Engineering with Computers (2022) 38:4135-4149
https://doi.org/10.1007/500366-022-01654-1

ORIGINAL ARTICLE q

Check for
updates

A 3D multi-agent-based model for lumen morphogenesis: the role
of the biophysical properties of the extracellular matrix

Daniel Camacho-Gémez' - José Manuel Garcia-Aznar' @ - Maria José Gémez-Benito'

Received: 5 November 2021 / Accepted: 25 March 2022 / Published online: 6 May 2022
© The Author(s) 2022

Abstract

The correct function of many organs depends on proper lumen morphogenesis, which requires the orchestration of both
biological and mechanical aspects. However, how these factors coordinate is not yet fully understood. Here, we focus on the
development of a mechanistic model for computationally simulating lumen morphogenesis. In particular, we consider the
hydrostatic pressure generated by the cells’ fluid secretion as the driving force and the density of the extracellular matrix
as regulators of the process. For this purpose, we develop a 3D agent-based-model for lumen morphogenesis that includes
cells’ fluid secretion and the density of the extracellular matrix. Moreover, this computer-based model considers the variation
in the biological behavior of cells in response to the mechanical forces that they sense. Then, we study the formation of the
lumen under different-mechanical scenarios and conclude that an increase in the matrix density reduces the lumen volume
and hinders lumen morphogenesis. Finally, we show that the model successfully predicts normal lumen morphogenesis when

the matrix density is physiological and aberrant multilumen formation when the matrix density is excessive.
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Matrix density.

1 Introduction

Lumen morphogenesis is a key process in the develop-
ment of tissues and organs. Luminal structures are found
in many parts of metazoan organisms, and they allow these
organisms to perform specific functions, such as blood flow,
digestion, and renal system activity. The formation involves
coordination of cells in a sophisticated manner. Three basic
principles are required to create a lumen: spatially controlled
cellular mitosis, cell-cell and cell-matrix interaction, and
cell fluid pumping [11]. However, how these mechanisms
coordinate is not fully understood.

Fluid-solid interaction is critical in vascular biology [2],
in hemodynamics [30], in angiogenesis [51] and, in gen-
eral, in physiology and pathophysiology [19]. Thus, luminal
structures are in a state of hydrostatic pressure [29], and

P4 José Manuel Garcia-Aznar
jmgaraz@unizar.es

Department of Mechanical Engineering, Multiscale

in Mechanical and Biological Engineering (M2BE),
Aragon Institute of Engineering Research (I3A), University
of Zaragoza, Zaragoza, Spain

this pressure, which is developed from fluid secretion, might
be the driving force in luminal structures during morpho-
genesis [33], as shown in ductal network formation in the
pancreas [9]. Furthermore, the mechanical properties of the
extracellular matrix (ECM) play an important role in lumen
formation. The mechanical interaction of cells with the ECM
provides physical cues that are relevant to cellular self-
organization [8]. An increment in tissue stiffness is related
to tumorous behavior of cells, as tumors are generally stiffer
than normal tissues [42]. In the case of luminal structures,
matrix stiffening compromises tissue organization, inhibits
lumen formation, and enhances growth [35]. This perturba-
tion in the tissue architecture as a result of matrix stiffening
produces a dysfunctional lumen associated with disease and
may be related to the aberrant structures found in carcino-
mas [1, 12]. Therefore, understanding how these two factors
influence lumen morphogenesis might provide insight into
not only normal formation, but also pathological formation.

Previous computer-based models have been developed to
study different aspects of luminal structures. Specifically,
on-lattice models are the most prevalent. In this type of
model, cells occupy sites in a regular lattice, and mechani-
cal interactions are usually represented by minimizing the
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Fig. 1 Sketch of the computa-
tional model, which consists

of two main agents and their
interactions. First, for the agent
that simulates the cells, we
consider a mathematical model
for the cell cycle, which handles
proliferation. Second, the fluid

Fluid secretion

.'

secretion agent makes cells Cell cycle

secrete fluid into the lumen
through particles, increasing the
hydrostatic pressure. Finally,
both agents interact mechani-
cally, and the lumen expands

Division

Restriction
Point.

Inactive

Quiescence

energy of the system [48]. Thus, [7] analyzed dynamic
regimes of epithelial growth, [16] developed a predictive
model that matches their in vitro data, [4] investigated two
alternative mechanisms of lumen formation, [50] studied
cell mechanics in embryonic bile duct, [39] simulated the
development of an acinar structure with five different sub-
populations of cells, and then the maintenance and stabil-
ity of the epithelial monolayer and the hollow lumen [40].
Continuum approaches have been also adopted to simulate
developmental processes. In the case of lumen morphogen-
esis, [10] studied the balance between paracellular leaks and
the build-up of osmotic pressure in the lumen, and [14] built
a continuum model to explore the role of the coupling of
mechanical, electrical, and hydraulic phenomena in tissue
lumen formation. Nonetheless, in this type of model, indi-
vidual cells are neglected in favor of a larger scale of simula-
tion, so it is difficult to take into account how heterogeneities
in cell behaviors affect lumen initiation and formation from
individual cells [45].

