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A liver digital twin for in silico testing
of cellular and inter-cellular mechanisms
in regeneration after drug-induced damage

Jieling Zhao,1,2 Ahmed Ghallab,1,3 Reham Hassan,1,3 Steven Dooley,4 Jan Georg Hengstler,1

and Dirk Drasdo1,2,5,*
SUMMARY

This communication presents a mathematical mechanism-based model of the regenerating liver after
drug-induced pericentral lobule damage resolving tissue microarchitecture. The consequence of alterna-
tive hypotheses about the interplay of different cell types on regeneration was simulated. Regeneration
dynamics has been quantified by the size of the damage-induced dead cell area, the hepatocyte density
and the spatial-temporal profile of the different cell types. We use deviations of observed trajectories
from the simulated system to identify branching points, at which the systems behavior cannot be ex-
plained by the underlying set of hypotheses anymore. Our procedure reflects a successful strategy for
generating a fully digital liver twin that, among others, permits to test perturbations from the molecular
up to the tissue scale. The model simulations are complementing current knowledge on liver regeneration
by identifying gaps inmechanistic relationships and guiding the system toward themost informative (lack-
ing) parameters that can be experimentally addressed.

INTRODUCTION

Liver regeneration is an overly complex process involving many different cell types and factors.1–3 Upon inflicted liver damage, the injured

main hepatic parenchyma cells, namely, hepatocytes start to release factors to trigger an inflammatory response.4,5 Liver resident macro-

phages, namely, Kupffer cells are activated to recruit neutrophils to initiate the death of injured hepatocytes.6 After liver injury is initiated,

hepatic stellate cells (HSCs) migrate into the lesion and become activated through stimulating factors released from damaged hepatocytes,

activated macrophages, the extracellular matrix, neighboring sinusoidal endothelial cells and platelets.3,7 After liver injury, there is also

massive infiltration of bone marrow-derived (non-resident) macrophages into the liver to elicit liver impairment and to restore liver integrity

at different stages.8

Despite extensive studies over decades, the precise orchestration is only partially understood, and the understanding is mainly qualitative.

There are alternative hypotheses on how certain factors interplay (which cannot simultaneously apply), and it is not well known how sensitive

the regeneration outcome is, regarding a modification of time scales or rate constants. This is difficult to study experimentally for several rea-

sons: (1) It is not possible to control all parameters that may influence a certain observation in an experimental system, in particular, in vivo,

such that the interpretation of experimental observations in the context of complex interactions is very limited. (2) Rate constants and time

scales are hard to control in animal experiments. (3) Experiments are resource-intense with regards to personnel, technology, animal

numbers, and consumables, limiting the number of experiments that can be performed. (4) The primary motivation for experiments is to un-

derstand the regeneration process in human, but experiments in human are per se not permitted and experiments in animal models are sub-

ject to close ethical control and do only partly reflect the processes in human.

Hence, a promising strategy to overcome these limitationsmay be to formulate alternative sets ofmechanisms and implement themon the

computer within alternative virtual/digital liver twins, each representing a different set of hypothesized mechanisms, whereby hypothesized

mechanisms may emerge also from in vitro experiments or from other source. Two sets of mechanisms are considered as different if at least

one mechanism is different. There is for far no unique definition of the term ‘‘digital twin.’’ Throughout this article, we distinguish between a

digital twin (DT) and a digital twin candidate (DTC). By DTC we denote a computational (digital) model (not an animation or a set of digital

images) implementing a defined set of mechanisms on the computer that is compatible with literature knowledge (including parameter

ranges, physical laws and so forth), optionally complemented with some own experiments to specify the set of hypotheses that serves as input
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to construct the DTC. In our nomenclature, a DTC becomes a DT i.e., it is no "candidate" anymore, if it can explain a certain chosen set of

"target" observations in vivo that are believed theDT needs to be able to explain (amore detailed definition is given in "STARMethods"). The

results of simulations with the DT (or its precursor(s) DTC(s)) do not need to be surprising but define a firm basis, mapping a set of hypotheses

on a defined set of readouts. A DT can be used to provide predictions on perturbations and thereby guide experimental strategies. Showing

whether any of the hypothesized set of mechanisms is able to explain a certain experimental readout or not, or whether a perturbation exper-

iment is expected to modify the readout, and if it does, in which way, provides important information. Such an information can in most cases

due to the complexity of the entire system not with certainty be replaced by schemes, experiments and so forth.

