


     A digital liver twin demonstrating the interplay between biomechanics and cell kinetics can explain fibrotic scar formation

Jieling Zhao1,2†, Seddik Hammad3,4†, Mathieu de Langlard2, Pia Erdoesi3, Yueni Li3, Paul Van Liedekerke2,5, Andreas Buttenschoen6, Manuel Winkler7,8, Sina W. Kürschner7,8, Philipp-Sebastian Reiners-Koch7,8, Niels Grabe9, Stephanie D. Wolf10, Johannes Bode10, Jan G. Hengstler1, Matthias P. Ebert11,12,13, Steven Dooley3*, Dirk Drasdo1,2*

1Leibniz Research Centre for Working Environment and Human Factors, Technical University of Dortmund (IfADo), Dortmund, Germany. 2National Institute for Research in Computer Science and Automation (INRIA de Saclay), Palaiseau, France. 3Molecular Hepatology Section, Department of Medicine II, Medical Faculty Mannheim Heidelberg University, Mannheim, Germany. 4Department of Forensic Medicine and Veterinary Toxicology, Faculty of Veterinary Medicine, South Valley University, 83523-Qena, Egypt. 5BioNamix group, Department Data Analysis and Mathematical Modelling, Ghent University, Gent, Belgium. 6Department of Mathematics and Statistics, University of Massachusetts Amherst, Amherst, USA. 7Department of Dermatology, Venereology and Allergology, University Medical Center and Medical Faculty Mannheim, Heidelberg University, Mannheim, Germany. 8European Center for Angioscience, Medical Faculty Mannheim, Heidelberg University, Mannheim, Germany. 9Hamamatsu Tissue Imaging and Analysis Center (TIGA), BIOQUANT, University Heidelberg, Heidelberg, Germany. 10Clinic for Gastroenterology, Hepatology and Infectious Diseases, Hospital of the Heinrich-Heine-University, Düsseldorf, Germany. 11Department of Medicine II, Medical Faculty Mannheim Heidelberg University, Mannheim, Germany. 12Mannheim Institute for Innate Immunoscience (MI3), Medical Faculty Mannheim, Heidelberg University, Mannheim, Germany. 13DKFZ-Hector Cancer Institute at the University Medical Center, Mannheim, Germany. 
†These two authors contribute equally to this work 
*Corresponding authors: steven.dooley@medma.uni-heidelberg.de & dirk.drasdo@inria.fr 

Supplementary Information
Methods
Assessment of liver transaminases. Blood is collected in Li-Heparin vials from the retrobulbar plexus and centrifuged at 13,000 rpm at 4°C for 6 min. Plasma is subsequently stored at − 80°C until further analysis. Then, alanine aminotransferase (ALT), and aspartate aminotransferase (AST) are measured using a Hitachi automatic analyzer (Core facility-Medical Faculty Mannheim, Germany).
RNA isolation and quantitative real-time (RT)-PCR. RNA from liver tissues is isolated using the InviTrap spin kit according to the manufacturer’s instructions. Liver tissues from the mice are cut into approximately 20 mg and are homogenized with a Precellys Evolution machine two times (20 s, 5 s pulse, 2s break), then the supernatants are collected. Then, 300 μL β-mercaptoethanol-containing lysis solution TR are immediately added to each sample. The resulting lysate is directly pipetted onto the DNA-Binding Spin Filter which is placed in a 2 mL Receiver Tube. Samples are incubated for 1 min at room temperature and are centrifuged at 11000 rpm for 2 min. After discarding the DNA-Binding Spin Filter, 250 μL of 70% ethanol are added to each tube and are completely mixed with the lysates. The mixtures are transferred to RNA-RTA Spin Filters, and are incubated for 1 min. Samples are centrifuged at 11000 rpm for 1 min. Then 600 μL of Wash Buffer R1 are added into the RNA-RTA Spin Filter after discarding the flow-through, then this mixture is centrifuged for 1 min at 11000 rpm. After discarding the flow-through, 700 μL of Wash Buffer R2 are added into the Filter, the same centrifuge step is performed as a wash step using buffer R1. The R2 washing step is repeated once. To eliminate any trace of ethanol in the RNA-RTA Spin Filter membrane, the tubes are centrifuged for 4 min at maximum speed. The RNA-RTA Spin Filters are transferred into RNase-free Elution Tubes and 30 μL of Elution Buffer R is pipetted. After 2 min incubation and 1 min centrifugation at 11000rpm, total RNA is collected, and transferred immediately on ice. The concentration is photometrically determined by measuring the RNA solution in a nanocrystalline plate at 260 nm with a Tecan infinite M200. From 1 µg total RNA, cDNA is transcribed with RevertAid H Minus Reverse Transcriptase (Thermo Fischer Scientific, USA, cat. no. EP0451) and used for RT-PCR with PowerUP SYBR Green Master Mix (Life Technologies, USA, cat. no. A25918) in a StepOnePlus RT-PCR System (Applied Biosystems USA from Thermo Fisher Scientific, Germany, cat. no. 4376600). A list of the primer pairs used (Eurofins, Germany) is provided in Supplementary Table 1. Ppia is used as an internal reference gene. Target gene relative expression is determined with the ΔΔCt method, and a melt curve is created to ensure primer specificity. Each sample is measured in triplicate.