Although important achievements have been made, to the
best of our knowledge, some crucial aspects have not yet
been considered in lumen morphogenesis. Cell-cell interac-
tion is essential and neither on-lattice models nor continuum
models can directly represent the mechanical interaction
between individual cells. Moreover, the forces produced by
the luminal hydrostatic fluid pressure are essential in lumen
morphogenesis, as they permit the lumen to initiate and
expand. Finally, the mechanical properties of the ECM is
usually neglected, even though it regulates the process, as
it opposes the expansion produced by hydrostatic pressure.
Therefore, we introduce a 3D multi-agent-based model for
lumen morphogenesis that integrates the cell-cell and cell-
matrix interactions, the hydrostatic pressure generation, and
the role of the ECM. Agent-based models have been widely
used to study cell and tumor growth [13, 20, 38], or tissue

@ Springer

Mechanical interactions

AW

@ cel
® Particle

el

Cell-cell

.

Particle-particle «\NN>»

Cell-particle
Particle-cell

~ N

Matrix

SN

regeneration mimicking cell deformation [49]. Here, we aim
to create a model that mimics lumen morphogenesis, tak-
ing into account the internal luminal hydrostatic pressure
generated by cells’ secretion and the effect of matrix den-
sity. To evaluate the predictive capacity of the model, we
qualitatively replicate the experimental results achieved by
[35], who found that an increase in matrix stiffness inhibits
lumen formation and enhances cell colony size, resulting in
an aberrant multiluminal architecture.

2 Materials and methods

We formulate a three-dimensional multi-agent-based model
for lumen morphogenesis, in which agents are spheres that
do not change shape (Fig. 1). The objective of this computer-
based model is to mimic the morphogenesis of an organoid
composed of cells enclosing a fluid-filled lumen by means of
numerical simulations. To accomplish this task, we consider
two types of agents: cells, which are the biological entities,
and particles, which are secreted by cells and simulate the
lumen fluid.

Therefore, we define a computational model for simulat-
ing the cell cycle that regulates cell proliferation and fluid
secretion to form the lumen. To simulate how cells secrete
fluid, we assume that cells generate particles inside the
lumen, thereby increasing the lumen volume. Consequently,
the lumen is in a state of hydrostatic pressure [29] due to this
cell secretion [18, 33].

Mechanical equilibrium between cells anchored to the ECM
and the luminal pressure ensure the maintenance of the lumi-
nal architecture. To model this mechanical equilibrium, we
use agents that interact mechanically to generate and maintain
the lumen. Thus, cells interact among themselves based on
pairwise potential functions in an adhesive-repulsive manner.
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Moreover, particles also interact among themselves via pair-
wise potential functions and interact with cells in a repulsive
manner. This interaction mimics the luminal hydrostatic pres-
sure generated by cells’ fluid secretion, and it is responsible
for the movement of cells and generation of the luminal space.
Finally, agents interact with the extracellular matrix by means
of a friction coefficient that represents the dynamic viscosity
of the matrix.

2.1 Modeling the cell cycle

The cell cycle is a complex process that occurs that involves
the growth and proliferation of cells, organismal develop-
ment, regulation of DNA damage repair, tissue hyperplasia in
response to injury, and diseases such as cancer [43]. Overall, it
can be described by a growth phase, in which the cell progres-
sively increases its volume as a result of DNA replication, and
by a mitosis phase, in which the cell divides into two daughter
cells. To simulate the growth phase, we consider that each
i-cell has a total volume V;(¢), whose temporal evolution is
given by:

av,()
T = ai(Pin(t)’ Fcnet, (t))‘/l(t)’ (1)

where a,(P;,(1), F, . (1)) is the growth rate of the i-cell, which

we assume that depends on the luminal pressure (P;,(¢)) and
the net force exerted on the cell (Fc,.e[. (#)). In this expression,

cell growth is exponential and dependent on cell size accord-
ing to experimental evidence that growth rates increase with
cell size throughout the cell cycle [27, 32, 46].

Here, we assume the value of the growth rate is influenced
by the luminal pressure P;,(¢) and by the net force exerted on
the cell (ch_(t)). The variability of the growth rate during

lumen morphogenesis has been experimentally observed in
cell cultures in which Madin-Darby canine kidney cells
(MDCK) [16] and primary pancreatic ductal epithelial cells
(PDCs) [52] slowed their proliferation when they initiated the
lumen. The onset of the lumen is determined with the initiation
of the luminal pressure. Therefore, when there is no luminal
pressure, the cell cycle time decreases so it can generate a
closed volume to secrete fluid and form a lumen de novo. By
contrast, when the luminal pressure increases, the cells do not
need to divide as quickly as before, so the growth rate
decreases. The growth rate o;(P;, (¢), F o (¢)) is obtained from:

1/ T+ a(F,_ (), Py(t) = 0,
1/ Toa(1 + a(F, (D), P(t) > O,

2
where P,,(7) is the luminal pressure and 7, and T}, are con-
stants related to the cell cycle time (T, > T}y;)- Second, we

consider that the value of a;(P;,(?), F . (1)) is influenced by

a(P0),F,, (1) = {

a;(F, (1)) depending on the net cell force supported by the
cell (f e (D). In this regard, the ECM stiffness regulates the
magnitucie of the net cell force, and an increase in cytoskel-
etal tension, mediated by sustained matrix stiffness, pro-
motes growth [35]. Moreover, the compliance of the matrix
acts as a cell-cycle inhibitor and matrix stiffening increases
cell proliferation [28, 36, 53, 54] and cell cycle progression
[25]. To model this mechanoregulation, we include a varia-
tion in the growth rate as a function of the net cell force as
follows:

0’ chi (t) < Fbollom’
(Fcne,i (0 - Fbottom)
a
(F. ()=4 —m g
i et “ Fiop = Frottom pottom ©)
<Fo, 0 Fu
s Fry, (0> F,

max?
L

Op’

is the maximum vari-

where F,  (¢)is the net cell force, a,,,

ation in the growth rate, and Fy oo, and F,,, are approxi-
mately the mean values of net cell forces when matrix den-
sity is low and high respectively.

