matrices, as
detailed in Method S3 below.
c,k
dzt =Az°" +Bu" 4+ Cz°, k=1, ,n.u [29]
dZ Ncell b ok
2 Gz + Z D"z [30]
where:
A = VN (Wop Vi, + Wia Vi) + Vi, "(QVE + Qi Vig,) + Vi, T(HIVE + i, Vi, )
B=V."L. + VFCE Qu + VFFA H.,
C=VE%,_ HLVS 31]

A
G = Ve{: Flas FElas +VFEla (R;V;+R%Elas %Elas)
D" = VeTWEL P, Vi,

Here, P’fnap € R3Nex3Nejg 5 parameter matrix (consisting of either 0 or -1 elements) which maps the membrane focal
adhesion forces of the k-th cell (F%%) to the corresponding ECM focal adhesion forces (F%,) as discussed in the main
text. Since the system is represented in a lower dimensional space, the high dimensional regression coefficient matrices
(R, Q;,H}) are not computed explicitly. Instead, the lower dimension coefficient matrices A,B,C,G are computed
directly from numerical simulation data transformed into the latent variable space. We define transformed data set
Loy = {(ze’" (t),zo"™ (t),uP" (1), dz*" /dt, dzc’k’"/dt) lk=1,---,K,n=1,--- N, t=1,--- 7T}. Here superscripts k, n
signify the k-th cell (K =1 or K = 2) within the n-th simulation. We combine parameter matrices from equation Eq. 29 into
= [ A B C ] € e x(metNetme) and variables into ghn (t) = ( zc’k’"(t)T uk’”(t)T zé" (t)T)T € RmetNetme)x1

The parameter matrix M can be optimized so that the mean squared error of predicting dz®*" / dt may be minimized:

2

[32]

Using the standard least squared estimation and assuming that the sample data sufficiently spans the dimension of vector
£ (1), we can obtain:

ZZZ OB WAROINION 33]
k=1 n=1 t=1 X

Similarly least squares estimate matrix G is given by:

PP BLHOEM RN N DB OL O [34]

n=1 t=1 n=1 t=1

K
where 0" (t) = dzc’k’"/dt|t — 5" D*z%™ and D*’s are known matrices as defined in Eq.31.
k=1
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Appendix C. Implementing Polarity Model and Lamellipodial Force Generation

The polarity direction of a cell is important for determining the orientation of the leading edge that rotates dynamically in
response to changes in local ECM stiffness. Implementing the polarity model that leads to the generation of lamellipodial forces
on the leading edge requires two functional relations. One is to relate the direction of maximum ECM stiffness d;;,kax_ stifp 0
global stresses within the ECM, which depend on latent variable state vector z°. The other is to relate the direction of polarity
vector,d® ;, to the lamellipodium forces of each membrane node.

For the former functional relation, the local stiffness of ECM fiber network changes depending on the global stress generated
over the ECM. The latent variable state vector z° pertains to this ECM property and, thereby, allows us to predict the direction
of maximum stiffness. For the latent variable superposition model, we assume that the maximum stiffness direction can be
determined by:

€, Ze
dMIfzzfstiff = Ksuifs < k ) [35]

Lcenter

where zF,,.;., € R3*! is the center of mass of the k-th cell, which is determined as the mean of all the node coordinates of
the cell, and Kgeipp : RMEFTD*¥D oy §3%1 maps ECM latent variables and the cell’s center location to the direction of the
maximum stiffness. Details on the calculation of direction of maximum stiffness based on the nonlinear full-scale computational
model are given in reference (2). The optimized coefficient matrix K5 is estimated from numerical simulation data of the
full-scale nonlinear equations. Using least squares:

K N T K N T -1
0 e,k,n k,n T k,n k,n T
K= (DD a5t s X @™ ) (D0 N X @) [36]
k=1 n=1 t=1 k=1 n=1 t=1
T
where x*" (t) = ( z°T ar;]c“enterT ) and superscripts k and n represent the cell number and simulation iteration of the

variable sample data as discussed previously.

In the latter functional relation, consider a right circular cone of apex angle 2o/ shown in Fig. 3B in the main text. The
centerline of the cone is aligned with the unit vector of polarity direction, d%,,. The cell’s membrane nodes wf’kwithin this
cone, where 0 < o < 7/2, are deemed the leading edge region of the cell, producing nonzero lamellipodial forces.

ke T c,k c,k k

ek { #0, dPolT Az, " > ’Ami |cos of (37]
Lii _ k c,k c,k k
=0, d},, Az < |Aa:i ’COSO!L

k k
where Az{" = x

= ", 0. is the position vector from the center point of the k-th cell to the i-th node of the cell’s membrane.
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