Imaging analysis of spatial distribution of proliferating hepatocytes and aHSC 
The detection of the dividing cells nuclei (Fig. 2F) is obtained by a global thresholding on the Hue and Saturation channels1 of the images. A post-processing step is applied to remove artifacts (too small and too large, connected components). Furthermore, touching nuclei are separated using the morphological Watershed algorithm. The segmentation function is the Euclidean distance transform on the binary image of the nuclei and the markers are obtained by computing the extended minima transform on the Euclidean transform image. These different morphological operations are standard in image analysis and further details can be found in ref2. A final post-processing based on a shape criterion, i.e. the eccentricity, is performed: objects with an eccentricity less than 0.9 are removed.
The stained histological images of HSC are first binarized using local Otsu thresholding to obtain the whole fibrotic pattern. In order to individualize the fibrotic streets, the fibrotic region around each central vein is computed using the so-called rolling ball algorithm3: a disk of iteratively increasing radius r is rolling over the central vein boundary until the area ratio of HSC reaches a certain threshold ( in practice). The maximal radius  returned by the algorithm defines the width of the fibrotic region around the central vein labeled , a region which is called the central fibrotic region (Supplementary Fig. 5A, here the green circles do not cover all brown staining around CV, which is not needed as our purpose is not to quantify the precise width of the brownish region around the CV, but to identify the fibrotic region between the CVs and quantify it. For this an accurate segmentation of the brown staining around the CV is not required).  An individual fibrotic street is therefore defined as the fibrotic pattern linking two neighboring central fibrotic regions. The second main step is the computation of the envelope image of each fibrotic street using (1) a morphological closing operation on the binary image of the street to smooth its contour, and (2) an operation to fill the holes within the street. The envelope image is the resulting binary image after these two operations (see Supplementary Fig. 5). The third and final step before quantifying the width distribution of the fibrotic streets is the rotation of each envelope image to align their main axis with the y-axis (see Supplementary Fig. 5). Consequently, the width distribution of a given street is defined as the length distribution of the intersections between a horizontal line and the envelope image, the horizontal line being translated in the y-direction. To remove noise in the computation of these lengths, a moving average technique is used. The final results are presented in Supplementary Fig. 5 as the concatenation of all width distributions of the fibrotic streets for the three mice M1, M2 and M3. In order to check whether or not there is a significant difference between widths computed for stripes connecting close central veins and those connecting central veins further away from each other, the width distributions are presented with respect to the normalized distance to its closest central vein, hence encompassing the spatial nature of the fibrotic street formation (the maximal distance being in the middle of the given fibrotic street). The results do not show any large dependency of the fibrotic street width with respect to the central vein distance.
The computation of the spatial distribution of the dividing cells is performed using a non-parametric kernel density estimator, for which the probability that a nucleus of a dividing cell belongs to the position  is given by:
,
where  is a symmetric kernel function (typically a Gaussian kernel is used here),  is the total number of nuclei segmented and  is the centroid location of nuclei .  
The polygonal contours of the necrotic regions are drawn on the image by a biologist expert using ImageJ. The mask image of the necrotic region is obtained and a morphological closing, using a small size structuring element, is performed to get smoother contours for the necrotic regions.

Mathematical modeling of all DT components. To capture the approximate shape of cells and elements (e.g. sinusoids and collagen fibres), they are represented as individual objects with different geometric shapes. The cell surface of a hepatocyte close to the lesion is represented by a triangulated structure consisting of nodes connected by viscoelastic elements (DCM model, Fig. 2G) while a hepatocyte far away from the lesion is represented by a homogeneous isotropic elastic adhesive sphere (CBM model)4; a macrophages is represented by a homogeneous isotropic elastic adhesive spheres; an HSC is represented as a sphere forming the cell’s core body, connected to four semi-flexible chains of spheres5; sinusoids are represented as semi-flexible chains of spheres6; collagen fibres are represented as elastic springs that can resist stretching and bending.

Equation of motion for CBM-based hepatocytes. Each CBM (center-based model) for a hepatocyte is represented as a homogeneous isotropic, elastic, adhesive sphere. It can migrate, grow, divide, and interact with other cells or elements. The position of a hepatocyte  is updated from a force balance equation: 
,            (1)
where  is the  - friction matrix with the environment, which we here approximate by a scalar,  is the friction tensor between cell  and sphere (another cell, a sinusoidal element, or a cellular element) ,  is the unit vector from  towards ,  is the corresponding central repulsion/adhesion interaction force, and  is force mimicking the (active) migration force of cell . The central interaction force between cells is computed by4: 
,              (2)
where  is the radius of the hepatocyte-hepatocyte contact area, which is related to the indentation of the neighboring deformed cells via  .  and  are defined as  and , with  and  being the Young’s moduli,  and  the Poisson ratios, and  and  the radii of  and . To consider the limited cell volume compressibility in a pairwise cell-cell interaction force, we further fitted  by a function that depends on the local average distance  for a bulk cell in the simulated experiment: , where  is the distance between  and  (see more details of choosing the values of  in Van Liedekerke et al.5. The (active) migration force is approximated by , where  has been chosen as a  constant force magnitude,  is the unit vector of migration direction,  is the diffusion constant of ,  is an uncorrelated noise term with amplitude ,  and  denote time, and  denote the coordinates6.

Equation of motion for DCM-based hepatocytes. Each DCM (deformable cell model)-based hepatocyte is represented by nodes that are connected by parametrized viscoelastic elements. The nodes constitute a flexible triangulated surface which models the boundary (membrane and actin cortex) of the cell. To keep the model computationally tractable, the inside of the cell is assumed to be homogeneous and slightly compressible. The adhesion between two cells is determined by the attraction forces between those nodes of the cells that are in each other's neighborhood. To update the configuration for each cell, a force-balance equation for every of its nodes has to be solved. For a hepatocyte, the position of each of its nodes  can be updated by solving the following equation of motion:
,          (3)
where  is the friction coefficient with the environment,  is the friction tensor between  and another node , and  is the unit vector from  towards  (whereby  can be either a node of the hepatocyte or a neighboring structure the hepatocyte interacts with),  is the in-plane elastic force with node ,  is the bending force with node ,  is the volume force controlled by the cell compressibility,  is the force that avoids excessive triangle distortion of triangle  which contains ,  is the repulsion force on the local surface,  is the adhesion force with nearby objects (for more details on the DCM and equation (3), see Van Liedekerke et al.5).

Equation of motion for macrophages. Each macrophage is represented as a homogeneous isotropic, elastic, adhesive sphere. The position of macrophage  is updated by solving the following equation: 
,                 (4)
where  is the friction coefficient with the environment,  is the friction tensor between  and  (same as equation (1)),  is the corresponding central repulsion/adhesion interaction force,  is the migration force, where  has been chosen as a  constant force magnitude,  is the unit vector of migration direction,  is a random direction unit vector of , where .