Last, to account for biological variability, we let the daugh-

ter cell growth rate a;(P;, (), F, (7)) vary randomly between

[—20, 20]% based on a normal probability distribution around
the progenitor cell’s value.

When the volume of the cell reaches twice the value of
its initial volume, DNA replication is concluded, and the
cell divides. Spatially controlled division is a fundamental
condition to maintain the lumen architecture and to enhance
its growth by enlarging the lumen volume. In this regard, a
complex molecularly controlled process regulates the spindle
orientation, so mitosis occurs in the plane of the monolayer
[22,26, 31,37, 41, 55]. Here, we distinguish division between
nonpolarized cells and polarized cells. Nonpolarized cells are
those that have not yet formed a lumen, and polarized cells
are those that belong to a lumen and face it. In the case of
nonpolarized cells, the division direction is chosen randomly.
Polarized cell division is performed using a random cleavage
plane that contains the line that passes through the cell center
and the lumen center of mass. The position of the two daughter
cells (Xgaugniers) are calculated similarly to other models [21,

44] from the center of the parent cell Xparent at:

X =X = (R~ =R, |n )
daughters arent ¢ T~ d
aughter: parel \3/5

where R, is the radius of the parent cell and n is the unit ori-
entation vector. When a nonpolarized cell divides, the unit
orientation vector n is chosen randomly. However, when a
polarized cell divides, the unit orientation vector n is normal
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Fig.2 Sketch of the model for lumen morphogenesis. Case (a) shows how the lumen is formed beginning from an individual cell, and case (b)
shows the formation of a secondary lumen. The arrows indicate the apical-basal polarization of cells

to the random cleavage plane that contains the line that
passes through the cell center and the lumen center of mass.
After cell division, the cell decides whether to remain active
and continue in the cell cycle to divide again or to become
inactive within the cell cycle, namely restriction point [3]. In
the model, at this point, either or both of the daughter cells can
enter a quiescent state. Thus, we introduce a variable called
state; to register for each cell whether they are active or inac-
tive. The probability that a i-cell enters a quiescent state is

P(Q);=b- Csteps;» Q)]

where b is a probability parameter and ¢, is the num-
ber of times the cell has divided. Each time a cell divides,
the value of ¢ of its daughter cells increases by one.
Thus, a random number in the interval [0,1] is generated
for each daughter cell, and if it is lower than their prob-
ability P(Q);, the corresponding daughter cell enters into a
quiescence state. When a cell becomes inactive, it implies
that it does not grow (a; = 0) and, therefore, its growth rate
does not follow equation 2. Otherwise, the cell continues in
the cycle and starts growing to double its volume again and
then divide.

2.2 Fluid secretion
One of the key aspects of the model is how cells create the

lumen. To generate a luminal domain de novo, neighboring

@ Springer

cells must coordinate to secrete fluid into a common site,
and that common site could be the midbody created during
mitosis [11]. The midbody is a transient structure formed in
the last phases of cell division to complete the separation
between cells [24]. This landmark determines the apical-
basal polarization of the cells and, therefore, the site where
the cells will secrete to create the lumen. To contemplate
the polarization of cells, we introduce a variable called
polarized, that registers for each cell whether they are polar-
ized or nonpolarized. Consider an initial active nonpolarized
cell (Fig. 2a). When this cell divides, it generates a midbody,
and the two daughter cells polarize with respect to that point.
Then, the cells need to form a closed volume, the preapical
patch (PAP) [5], to be able to generate hydrostatic pressure.
We consider that the PAP is formed when the number of
cells is equal to a specific value (n, ). With subsequent cell
division, the number of cells increases, and the cells form
the PAP. Once the initiation site for the lumen is created, the
cells secrete fluid into that point to open the lumen. Each
polarized cell, after a period of time of fluid production
At secretes fluid into the lumen. To model the luminal
fluid, cells generate a certain number of particles. First,
when the lumen does not yet have any fluid, the cell secretes
into the initiation site where the lumen will be generated.
Then, when another cell secretes, some random particles are
duplicated inside the lumen to recreate the increment in the
fluid volume. The position of the new particles is obtained
from the position of the particle that duplicates in a similar
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way to cell division. As a result of the cells’ secretion, the
luminal hydrostatic pressure increases, and the lumen grows.
The luminal hydrostatic pressure (P;,) is estimated by the
mean of the particle’s net force (F;,). We hypothesize that
there is a maximum luminal hydrostatic pressure above
which cells cannot pump any more fluid into the lumen.
Thus, cells can only secrete when the force generated by
hydrostatic pressure, estimated through the mean particle net
force, is below a threshold F);,,,. This makes lumen forma-
tion a dynamic process of phases in which polarized cells
can secrete, thereby increasing the hydrostatic, and phases
in which polarized cells are not able to secrete due to the
high pressure.