A recent example for a successful DT-model-guided experimentation in liver is ammonia detoxification after drug-induced liver dam-

age.9,10 The set of consensus mechanisms, implemented in a model was unable to quantitatively match the observed blood ammonia con-

centrations and demonstrated that adding a hypothetical ammonia sinkmechanismwould remove the discrepancy between data andmodel.

In subsequent experiments, guided by computational models implementing different specific alternative mechanism, an ammonia sink

mechanism could be identified, and gave rise to a potential new therapy approach in hyperammonemia. The mathematical models in the

aforementioned case were based on compartment models not resolving liver micro-architecture but instead assuming one well-mixed ho-

mogeneous reaction volume for each of three (periportal, midzonal, pericentral) liver zones.10 However, liver micro-architecture may play

an important role in the detoxification of blood from ammonia or other substances such as APAP (acetaminophen, paracetamol; Dichamp

et al.11). Hence a more refined and realistic liver DT should integrate the liver micro-architecture, including the orchestration of events

such as division, death and migration of individual cells for the relevant cell types as well as cell-cell cross-talk, which can well be addressed

by single-cell (agent-) based models.

So far most models addressing liver do not fulfill the requirements of a so-defined DT resolving liver micro-architecture. E.g. Verma et al.12

mimic the dynamics of molecular factors to regulate the distinct functional states of hepatocytes during regeneration after partial hepatec-

tomy by ODEs (ordinary differential equations), Kuepfer et al.13 reproduced the patterns of acute drug-induced toxicity using ODEs, Remien

et al.14 studied liver dysfunction byODEs, andNaik et al.15 constructed amulti-level ODE-model, integratingmultiple body compartments to

investigate hepatic metabolism and its associated de-regulations. Hetherington et al.16 mimicked the behavior of glucose regulation in liver

with diabetes with a PDE (partial differential equation) model, Friedman andHao17 explored the efficiency of potential drugs to block the liver

fibrosis progress by PDEs, and Schwen et al.18,19 studied drug perfusion in the liver using PDEs. These differential equation-basedmodels did

not address damage or regeneration of the liver at micro-architectural levels, i.e., at cellular resolution, and hence did not use single-cell-

based models. Lambers et al.20 studied liver perfusion at the level of lobules representing their statistical shape but not resolving cells indi-

vidually. Pellicer-Valero et al.21 addressed the biomechanical properties of the liver at the entire organ scale in a continuum approach. Some

modeling works do consider cells individually, but either in 2D, addressing different questions, focusing on one cell type only, considering a

static scaffold structure, or choosing rule-basedmodels for which the representation of a proper biomechanics is questionable. For example,

Dutta-Moscato et al.22 used an agent-based model to mimic liver fibrosis formation and integrated different cell types. However, their model

is two dimensional, hence quasi-one-dimensionalmanifolds as capillaries cannot be crossedby amigrating cell without breaking themanifold

for topological reasons, while in 3D a cell can in principle easily migrate around a 1D structure. The interactions of the cells in this model were

rule based, whichmay well qualitatively capture certain physical observations, but have a significant risk tomiss out the quantitative dynamics.

A number of recent works recently studied the conseqeuence of APAP (acetaminophen, paracetamol) overdose on liver, which is known to kill

Cytochrom-P450 positive hepatocytes, which are located close to the central vein of each liver lobule. Means and Ho23 addressed APAP

detoxification in a microarchitecture model that was built on a fixed cell scaffold in 2D. Adhyapok et al.24 studied liver damage by overdose

of APAP and its subsequent repair using a 2D cellular automaton model on a hexagonal lattice where each cell is modeled as one hexagon.

Heldring et al.25 model again APAP toxicity using a 2Dmultiscalemechanistic model involving various cell types and integrating a drug detox-

ification pathway in a 2D Cellular Potts model of an individual liver lobule. Dichamp et al.11 established a multicompartment model of APAP

toxicity, which embeds a 3D quantitative liver lobule model of APAP toxicity at liver microarchitectural level in an extrahepatic compartment

model, which mimics the transport of APAP into, within, and out of the liver lobule capillary network. The model has been used for in vitro-to-

in vivo extrapolation and directly confronted with toxicity data on mouse. As in Heldring et al.25 the APAP detoxification pathway is executed

in each individual hepatocyte; Sluka et al.26 addressed a liver-centric multiscale modeling framework for xenobiotics in 2D comprising an in-

dividual perfused sinusoid with its adjacent hepatocytes. Hepatocytes are modeled agent-based (Cellular Potts model), addressing hepato-

toxicity, but not regeneration. Wambaugh and Shah27 studied chemical metabolization in the liver, focusing on hepatocyte function and rep-

resenting each individual hepatocyte within a rigid vascular scaffold. A former work of some of us addressed 3D liver microarchitecture

predicting and subsequently validating an order principle, namely the alignment of hepatocyte division along its neighboring sinusoids