Equation of motion for HSC. The core body of an HSC is modeled as a homogeneous isotropic, elastic, adhesive sphere (mainly representing the HSC’s nucleus) with four semi-flexible chains of spheres as “arms” (to mimic the long HSC’s protruding branches). The position of an HSC sphere  is updated by solving the following equation of motion6: 
,               (5)
where  is the friction coefficient with the environment,  is the friction tensor between  and another cell or element  (same as equation (1)),  is the interaction force between  and another cell or element  (same as equation (2)).  represents elastic force between the body center  and the connected spheres  of its arms.  is the migration force to drive  to migrate, where  has been chosen as a constant force magnitude,  is the unit vector of migration direction,  is a random direction unit vector of , where . The equation of motion for a sphere representing element  of an HSC’s arm is approximated by:
,                             (5b)
where  represents the cells or elements interacting with , and  represents the spheres in the same HSC’s arm of element  and connecting to .

Equation of motion for the sinusoid spheres. Sinusoids are modeled as chains of semi-flexible spheres7. For each sinusoid sphere , the position of  is updated by solving the following equation of motion6: 
,       (6)
where  is the friction coefficient with the environment,  denotes the longitudinal friction between sinusoid sphere  and its interacting cells or elements, for example hepatocyte ,  is the difference of velocity between  and ,  is the unit direction vector from  towards ,  is the interaction force between  and  (same as equation (2)),  denotes the longitudinal friction between two sinusoid spheres  and ,   is the difference of velocity between  and ,  is the unit direction vector from  towards ,  is the interaction force between  and ,  is the spring force that arises from the chain connections between spheres belonging to the same sinusoid. 

Modeling of collagen fibres
In the fibrosis development simulations, the collagen fibres are generated by the aHSCs. In order to calibrate the network parameters, we perform a simulated compression test and compare the simulation results with experimental data. The network is generated as follows.
Network generation approach. In a given gel space  (volume of  is ), the total volume of the collagen fibre  is determined by , where  is the specific volume of collagen8,  is the mass density of collagen9. The total length of collagen fibre,  deposited in the given space is given by , where  is the radius of collagen fibre. A network is grown by one fibre at a time until the network reaches the total fibre length . The fibre network is generated in the following steps: 
(1) Insert a fibre  in . It is assigned an initial point  and an initial tangent direction , both are chosen from a uniform distribution. A fibre length  is also assigned to , where  (see ref9). Grow the fibre after  extensions of segments in particular direction  until  is reached. The length of each extended segment is  (see ref9). Stop until the target total fibre length  is reached. 
(2) Apply a random force onto each of the fibres and update their positions. Crosslinks are added if any two fibre segments are closer than a distance threshold of 1.5 μm (Supplementary Fig. 6A). 
(3) Repeat step (2) until all fibres in  are connected into one network through crosslinks.
The elastic forces and bending forces on a collagen fibre. Suppose a collagen fibre consists of several nodes and edges (Supplementary Fig. 6B). The elastic force at node  can be written as , where  is the elasticity constant,  is the difference between the current length  and the equilibrium length | of the spring connecting the vertices (nodes)  and  (see ref10).
The bending energy at  can be written as , where  is the Young’s modulus,  is the second moment of area,  is the local curvature at . The bending energy due to the bending angle  at  can be approximated as:
 (for ), where  is a constant equilibrium angle for . The bending force is evaluated by derivative of involved  over :
,              (7)
We denote  and , we can get , where  and  are two rotational matrices satisfying . It is easy to get , which is also a constant matrix. In addition, we also have . Using the property of vector calculus identities , we have:
,         (8)
Accordingly, we also have
 and 
.
We denote  as a vector ,  as a vector , and  as a vector ,. Thus, for each node  in the fibre, the bending force is obtained as:
,   (9)

Equation of motion for collagen fibre nodes. The center of mass position of a collagen fibre node  is obtained by an overdamped Langevin equation of motion, which summarizes all forces exerted on :
,         (10)
where  is the collagen-environment friction tensor,   is the unit orientation vector of fibre  connecting node .  and  are the perpendicular and parallel components of the friction of fibre .  and  can be approximated as  and (see ref11), where  and  are the length and radius of fibre .  and  are two correction factors for approximating friction coefficient for rod-like objects12.  is the friction tensor between the spring containing  and other cell or element  (for example, a sinusoidal element) in contact with the spring (same as in equation (3)). The first term of the right-hand side (rhs) of equation (10) represents the elastic force exerted on  from elastic springs connecting . The second term of rhs of equation (10) represents the bending force exerted on  from bending springs connecting . The third term of rhs of equation (10) represents the interaction force between the spring containing  and other elements (e.g. hepatocytes or sinusoids).

Measurement of the height of the collagen network
The height of the collagen network is measured by the gyration radius in -axis (the direction of pressure from other cells) of the collagen network by , where  is the -coordinate of collagen node . This gyration radius is a measure for the spatial spread of the network in y-direction.