Cells remain polarized as long as they face either the mid-
body or the lumen. However, due to subsequent cell division
or mechanical interactions, a cell can leave the lumen and
no longer face it (green cell in Fig. 2b). This cell is now
nonpolarized, and depending on whether it is active or not
within the cell cycle, it may create a secondary lumen. If it is
active, the process is equivalent to the previous case: a new
midbody is established when the cell divides and the cells
polarize with respect to that point, create a preapical patch,
and secrete into the area to generate the lumen. In this case,
when the initial nonpolarized cell polarizes to create a new
lumen, the number of times that the cell has divided ¢ is
reset to prevent its daughter cells from entering quiescence
and being unable to form the new lumen. On the other hand,
if it is not active, the cell will not form a new lumen.

2.3 Mechanical interactions

Mechanical interactions between agents make them move
and change their positions. We illustrate how the cell posi-
tion x, and particle position x,, are calculated. Let N, be the
setof cellsN, = {1,...,N,}, and let N, be the set of particles
N,={L....N,}. F1rst the velocity of each i-cell v, and
each k-partlcle v, are calculated from the balance of forces

'dt_z( ) Z(

p)*E, 20 @)

m, —= = Z( F,, )+ Z( F,)+F, ~0 ()

Here, m, and m,, are the cell and particle masses, respec-
tively, F, represents cell-cell interaction force, F,. 1nd1-

cates the cell—partlcle interaction force, F,, , is the partlcle—
J

particle interaction force, pr- denotes the particle-cell
J

and F

b, are the friction of the
Idrag ‘drag

interaction force and F,

cell and particle with the extracellular matrix, respectively.
Random cues, such as chemotaxis, or random walk are

dv,, dv,

— and m, — are
t Pe dr

and F

P kdrag

neglected. Also, the inertial terms me
neglected because Re << 1. The drag forces F,.
Idrag

are obtained from Stoke’s law:

C,
Idrag

F . = —671'1’]RCiVCi, (8)

Pl —67nR,v, . 9)
where 7 is the dynamic viscosity of the extracellular matrix,
Re, is the radius of the i-cell, Rp is the radius of the particle
and v, and v, are the velocities of the i-cell and k-particle.

Cell-cell interaction forces are usually modeled as repul-
sive-attractive forces. The repulsion between cells arises
from cell resistance to deformation when their membranes
touch, and the attractive forces are the result of the junctions
that cells form between themselves through specialized pro-
tein complexes [17]. In the case of particles, the repulsive-
attractive forces represent the intermolecular forces in fluids.
Accordingly, we modeled the interaction forces Féiyj (both
subindexes 6 and y denote ¢ or p, depending on whether the
i and j agents are cells (c) or particles (p)) following [34], as
follows:

F, =F

2 (10)
where
I'l-j=ij—X5i, (11)
and:
F. = F, rep;, A (=5)*/?, 5 < 0 (repulsion),

o _Fadhéyx{(s + 5p)e~ A0 —y e~} ¢ > 0 (adhesion).

(12)

Consequently, y, s, x, and v, are defined as:

_IE L+L s_d_mindist A
=7 Ry, R, ) Ry, (13)
Xo =1/ 35. Vo =xpe 5. (14)

24

Frep,, and Fyq, are the strengths of the adhesive and
repulsive forces, respectlvely r; is the distance between the

centers of the agents, and R and R,  are the radii of the cor-

responding agents. X, v, and A are matchlng constants, and
x is a geometric correction factor. The value of
ming = —0.1R; is chosen such that the equilibrium state
where the adhesive and repulsive forces are balanced is
slightly less than zero, following [34], and
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d=||ryl| - R; — Ryj is the distance between the agents’
surfaces.

Since cells do not present any attraction towards the
lumen fluid, the interaction force between cells and particles
is only repulsive (Fadhq, = Fun, = 0). Thus, the cell net

forces Fcnﬂ_ (t) are computed from:
Fo, =13 (Fo)+ X (Fo, )l (15)
' jeN, jeN, '

and the mean interactive cells’ net force during the simula-
tion as follows:

] Yex, (For, )
F. = mean T ) (16)

with n.(¢) the number of cells.
Finally, the velocity of the i-cell and the k-particle at time
t can be calculated explicitly:

dax, (1) 1
i :VC.(I)I <chC- + <F‘C ) . 17
a = Y= Gong, ;Nl o) J% 2 b an
dx, (1) 1
Pk
=V )= F )+ F ) .
dr Vpk() 671'7’]Rp ]EZNF< PPj JEZN(< PiC

(18)

2.4 Implementation

Mechanical interactions occur faster than biological pro-
cesses (At e < Aty,), Which allows them to be uncou-
pled and implemented with different time steps [6, 21].
The fluid secretion and agent dynamics are solved every
At een = 0.01 min, and when the current simulated time ()
increases At,;, = 6 min (t = t,,,), the cell cycle is solved for
each cell along with the fluid secretion and the agent dynam-
ics. Figure 3 presents a simplified flowchart of the imple-
mented algorithm. Initially, we begin the simulations with
an active cell. The variable state; stores for each cell whether
they are active or inactive within the cell cycle. After divi-
sion, in the restriction point, cells can reenter in the cell
cycle or become inactive, so the variable state; is updated
for each daughter cell. If the cell becomes inactive, it enters
into a quiescent phase and does not grow anymore (a; = 0).
In the fluid secretion part, the variable polarized; accounts
whether cells are polarized or nonpolarized, and n, refers
to the number of lumens in the organoid, therefore, n (n;)
is the number of cells in the n, lumen. Moreover, we track
the fluid production time 7,,,, for each polarized cell and the