Forces between cells and elements. The total force between cell/element  and cell/element  can be approximated by the sum of a repulsive and an adhesive force, which are characterized by a function of the geometrical overlap . Since the cellular adhesion force is due to the specific ligand-receptor on cell surface, we assume that there is only adhesive force between two hepatocytes, which can be approximated by the Johnson-Kendal-Roberts (JKR) model following a previous study13. For two hepatocytes  and , the interaction force is computed using equation (2). For the other cells and elements (e.g. collagen fibre), we use Hertz model to approximate the repulsive force between them13. 
For two spherical cell objects  and , the Hertz repulsive force is computed by
,       (11)
where  and  are as defined in equation (2).  is the unit vector from  towards . , where  and  are the radii of cell objects  and . 
For two collagen fibre springs  and , the Hertz repulsive force is computed by
,       (12)
where  and  are the radii of springs  and , which are associated with the radii of the two interacting collagen filament bundles. In our model, , hence .
For a spherical cell object  and a collagen fibre , the Hertz force repulsive force can be shown to be well approximated by (Buttenschoen et. al., in preparation):  
,       (13)
where  is the radius of the fibre spring .
For a triangle of DCM-based hepatocyte  and fibre spring , we apply the algorithm of triangle-cylinder collision detection63 to check the collision type between  and . If  and  contact with parallel axes, the Hertz force repulsive force is computed by13
,       (14)
where  is the length of the overlapped section between  and  (see ref14 for the calculation of ).
If  and  contact with non-parallel axes, the Hertz force repulsive force is computed by15
 ,       (15)
where  is the radius of .
Validation of the collagen model
We compare simulations of our collagen model directly with experimental data of two types of mechanical tests. This permits us to validate the structure of the model and to fine-tune the model parameters. We first apply the model to simulate the deformation of a single collagen fibre upon external force as depicted in ref16. A fibre with length of 3 consisting of 20 segments is fixed at its two ends. A force is applied perpendicularly on the fibre on three different positions (we assume y-axis is along the direction of the applied force, Supplementary Fig. 6C). The displacement of the fibre is computed as the largest displacement of the fibre node on the y-axis. The simulated relationship between fibre displacement and magnitude of applied force can perfectly fit the experimental observation (Supplementary Fig. 6D).  

We then apply the model to simulate the stress of the collagen network under compression (Supplementary Fig. 6E). A fibre network with size of 42.842.842.8  is generated. The collagen nodes in the top layer (< 3  from the top) is fixed. The collagen network is compressed by pushing the nodes in the bottom layer (< 3  from the bottom) upwards (y-axis is along the up-bottom direction). The strain is calculated as , where  and  are the y-coordinate and initial y-coordinate of collagen node . We use two approaches to measure stress.
Approach one. Stress is calculated as , where  is the projection of force on the y-axis of collagen node , , , ,  and  are the maximum and minimum x-coordinates and z-coordinates of all collagen nodes in the network, respectively.
Approach two. This approach is based on the concept of virial stress, a well-known concept in particle based simulations, whereby the volume averaged stress tensor reads , where  is the string vector between collagen nodes  and ,  is the force exerted on ,  is the volume of the cubic space occupied by the network, that is 42.842.842.8 . Then the stress is taken as the y-element of the diagonal of the virial stress tensor  (compression is along the y-axis).
The strain-stress curve of our simulation can fit the experimental data17 (Supplementary Fig. 6G).

Plasticity test of the collagen network. During the progression of liver fibrosis, HSCs produce collagen fibres while macrophages degrade collagen fibres simultaneously. The dynamic of production and degradation of collagen fibres might change the mechanical property of the collagen network (e.g. plasticity instead of elasticity). Here we do one plasticity test by rebuilding the collagen network which we use for the compression test (Supplementary Fig. 6F): 
(1) We compress the collagen network until it experiences a strain of 15%.
(2) We randomly remove some collagen fibres from the network (the removed number of fibres is calculated according to a given fraction, e.g. if the given fraction is 5%, then 5% of the fibres would be removed. Any crosslink node joint with the removed fibre would be removed as well) and add the same number of new collagen fibres back. 
(3) The newly added collagen fibres are crosslinked within the network. 
(4) We release the compressed network and measure the stress-strain curve and compare it with the curve of the pure compression test. 
Such rebuilding process (removing and adding fibres) is to mimic the process that Mphs degrade while HSCs produce collagen fibres simultaneously during fibrosis progression. As shown in Supplementary Fig. 6G, after removing and adding new collagen fibres, the stress of the collagen network drops significantly, and it displays the property of plasticity (permanent deformation after stress reaches to zero) (Supplementary Fig. 6G).

Organizational structure of collagen network 
The spatial organization of the collagen fibres during the formation of a fibrotic wall is still unknown. Therefore, we assume six different scenarios (S) of the organizational structure of collagen network: the collagen fibres are deposited as single fibres and not anchoring to the nearest sinusoids (S1); as single fibres and anchoring to the nearest sinusoids (S2); as single fibres and crosslinked to form a network, but not anchoring to the nearest sinusoids (S3); as single fibres and crosslinked to form a network, and anchoring to the nearest sinusoids (S4); as single fibres firstly and gradually crosslinked to form a network, but not anchoring to the nearest sinusoids (S5); as single fibres firstly and gradually crosslink to from a network, and anchoring to the nearest sinusoids (S6) (Supplementary Fig. 10A). One simplified section of the two-lobules system without HSC and Mph in DT (the lesion region of the section is set to locate in the middle of the section, with the width of 4 hepatocytes’ diameter) is run for 21 days to test these scenarios. The initial lesion size is set to 45 μm (in y-axis). Six rounds of CCl4 are injected at day 0, 3, 7, 10, 14, 17, respectively. At the moment of the second injection, namely, day 3, all collagen fibres are generated homogeneously distributed in the lesion. The total length of generated collagen fibres are calculated according to the given collagen density (see section of Network generation approach for details of transforming the density into the total length of fibres). Hepatocytes outside of the lesion region proliferate to fill up the lesion and compress the fibres (the proliferation rate data is from ref6. For each scenario, we study three different collagen densities: 0.4 mg/mL, 1.0 mg/mL, and 2.0 mg/mL. The deformation of the collagen network is measured by its gyration radius in y-axis (see section of Measurement of the height of the collagen network). For each density within each scenario, three simulation runs are performed to calculate the average and standard deviation.