@ Springer

luminal hydrostatic pressure Fi,(n;) in the n; lumen. If the
cell secretes fluid, we reset its fluid production time ¢,,, .
Finally, after fluid secretion, we solve the agent dynamics.‘

To evaluate the predictive capacity of the model, we
replicate the experiment developed by [35], who studied
the influence of matrix rigidity in the lumen formed by
MCF10A cells and concluded that matrix stiffening com-
promises tissue organization, inhibits lumen formation and
enhances growth. However, there was no clear conclusion
about the intrinsic mechanisms that regulate this process.
Here, we focus on reproducing the results by comparing the
lumen formation in a low-density matrix and a high-density
matrix. Different techniques have been employed to model
the extracellular matrix (e.g., the smoothed particle hydro-
dynamics (SPH) [23]). Here. we model the ECM through a
uniform dynamic viscosity and relate the density of the ECM
with the dynamic viscosity based on [47], which presents
a characterization of crosslinked collagen-based hydrogels.
The low-density matrix represents the 4 mg/ml collagen con-
centration, with a dynamic viscosity of approximately 20 Pa
s (Mow) [47]. Regarding the high-density matrix, we consider
a dynamic viscosity of 100 Pa s (#;,,), which corresponds to
a five-fold increase in the dynamic viscosity with respect to
the low-density matrix. Moreover, to analyse the trend of the
lumen evolution under different-density matrices, we include
an intermediate-density matrix with a dynamic viscosity of
50 Pa s for comparative purposes.

Finally, we initiate the simulations with one cell of radius
10 um, then create a random seed and run the simulation
for 7 days. Thus, we first performed 20 simulations with
the low-density matrix and then, with the random seeds
generated for each, we executed the equivalent simulations
for the intermediate- and high-density matrices. The agent
surfaces were discretized and then processed with alpha
shapes [15]. The parameters used for the simulations are
shown in Table 1. The code was fully implemented in MaT-
LAaB R2019a.

3 Results

3.1 Lumen morphogenesis requires a low-density
matrix to be accomplished

First, we studied lumen formation in the low-density matrix
with a dynamic viscosity of 20 Pa s (#,,,,) (S1 Video). We
simulated the evolution of one lumen during 7 days (Fig. 4).
The simulation began with only one cell, and on the first
day, it grew and then divided into two cells (day 1). At this
moment, a midbody was created (red dot), which determined
the apical-basal polarization of the cells and the common
site where cells would secrete. At day 2, the cells divided
around the midbody to create a closed volume. Then, cells
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Fig.3 A simplified flowchart of the implemented algorithm. First, we
check if the current simulated time 7 is equal to the time at which the
cell cycle has to be solved 1,,,. If that is the case, the cell cycle is
solved for every cell. In the cell cycle, for each cell, we check whether
it is active or inactive. If it is active, we evaluate if the cell has
already doubled in volume and is ready to divide or if it has to con-
tinue growing. After division, the restriction point decides whether
each daughter cell remains active and prepares to double in volume
or enters into a quiescent state. If the cell is inactive, it remains qui-
escent. After the cell cycle has finished, #,,, is increased. Then, we
check if cells are polarized and if the number of cells in each lumen is

began to secrete and create a small lumen. At day 3, the
lumen was formed by eight cells and was already in a state
of hydrostatic pressure. Between day 3 and day 6 the lumen
continued growing, increasing its volume by a factor of 9.7
times on day 6 compared to day 3, and the number of cells
increased to 16. Finally, at day 7, a cyst with a single lumen
formed by a monolayer of 16 cells was achieved.

3.2 Increasing the matrix density hinders lumen
morphogenesis and produces an aberrant
multiluminal architecture

Then, we investigated, with the same seed of random num-
bers, the evolution of the lumen during 7 days of simula-
tion in a dense matrix with a dynamic viscosity of 100 Pas
(nhigh) (Fig. 5 and S2 Video). Again, the simulation began
with one cell at day 0, which grew and divided. At day 1,
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higher than n,. For each lumen which meet that condition, we check
for each cell polarized around that lumen if it is its time to secrete
fluid and if the lumen pressure is lower than Fy; . If the cell secretes,
we reset its time of fluid production ¢,,, and secrete fluid. If not, the

exo;
cell produces fluid by increasing f,,, . Afterward, we solve the agent

dynamics. We obtain the forces produced by mechanical interac-
tions and the velocity of the agents and update the agents’ positions.
Finally, we increase the simulated time; if the stipulated simulation
time t,, is reached, the simulation is complete; otherwise, we repeat
the algorithm