Our results show that in S1 the proliferating hepatocytes result in a displacement of the fibres, or pass through the fibres. As a consequence, part of the fibres remain between the hepatocytes (scenario 1 in Supplementary Fig. 10B-D). In S2, fibres are assumed to anchor to the sinusoids. They can partially resist hepatocyte movement as they bend upon contact with the hepatocytes (scenario 2 in Supplementary Fig. 10B-D, gyration radius curve in Supplementary Fig. 10E-G). The difference between S3 and S4 is similar to the difference between S1 and S2. This can be attributed to the fact that the crosslinked fibres are integrated into one scaffold that is much more difficult to be displaced or compressed than individual fibres as long as cells cannot push or pass through the network. In addition, in S4, fibres are assumed to anchor to the sinusoids, so it is even more difficult for hepatocytes to deform them (reflected by the gyration radius curve in Supplementary Fig. 10E-G, scenarios 3 & 4 in Supplementary Fig. 10B-D). Moreover, as we increase the collagen density from 0.4 mg/mL to 2.0 mg/mL, the fibre network is more resistant to the penetration of proliferating hepatocytes. In the case of the highest collagen density (2.0 mg/mL), the network is barely deformed compared to those with lower densities (Supplementary Fig. 10D and gyration radius curve in Supplementary Fig. 10G). In S5, fibres are compressed and concentrated in the middle of the lesion region and form a wall-like structure (scenario 5 in Supplementary Fig. 10B-D). This can be attributed to the fact that the fibre network is formed through crosslinks gradually. So compared to the network formed immediately through crosslinks (in S3), it is easier to be deformed. In addition, since all fibres are eventually crosslinked, they are not distributed scatteredly as shown in S1 and S2. Moreover, under each collagen density, the thickness of the fibre network in S5 is among the thinnest (gyration radius curve in Supplementary Fig. 10E-G). In S6, the fibre network is more resistant to the penetration of proliferating hepatocytes than that in S5 (scenario 6 in Supplementary Fig. 10B-D). This is because the fibres are anchored to the nearest sinusoids in S6.
  
These simulation results suggest that the crosslinks between collagen fibres are important to maintain the elastic property of the collagen network. Otherwise, fibres without crosslinks cannot remain as integrity against the penetration of proliferating hepatocytes (Supplementary Fig. 10B-D). However, if the crosslinks are formed too early or if the fibres can anchor to the sinusoids, the network is highly resistant to the compression from hepatocytes. Among all six scenarios of organizational structure of collagens, scenario (5), namely, collagen initiated as single fibres and gradually crosslinked but not anchoring to the closest sinusoids seems to be the optimal scenario for our simulation of fibrosis progression. In addition, the collagen network under low density (0.4 mg/mL) is too sparse to form a thick wall-like structure as observed in experiments (Fig. 1A) while the network under high density (2.0 mg/mL) is too dense for hepatocytes to deform (Supplementary Fig. 10D). Therefore, we take the median density 1.0 mg/mL for our next simulation.

Production and degradation of collagen fibres by HSC and Mph. During liver fibrosis, excessive amounts of ECM proteins are secreted by activated HSC18. Collagen fibres are degraded by macrophages43. We model the whole procedure of the migration of HSC and macrophages into the lesion, producing and degrading collagen fibres, respectively. In addition, we assume that if the local collagen density at the location of an aHSC (calculated as the density of collagen fibres within the sphere whose radius is equal to HSC’s branch) is above a threshold, it would stop producing collagen fibre. 
Signal-gradient based migration of HSC and macrophages. Previous studies have reported that injured hepatocytes can produce DAMP signals to activate macrophages19,20. Here we assume that DAMP is produced by necrotic hepatocytes. HSC and Mph migrate following the gradient of DAMP (Supplementary Fig. 8A). The concentration of DAMP  is updated by solving a partial differential equation (PDE)5:
,        (16)
where , ,  are the diffusion coefficient, production rate, decay rate of DAMP, respectively;  denotes the position of necrotic hepatocyte , which produces DAMP. The first term of the rhs of equation (16) denotes the diffusion of DAMPs, the second term denotes the production of DAMPs (produced by HSC which is localized at positions , where index  enumerates the HSCs, the center of mass of the cell body of HSC  is set as the origin of the source). The simulation domain  is set as a box large enough to contain the entire lobule. For a macrophage or HSC , if the concentration of DAMP at the location of ,  becomes higher than a threshold, a migration force  is applied on , where  and  are the mean and standard deviation of migration force magnitude calibrated from the mean and standard deviation of migration speed of  21,22,   is a random direction unit vector of , where .
Production of collagen fibres. Previous studies have reported that HSCs proliferate and become activated. Activated HSCs are the major source of collagens and other matrix proteins23. It is also documented that the recovery from liver fibrosis is accompanied by apoptosis of activated HSC24. Here we assume that after each dose of CCl4 injection, HSCs in the lesion are activated and proliferate. After cell division, half of the aHSCs are killed24 (according to the report 50% of the aHSCs are killed during fibrosis, but the total number is maintained24). The activated HSC can produce collagen fibres. We observe that after the second dose of CCl4, collagen fibres gradually accumulate within one day after the injection. We denote the coordinates of the head spheres of all activated HSCs as . For a given collagen mass density , the total length of deposited collagen fibre is . The fibres are produced equally by all aHSCs within one day after the injection of CCl4. For a deposited fibre , the initial position , is sampled randomly from  by HSC , which satisfies , where  is the length of the HSC branch of . The choice of initial tangent direction and direction of extending segment of  is described in the section of Network generation approach. One day after the injection of CCl4, the rest half of aHSCs are switched to quiescence (if it is activated before, it is switched to reverted phenotype, according to the report that 50% of the aHSCs are switched to quiescence during fibrosis24).
Degradation of collagen fibres. We observe that F4/80 positive macrophages only start to appear 12 hours after the injection of CCl4. We assume that macrophages in the lesion display a F4/80 negative phenotype within 1-12 hours after the injection of CCl4 and switch to a F4/80 positive phenotype from 12 hours on after the injection. To mimic the digestion process, for each F4/80 positive phenotype macrophage , if the distance between  and a collagen fibre segment  satisfies , where  is the radius of  and  is the radius of , we remove  from the system. Since a previous study has reported that the engulfment time one macrophage takes to digest an object is about 3 hours25, we assume that a F4/80 positive macrophage is only able to digest the next fibre 3 hours after it engulfs the previous fibre. 
Digestion of dead hepatocytes by macrophages. As shown in Supplementary Fig. 7B, the AST level (partially correlated with the number of necrotic cells) after the second dose of CCl4 is only 1/10 of that after the first dose of CCl4. As shown in Fig. 2A (HE & IgG staining), after the first dose of CCl4, there are about 8 layers of hepatocytes dying due to intoxication. Under the hypothesis that the AST level correlates linearly with the number of necrotic hepatocytes, we assume that there is only one layer of necrotic hepatocytes in the middle of the lesion (1/10  8  1) after the second dose of CCl4. The F4/80-positive macrophage can digest the necrotic hepatocytes. To mimic the digestion process, for a F4/80-positive macrophage , if the distance between  and a necrotic hepatocyte  satisfies , where  is the radius of  and  is the radius of , we remove  from the system. We also assume that the F4/80 positive macrophage is only able to digest a necrotic hepatocyte 3 hours after it engulfs a previous necrotic hepatocyte.