the midbody was already generated. At day 2, due to the
fact that in the high-density matrix the cells’ net forces are
higher than those in the low-density matrix, the growth rate
of cells had increased, so the number of cells increased to
8. At this point, a closed volume for lumen initiation was
created, and cells secreted fluid into the lumen, generating
a small lumen. In the next 24 hours, cells continued secret-
ing, and the lumen volume increased slightly. Between day
3 and day 6, significant changes were observed. The number
of cells increased from 8 to 24. However, the lumen volume
increased by only a factor of 3 (the increment in the low-
density matrix was approximately 9.7). The high-density
matrix opposes cell movement, so the luminal hydrostatic
pressure cannot displace the cells. Consequently, the pres-
sure increases with successive secretions without enlarg-
ing the lumen, at times reaching the hydrostatic pressure
limit at which cells cannot pump more fluid into the lumen.
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Table 1 Parameters of the Parameter  Description Value Source
model
At Fluid production time 5h Estimated
Thow Dynamic viscosity of the low-density matrix 20 Pas [47]
Mhigh Dynamic viscosity of the high-density matrix 100 Pass  [35, 47], estimated
Fiottom Mean value of the cells’ net force in the low-density matrix ~ 0.42 pN  Estimated
Fiop Mean value of the cells’ net force in the high-density matrix 1.17 pN  Estimated
Tini Cell cycle time constant 30h Estimated
T Cell cycle time constant 100 h Estimated
n, Number of cells to form the PAP 5 Estimated
e Maximum variation in the growth rate 60% [35], estimated
b Quiescence probability 0.1 Estimated
R, Particle radius 2 um Estimated
Frep Cell-cell repulsive force —4.80pN [34], estimated
Foan Cell-cell adhesive force 24 pN [34], estimated
Frep,, Particle-particle repulsive force —4.80pN [34], estimated
Fuan, Particle-particle adhesive force 24 pN [34], estimated
Frepm Cell-particle repulsive force 0.60 pN [34], estimated
Foan Cell-particle adhesive force 0 [34], estimated
A Matching constant of the potential function 7 [34]
Fiim Force threshold for cell secretion 0.07pN  Estimated
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Fig.4 Evolution of a simulated cyst in the low-density matrix (# = 20 Pas) during 7 days. Cells are represented in blue and the lumen fluid in

red (color figure online)

Moreover, as the lumen is small, cell divisions caused some
cells to move into a second layer where they ceased to face
the lumen. This change made them polarize to create two

@ Springer

was observed.

midbodies and later two new lumens. Finally, at day 7, a
dysfunctional structure composed of 7 lumens and 53 cells
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Fig.5 Evolution of a simulated cyst in the high-density matrix (# = 100 Pas). Cells are represented in blue and the lumen fluid in red (color

figure online)

3.3 Matrix density reduces the lumen volume

To compare the lumen formed in the low and high-density
matrices, we show the structure achieved (Fig. 6a, b (left))
and a view of the lumen with only the cells that are situ-
ated approximately below the center of the organoid in
both matrices (Fig. 6a, b (middle)) after 7 days of lumen
formation. In the case of the low-density matrix, a cyst
with a single regular lumen and 16 cells was developed.
However, in the high-density matrix, 7 lumens were devel-
oped. The volume of the largest lumen for the high-density
matrix was 80.64% smaller than that in the case of the low-
density matrix, and the secondary lumen volume formed
in the high-density matrix was 94.2% less than that of the
principal lumen of the cyst. Moreover, non-linear increase
of the lumen volume was obtained in the case of the low-
density matrix (Fig. 6a (right)) since there were more cells to
secrete fluid as the simulation time increased due to cell pro-
liferation. In contrast, in the high-density matrix, the prin-
cipal lumen volume grew discontinuously (Fig. 6b (right)),
with higher increases in lumen volume as the simulation
proceeded. The evolution of the pressure and the number
of cells is represented in the low- and high-density matrix
(Fig. 6¢, d). The pressure was obtained integrating the inter-
acting forces between the cells and the lumen fluid (F,)
divided by the lumen surface. The pressure increased after

day two with successive cell secretions. Thus, the pressure in
the low-density matrix (Fig. 6¢) increased when cell secreted
fluid and then decreased as a consequence of lumen expan-
sion. After day 5, a significant decrease in pressure was
developed since cells proliferated and generated more inner
volume. In contrast, in the high-density matrix (Fig. 6d),
with each cell secretion the pressure increased more sharply.
In this situation, little lumen expansion was produced and,
therefore, the pressure increased with time. In this case, the
total population of cells increased 3.3 times compared to the
low-density matrix, from 16 cells to 53 cells.

To analyze the robustness of the model, we show (Fig. 7)
the lumen volume after 7 days for the 20 simulations per-
formed in the low and high-density matrices' (see S3 Figure
for a representation of the lumen volume after 7 days for
each simulation performed in an intermediate-density matrix
(n = 50 Pas)). In the case of the low-density matrix (Fig. 7a),
9 of 20 simulations formed a single large lumen, and 11 sim-
ulations formed a principal large lumen with some additional
small ones. The median value of the number of lumens was
2.5. When the sum of the lumens coincides with the higher

! The cases of lumen morphogenesis in the low and high-density
matrices presented previously correspond to the second simulation
(ng, = 2) in Fig. 7a, b respectively.
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Fig.6 Cyst formed after 7 days of simulation in the low-density
matrix in (a), and in the high-density matrix in (b). Full view of the
cyst (left), a perspective of the cyst with only the cells positioned
approximately below the center of the organoid (middle), and the

lumen volume value, the volumes of the secondary lumens
are insignificant compared to that of the principal lumen. In
the case of the high-density matrix (Fig. 7b), only two cases
produced a single lumen, and the median number of lumens
increased to 6. In all simulations in the high-density matrix,
the higher lumen volume is significantly smaller than that in
the previous cases. Moreover, two main cases are identified,
those with a small principal lumen with various lumens of
negligible volume and those with a small principal lumen,
some secondary lumens smaller than the principal but still
significant and some minor lumens (for instance, simulations
1,3,6,13, 15 and 19).

@ Springer

evolution of the lumen volume (right). Cells are represented in blue
and the lumen fluid in red. Evolution of the pressure and number of
cells in the low-density matrix in (c) and in the high-density matrix in
(d) (color figure online)

We compare the higher lumen volume of the organoid
obtained in each simulation after 7 days in the low-, inter-
mediate- and high-density matrices for the 20 simulations
performed (Fig. 8). The lumen volume obtained in the
simulations in the low-density matrix presents a higher
variability than that in the high-density matrix. Thus,
the standard deviation is 2.8 times higher than that in the
high-density matrix. However, the lumen volume achieved
in most cases in the low-density matrix is significantly
greater than that in the high-density matrix. Additionally,
the median lumen volume difference between the low-
density and high-density matrix is approximately 74.2%,
between the low-density and intermediate-density matrix
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Fig.7 Volume of the lumen after 7 days for each of the 20 simula-
tions in the low-density matrix in (a) and in the high-density matrix
in (b). The numbers in parentheses indicate the number of lumens
produced, the red circles represent the discrete volume of each lumen,
the green crosses show the sum of the volumes of all lumens in each
simulation and the blue line is the median. The bars represent the vol-

is approximately 57.0%, and 39.7% between the interme-
diate-density and high-density matrix.

Finally, the mean interactive cells’ net force during the 7
days simulated for each simulation in the case of the low-,
intermediate- and high-density matrices is presented in
Fig. 9. The forces acting on cells are higher in the high-
density matrix than in the low-density matrix. In particular,
the median in the high-density matrix is approximately 4.5
times greater than that in the low-density matrix. Moreover,
the standard deviation in the high-density matrix is 2.98

n = 100 Pas
10000
X sum
1) median
8000 - (;4() X
(g) (10)
© X
=~ 6000
S
= 4000

ume of the largest lumen, which are plotted for the sake of the vis-
ualization (note the difference between the scales of the graphs). A
representation of the cyst formed in simulations 1, 2, 3, 4, 7, 13, 15,
17, and 20 is shown in the case of the low-density matrix in (c¢) and in
the case of the high-density matrix in (d) (color figure online)

times higher than that in the low-density matrix. In the case
of the intermediate-density matrix, the median is 2.3 times
greater than in the low-density matrix but 0.51 times lower
than in the high-density matrix.
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Fig.8 Higher lumen volume of the organoid after 7 days for each
simulation in the low-, intermediate- and high-density matrices. Red
circles are the discrete values of each simulation. In cases in which
multiple lumens were produced, the red circle corresponds to the vol-
ume of the largest lumen. The top line of the box represents the 75th
percentile and the bottom line the 25th percentile. The magenta line
shows the mean and the blue line the median (color figure online)
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Fig.9 Mean value of the cells’ net forces for each simulation in the
low-, intermediate- and high-density matrices. Red circles are the dis-
crete values of each simulation. The top line of the box represents the
75th percentile and the bottom line the 25th percentile. The magenta
line shows the mean value and the blue line the median (color figure
online)

4 Discussion

We present a three-dimensional multi-agent-based model for
lumen morphogenesis that introduces the regulatory role of
the luminal hydrostatic pressure generated by the cells’ fluid
secretion and the interaction with the extracellular matrix.

@ Springer

These biophysical effects allow simulation of lumen mor-
phogenesis under three matrices with different densities and
determination of how the density influences its formation.
We show that increasing the density of the matrix hinders
lumen morphogenesis, increases the number of cells, and
produces a dysfunctional architecture. Moreover, the model
predicts normal lumen morphogenesis and aberrant multilu-
men formation related to tumor formation as a result of the
increased density of the matrix.

In a high-density matrix, we find alteration of the lumen
formation process that produces an aberrant structure. The
main contribution to the disruption of normal lumen mor-
phogenesis is the balance between the matrix and the forces
derived from the luminal hydrostatic pressure. When the
matrix density is high, the luminal hydrostatic pressure
generated by the cell secretion cannot displace the cells as
easily as when the matrix density is low since the matrix
opposes to the cells’ movement. Consequently, the lumen
remains diminished, and the hydrostatic pressure continues
increasing with the successive cell secretion to a value at
which point cells cannot pump more fluid into the lumen.
In this situation, cell division does not contribute to creat-
ing luminal space because the lumen size is small, and its
surface is fully covered by overlapped cells. Conversely, as
there is no space around the lumen surface, cell division
forces some cells to leave the monolayer. At this point, the
cells that do not face the lumen attempt to polarize to create
a new lumen. Finally, a dysfunctional structure with numer-
ous small lumens is formed. This aberrant architecture is
associated with tumor pathogenesis and is found in many
carcinomas [12]. Therefore, we conclude that the relation-
ship between the matrix density and the luminal hydrostatic
pressure is crucial and might help to determine the develop-
ment of tumor pathogenesis [35].