Supplementary Figures
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Supplementary Figure 1. Scheme of the digital twin concept in studying liver related disease. Construction of the liver microarchitecture of the digital twin from imaging analysis (green box, Hoehme et al.6 (2010)). Modeling the drug metabolism in the liver cell (blue box, Dichamp et al.26 (2023)). Modeling the liver regeneration upon one injection of drug-induced injury (yellow box, Zhao et al.5 (2023)). Modeling liver fibrosis (black box, the focus of this study).
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Supplementary Figure 2. CYP2E1 expressing hepatocytes guide ECM deposition upon repetitive CCl4 injections. Serial sections from control and fibrotic mouse liver (3 weeks of CCl4) are stained with PSR (ECM deposition; red), CYP2E1 (CCl4 metabolizing enzyme; brown) and CK19 (bile duct epithelial cell marker in periportal compartments). Scale bars are 200μm (PSR and CYP2E1 images) and 50μm (CK19 images).
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Supplementary Figure 3. Regeneration upon acute liver injury in mice from one CCl4 injection. (A) Representative time-resolved images of CYP2E1, Ki-67 and HE stained livers upon one dose of CCl4. Scale bars are 100μm and 20μm for overviews and closeups, respectively. (B) mRNA level of Cyp2e1, determined at different time points after administration of CCl4 as indicated. Data are shown as the means ± SD of 5 mice per group. The values at day 0 represent the controls. ** P <0.01, *** P <0.001.
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Supplementary Figure 4. ECM, HSC and macrophages during liver regeneration upon one CCl4 injection. (A) Time-resolved histopathological data after a single CCl4 injection, showing PSR (ECM), desmin (quiescent and activated HSC), α-SMA (activated HSC), F4/80 (resident macrophages, highlighted in yellow). Desmin, α-SMA and F4/80 are each displayed at overview-magnification (left, scale bar 100μm) and high magnification for closeup (right, scale bar 20μm). (B) The close view of Fig. 3A, F4.80. (C) Time resolved RT-PCR data for Tgfβ1, Mmp9 and Timp1. Data are shown as the means ± SD of 5 mice per group. * P <0.05, ** P <0.01, *** P <0.001.
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Supplementary Figure 5. Computation of the distribution of the spanning width of ɑ-SMA positive cells. (A) Example of a region of interest showing the activated HSCs in brown; brown regions with void representing CVs are marked by green circles. In the left subfigure, the red lines are drawn manually to identify neighboring CVs connected by areas occupied by activated HSCs; in the right subfigure the red curved lines demarcate the borders of these areas ("stripes"). (B) The different steps to obtain the envelope (border) of an aHSC positive area (stripe) connecting two neighboring CVs. Each stripe is finally oriented vertically before computing its spanning width along the axis starting at one CV and ending at the neighboring CV. (C) The resulting values for the width of the stripe along the CV-CV connection is then normalized by division of the length of the CV-CV connection to permit accumulation of the data for CV-CV connections of different lengths (shown are accumulated data, each from multiple CV-CV connections from different mice M1, M2, and M3). Interestingly, the width of the stripes does not vary along the CV-CV connection.
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Supplementary Figure 6. Construction and validation of the collagen (ECM) model. (A) Elastic and bending energy of the collagen fibre network. (B) Addition of crosslink nodes: If the distance between two fibre segments  and  (between two perpendicular nodes  and  on  and , respectively, indicated by yellow arrows) is smaller than a predefined threshold, a crosslink node sm (blue) is added, where  and  would crosslink (red). After crosslinking, the segments are re-enumerated:  and  are divided generating two additional segments ( and ), which are all attached at  (blue). (C) Calibration of mechanical parameters for the bundles mimicking the bending test by Yang et al.16. ‘a’, ‘b’, and ‘c’ indicate the corresponding positions where the force is applied on the fibre. The simulated fibre (length of 3 µm) bends upon the exerted force (red arrow). (D) Simulation result and experimental data from Yang et al.16. (E) The modeled compression of the collagen network. The size of the network is 42.8×42.8×42.8μm3. The network is compressed by fixing the collagen nodes on the top layer and moving the bottom layer of collagen nodes upwards. (F) Rebuild the network for plasticity test: After the 3D network of cross-linked fibres (from D, E) is compressed, some fibres are randomly removed from and subsequently randomly added back to the network; subsequently, the compressed network is relaxed. This algorithm mimics a visco-elastic network with a plastic response. (G) Strain-stress curve of simulation and experimental data from Ferruzzi et al.17. Different fractions of total fibres rebuilt (removed first and then added back) in the network are tested.
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Supplementary Figure 7. Chronic liver injury in mice from 6 injections of CCl4. (A) Representative images of CYP2E1, Ki-67 and HE stained livers plus snapshots of the DT for repeated doses of CCl4 (scale bars are 100μm for overview and 20μm for closeup images). The corresponding days are day 3 (3 days after dose 1), 7 (4 days after dose 2), 14 (4 days after dose 4), 21 (4 days after dose 6). (B) Blood levels of liver transaminases (AST and ALT), upon repetitive CCl4 injections (compare Fig. 2D for the control). (C) (Top) Quantification of the experimentally determined CYP2E1 positive area and fraction of CYP2E1 positive cells in the DT. (Bottom) Quantification of Ki-67 positive nuclei and fraction of S-phase hepatocytes in the DT. (D) Quantification of CVs connected by CYP2E1 positive hepatocytes. Experimental data are shown as the means ± SD of 5 mice per group. * P <0.05, ** P <0.01, *** P <0.001. DT simulation data are shown as the means ± SD of 3 independent simulation runs.
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Supplementary Figure 8. Migration of HSC and Mph to mediate liver fibrosis formation. (A) Scheme of DAMPs gradient in the model (DT). Injured HC produce DAMPs. DAMPs can activate HSCs and macrophage (Mph) to migrate towards the largest DAMP gradient. The spatio-temporal DAMP concentration is calculated by solving a differential equation that takes into account synthesis, diffusion, and decay of DAMPs. The differential equations are solved in a discretized cubic system. (B) Snapshots representative for migrating HSCs and Mphs from low (blue) to high (red) DAMP concentrations (Supplementary Movie 3). (C) Chicken wire pattern of liver fibrosis (collagen fibres wrap liver cells), as observed in NASH mouse model. Scale bars are 50μm. (D) Chicken wire pattern, as captured by the DT. Left: collagen fibres wrapping HC; Right: the same structure in left by excluding the HC.
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Supplementary Figure 9. HSC, Mph and matrisome analysis in the dynamics of CCl4 mediated chronic liver disease. (A) Representative images of PSR, desmin, α-SMA, and F4/80 stained livers and snapshots of HSC and Mph in the DT simulation. (B-D) Protein/mRNA levels of desmin, α-SMA, Collagen1α1, Collagen1α2, Cd68, Mmp9, and Timp1 determined by IHC or RT-PCR, as indicated. Scale bars are 100μm for overview and 20μm for closeup images. Experimental data are shown as the means ± SD of 5 mice per group. * P <0.05, ** P <0.01, *** P <0.001. DT simulation data are shown as the means ± SD of 3 independent simulation runs.
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Supplementary Figure 10. Organizational structure of the collagen network. (A) There are six scenarios (S) for the structure of collagen deposition. Collagen fibres are deposited as single fibres in S1, single fibres anchored to the nearest sinusoids in S2, crosslinked single fibres in S3, crosslinked single fibres anchored to the nearest sinusoids in S4. In S5, collagen fibres are firstly deposited as single fibres and then gradually crosslinked while in S6, collagen fibres are firstly deposited as single fibres anchored to the nearest sinusoids and then gradually crosslinked. (B-D) Snapshots of collagen fibre organization as resulting from the different simulation scenarios with the DT based on assuming collagen densities of 0.4 mg/mL, 1.0 mg/mL and 2.0 mg/mL, respectively. (E-G) Gyration radius of the fibres and number of hepatocytes in the lesion in the different scenarios. Scenario 5 in the graph depicting the gyration radius is highlighted in a solid line, while the other scenarios are presented in dashed lines. The error bars represent the standard deviation of 3 simulation runs.
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Supplementary Figure 11. Snapshots of DT simulation result from the different perturbation runs. Seven perturbation scenarios are tested. P1, random distribution of CYP2E1+ hepatocytes; P2, lack of hepatocyte proliferation; P3, 70% of activated HSC undergo cell death; P4, HSC are not able to migrate; P5, HSC display an inverted phenotype after CCl4 injections; P6, macrophages become Ly6Clow, 5 days after CCl4 injections, and P7, macrophages cannot migrate.  Typical time-lapse DT simulations are shown as Supplementary Movies 4-10. The plot of collagen density over the lesion region after doses of CCl4 under each perturbation is also shown.



