Moreover, the matrix density not only acts as a damp-
ing and determines the timescale of the problem, but also
provides important mechanobiological feedback to cells.
From a mechanobiological perspective, the second aspect
that contributes to lumen malformation is the cell net force.
We showed that cells’ net forces increase with matrix density
(Fig. 9), and this increment in the net forces transforms the
cells towards a malignant phenotype, which enhances the
cell growth rate. The interplay between mechanical forces,
extracellular matrix, and growth factors controls the cell
cycle progression [25]. Thus, the compliance of the matrix
acts as a cell-cycle inhibitor and matrix stiffening increases
cell proliferation [28, 36, 53, 54]. Our model includes this
effect and when the matrix density is higher, the cell net
forces are higher and it makes cells increase their growth
rate, therefore, the total number of cells increases with
matrix density. This contribute to some cells to escape from
the lumen they are facing and attempt to form a new lumen.
Moreover, we showed that there is low variability in mean
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cell net force; therefore, it is strongly influenced by matrix
density. Therefore, the density of the matrix acts not only
as a relaxation time of the system, but also as a regulator
of cells’ net forces, luminal pressure, morphology, and the
formation of multiple lumens.

Our work replicates the experimental observations of
[35]. They found that matrix rigidity compromises tissue
organization, inhibits lumen formation, increases colony
size, and increases cell forces. These four tendencies are
observed in our results; in the case of the high-density
matrix, an aberrant architecture with multiple lumens was
obtained, the lumen volume was significantly smaller than
that in the low-density matrix, and the number of cells and
the cells’ forces increased.

In the proposed model, several simplifications have been
considered. Cells are assumed to be nondeformable spheres;
therefore, cell shape was not represented accurately. In a
deformable model, we would have cell deformation around
the lumen. However, apart from the shape representation, lit-
tle differences in cells’ position are expected. This simplifi-
cation reduces the computational cost of the simulations, but
it does not affect the process of lumen morphogenesis. Here,
we focused on simulating lumen morphogenesis from the
beginning with an individual cell; therefore, we are focused
on determining the position of each cell to understand their
coordination rather than obtaining the exact representation
of the cell shape. Moreover, we represented the lumen fluid
through a particle-based simulation. With this approach,
the mechanical properties of the fluid are not accurately
described, specially concerning the rheological behavior of
the lumen. Although this representation is a simplification,
it allowed us to simulate the interaction between cells and
the fluid in a developmental process in which the interface
between cells and the fluid changes with time. Also, our
model permits to simulate the formation of lumens de novo
and the increase of the luminal fluid.

In our model, we characterized the extracellular matrix by
means of the dynamic viscosity for the whole domain. With
this approximation, we are considering the viscous proper-
ties of the matrix but not the elastic ones. Despite this sim-
plification, our model allows us to study how the biophysical
properties of the ECM, represented through its viscosity,
affects the lumen size and morphology in a three-dimen-
sional simulation. Both cells and particles experiment a drag
force that opposes to their relative motion with the matrix. It
may be reasonable to expect variation in the dynamic viscos-
ity between the lumen and the outside of the cyst. A lower
dynamic viscosity inside the lumen implies lower resistance
to the motion of particles, and we might expect variation in
the growth and size of the lumen. However, this aspect is
already considered through the parameter representing the
strength of the repulsive and adhesive forces in the particle-
particle and particle-cell interactions. Thus, a reduction in

dynamic viscosity in the lumen facilitates particle move-
ment, which is equivalent to an increase in the magnitude
of these interacting forces.

In this study we suggest that there is a maximum luminal
pressure above which the cells cannot secrete. On one hand,
an increase in the force threshold for cell secretion allows
higher hydrostatic pressure, and the lumen might open. On
the other hand, if the threshold is excessively restricted, cells
cannot secrete, and the lumen remains diminished. There-
fore, this parameter is set such that it allows the lumen to
grow without opening.

This computational model is conceptualized as a tool
for simulating lumen morphogenesis by cells in different
organs. Thus, the parameters used in the model could be
experimentally quantified and, therefore, enable adjustment
of the model to simulate lumen morphogenesis in different
scenarios. Specifically, the cell cycle constants of the model
can be experimentally estimated to characterize diverse cell
types that form a lumen. The fluid production time can be
estimated by monitoring the volume of the lumen in cell cul-
tures such that the evolution of the lumen volume obtained
can be fitted with the experimental results.

5 Conclusions

This work finds a strong correlation between the density of
the extracellular matrix and lumen morphogenesis. Thus, an
optimal density that provides adequate biomechanical condi-
tions to form the lumen and to reach a proper structure may
exist. We showed that cells require a low-density matrix to
form a normal lumen. In this case, cell division and cell
fluid secretion act in a coordinated manner to form a normal
lumen. However, an increase in matrix density disrupts this
coordination and promotes an aberrant multiluminal archi-
tecture. Therefore, matrix density provides crucial properties
to regulate the deviation from normal lumen morphogenesis
to tumorigenesis. Finally, we would like to highlight that this
computer-based model has allowed to investigate different-
mechanical scenarios representative of a relevant biologi-
cal process as lumen morphogenesis, clearly demonstrating
the possibilities of computational simulations in biological
engineering reseach.
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