Supplementary Tables
Supplementary table 1. Sequences of primer pairs used for real time PCR
	Gene
	Species
	Forward
	Reverse

	Acta2  (α-Sma)
	Mouse
	TTCGCTGTCTACCTTCCAGC
	GAGGCGCTGATCCACAAAAC

	Timp1
	Mouse
	GGCATCTGGCATCCTCTTGT
	ACTCTTCACTGCGGTTCTGG

	Cd68
	Mouse
	 GGCGGTGGAATACAATGTGTCC
	 AGCAGGTCAAGGTGAACAGCTG

	Col1α1
	Mouse
	ACGTGGAAACCCGAGGTATG
	TTGGGTCCCTCGACTCCTAC

	Col1α2
	Mouse
	AGTCGATGGCTGCTCCAAAA
	AGCACCACCAATGTCCAGAG

	Cyp2e1
	Mouse
	CGTTGCCTTGCTTGTCTGGA
	AAGAAAGGAATTGGGAAAGGTCC

	Desmin
	Mouse
	TACACCTGCGAGATTGATGC
	ACATCCAAGGCCATCTTCAC

	Mmp9
	Mouse
	GCAGAGGCATACTTGTACCG
	TGATGTTATGATGGTCCCACTTG

	Ppia
	Mouse
	GAGCTGTTTGCAGACAAAGTC
	CCCTGGCACATGAATCCTGG

	Tgfβ1
	Mouse
	AGGGCTACCATGCCAACTTC
	CCACGTAGTAGACGATGGGC



Supplementary Table 2. DT (digital twin) parameters.
	Description
	Value
	Reference

	Hepatocyte radius
	~10.7 µm
	Estimated from data

	Sinusoid radius
	~2.1 µm
	Hoehme et al.6 (2010)

	HSC radius
	~2 µm
	Wake27 (2006)

	HSC branch length
	~12 µm
	Wake27 (2006)

	Mph radius
	~6 µm
	Shi et al.28 (2011)

	Collagen fibre radius
	~0.1 µm
	Wenger et al.29 (2007)

	Collagen fibre segment length
	~3 µm
	Stein et al.9 (2008)

	Young’s modulus of hepatocyte
	~400 Pa
	Hoehme et al.7 (2010)

	Young’s modulus of sinusoid
	~600 Pa
	Hoehme et al.7 (2010)

	Young’s modulus of HSC
	~700 Pa
	Estimated from fibroblast, Yang et al.30 (2012)

	Young’s modulus of macrophage
	~1400 Pa
	Estimated from immune macrophage, Bufi et al.31 (2015)

	Young’s modulus of collagen fibre
	~50 MPa
	Manssor et al.32 (2016)

	Poisson ratio of all components
	0.4
	Hoehme et al.7 (2010)

	Cell cycle time of hepatocyte
	24 hours
	Hoehme et al.7 (2010)

	Cell cycle time of HSC
	24 hours
	Estimated

	Medium friction for hepatocyte, sinusoid and macrophage
	108 Ns/m3
	Estimated

	Medium friction for HSC
	1010 Ns/m3
	Estimated

	Medium friction for collagen fibre
	1011 Ns/m3
	Estimated

	Friction between all components
	108 Ns/m3
	Estimated

	HSC density in the liver
	~1/70 µm of the sinsoid
	Wake27 (2006)

	Mph density in the liver
	~2×104/mm3
	Bouwens et al.33 (1986)

	Collagen density
	~1 mg/ML
	Stein et al.9 (2008)

	Local collagen density restriction of further collagen production by aHSC
	~10 mg/ML
	Estimated

	Mean of migration speed of HSC
	~2.1 µm/hour
	Tangkijvanich et al.22 (2001)

	SD of migration speed of HSC
	~0.1 µm/hour
	Tangkijvanich et al.22 (2001)

	Mean of migration speed of Mph
	~5 µm/min
	Grabher et al.21 (2007)

	SD of migration speed of Mph
	~1.8 µm/min
	Grabher et al.21 (2007)

	Diffusion rate of DAMPs, estimated from its molecular weight, 28 kDa
	~2.5×10-11 m2/s
	Davies et al.34 (2018)

	Decay rate of DAMPs, estimated from its half-life, ~1000 seconds
	~5.7×10-4 /s
	Zandarashvili et al.35 (2013)

	Fraction of HSC switching to inverted phenotype
	0.5
	Kisseleva et al.24 (2012)

	Fraction of apoptosis HSC after each injection of CCl4
	0.5
	Kisseleva et al.24 (2012)

	Time of macrophage switching to Ly6Clow phenotype after each injection of CCl4
	12 hours
	Estimated from data

	Engulfment and elimination duration of Mph
	~3 hours
	Estimated from Haecker et al.25 (2002)

	The width of the lesion size
	~80 µm
	Estimated from data



Supplementary Movies
Supplementary Movie 1. 3D reconstruction of a hepatocyte (yellow), nucleus (blue) and wrapped by sinusoids (red). This cell reconstruction is generated from confocal images obtained from healthy mouse liver36. 
Supplementary Movie 2. Time-Lapse video of a typical model simulation of the formation of fibrotic pattern in the reference model (Light green: healthy hepatocyte; Yellow: CYP2E1+ hepatocyte; Brown: dead hepatocyte; Blue: dividing hepatocyte; Dark Blue: Mph; Cyan: qHSC; Orange: aHSC; Dark purple: collagen fibre).
Supplementary Movie 3. Time-Lapse video of a typical model simulation showing migration of HSC and Mph towards the gradient of DAMPs. Mph is represented as a sphere and HSC is represented as a sphere attached with several chains.
Supplementary Movie 4. Time-Lapse video of a typical model simulation of the perturbation 1 (randomly distributed CYP2E1+ cells) upon the reference model (Light green: healthy hepatocyte; Yellow: CYP2E1+ hepatocyte; Brown: dead hepatocyte; Blue: dividing hepatocyte; Dark Blue: Mph; Cyan: qHSC; Orange: aHSC; Dark purple: collagen fibre).
Supplementary Movie 5. Time-Lapse video of a typical model simulation of the perturbation 2 (no hepatocyte proliferation) upon the reference model (Light green: healthy hepatocyte; Yellow: CYP2E1+ hepatocyte; Brown: dead hepatocyte; Blue: dividing hepatocyte; Dark Blue: Mph; Cyan: qHSC; Orange: aHSC; Dark purple: collagen fibre)
Supplementary Movie 6. Time-Lapse video of a typical model simulation of the perturbation 3 (70% of the activated HSC are killed) upon the reference model (Light green: healthy hepatocyte; Yellow: CYP2E1+ hepatocyte; Brown: dead hepatocyte; Blue: dividing hepatocyte; Dark Blue: Mph; Cyan: qHSC; Orange: aHSC; Dark purple: collagen fibre).
Supplementary Movie 7. Time-Lapse video of a typical model simulation of the perturbation 4 (no HSC migration) upon the reference model ((Light green: healthy hepatocyte; Yellow: CYP2E1+ hepatocyte; Brown: dead hepatocyte; Blue: dividing hepatocyte; Dark Blue: Mph; Cyan: qHSC; Orange: aHSC; Dark purple: collagen fibre).
Supplementary Movie 8. Time-Lapse video of a typical model simulation of the perturbation 5 (HSC is initiated as inverted phenotype) upon the reference model (Light green: healthy hepatocyte; Yellow: CYP2E1+ hepatocyte; Brown: dead hepatocyte; Blue: dividing hepatocyte; Dark Blue: Mph; Cyan: qHSC; Orange: aHSC; Dark purple: collagen fibre).
Supplementary Movie 9. Time-Lapse video of a typical model simulation of the perturbation case 6 (macrophage becomes Ly6Clow after 5 days) upon the reference model (Light green: healthy hepatocyte; Yellow: CYP2E1+ hepatocyte; Brown: dead hepatocyte; Blue: dividing hepatocyte; Dark Blue: Mph; Cyan: qHSC; Orange: aHSC; Dark purple: collagen fibre).
Supplementary Movie 10. Time-Lapse video of a typical model simulation of the perturbation 7 (no macrophage migration) upon the reference model (Light green: healthy hepatocyte; Yellow: CYP2E1+ hepatocyte; Brown: dead hepatocyte; Blue: dividing hepatocyte; Dark Blue: Mph; Cyan: qHSC; Orange: aHSC; Dark purple: collagen fibre).
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