(HSA), during regeneration after drug induced damage.28 HSA could also explain tumor phenotypes in drug-induced hepatocellular carci-

noma.29 The samemodel, refined and extended, could quantitatively explainmultimodal data in liver regeneration after partial organ removal

(partial hepatectomy; PHx) in mouse, representing an entire multilayer slice of a liver lobe of a mouse composed of many lobules, and

correctly predicted the proliferation pattern after PHx in pig.30 However, the models in those works were limited to hepatocytes as only

cell type, which is not sufficient to address the complex orchestration of different cell types at work during regeneration, degeneration, or

disease progression. Many of the experiments performed to understand liver regeneration or disease progression today include the deple-

tion of modification of certain liver cell types beyond hepatocytes, which requires models representing those cell types.

In this article, we create a set of DTs of liver regeneration after acute liver damage by APAP overdose in mouse. Different from the work of

Hoehme et al.28 that has focused on hepatocytes only, our model integrates many, but at that stage not all cell types involved, and their
2 iScience 27, 108077, February 16, 2024
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possible orchestration to permit performing realistic in silico hypothesis testing to accompanywet-lab experiments. As a proof of concept, the

consequence of many alternatively discussed cell-cell cross-talks in 3D microarchitecture is studied, representing each cell type as individual

physical entity with a realistic representation of its shape and biomechanics within a single-cell-basedmodel framework. In the first step, a set

of DTCs are constructed from literature knowledge and own experiments. Each of the DTCs is constructed to both implement the interaction

network between the cell types bymolecular signals and physical forces, as well as to be physically realistic. This facilitates parametrization by

measurable parameters so that their ranges can be identified. Taken together, the DTCs represented here differ from former work in its main

objective as well as in its composition and richness. In the next step, we identify those DTs as that subset of DTCs for which the simulation

readout data agrees to a certain set of experimental data and observations that characterizes a normal regeneration process such as the

occurrence and size of the dead cell lesion, the spatial distributions of certain cell types in time, or as an additional observable, the concen-

tration of signaling molecules. DTCs for which the simulation results disagree with the experimental target observations are considered to

correspond to sets of hypotheses that are either incomplete or false and are therefore ruled out. One of the DTs is then considered as a refer-

ence. In the follow-up step, virtual perturbation experiments are run with this specific (reference) DT, such as abrogating a mechanism or pre-

dicting the influence of cell type depletion (e.g., neutrophils, HSCs, or macrophages) on liver regeneration. Those perturbations, which are

most "informative" in the sense that these perturbations change the result of the regeneration process in the simulation, can be proposed for

"wet-lab" approval. Their result can then be used to refine the respective DT and run the next virtual experiment. Such an iterative strategy

stepwise improves the liver DT and reduces the number of necessary experiments, thereby speeding up sequences of experiments and

reducing costs. Finally, it will result in a digital liver twin that captures many different processes.

Our liver DT is not thought to replace experiments per-se but to reduce their number. The objective is to establish liver DTCs/DTs to test

hypotheses with regard to their expected consequence on specific observables in virtual experiments as a pillar complementary to wet-lab

experiments.
RESULTS

Modeling approach

Construction of a lobule: Geometry of lobule, choice of cell types, number and distribution

The chosen tissue unit in this work is the individual hepatic lobule. Following previous work (Figure 1B, Hoehme et al. 28), modeling was per-

formed in a statistically representative lobule of hexagonal shape, with the central vein in the center of the lobule and portal veins in three of its

6 corners. The precisemicro-architecture of the lobule was constructed fromparameter distributions obtained from 3D liver tissue reconstruc-

tions. Upon the injection of a hepatotoxin, such as CCl4 (or APAP), the liver parenchymal cells, namely hepatocytes, in the pericentral region of

the lobule die, resulting in a pericentral dead cell area. The starting state of the simulation was defined by labeling pericentral hepatocytes as

injured and potential candidates to die. According to the current understanding of hepatoxicity upon CCl4 or APAP, the injured hepatocytes

are those that are cytochrome P450-enzymes positive and received a critical dose of CCl4 (or APAP).
31,32

Identification of relevant cell types and cell-cell interactions

In a next step, relevant cell types were identified and incorporated in the lobule. These comprise hepatocytes, sinusoidal endothelial cells

organizing the sinusoidal network, hepatic stellate cells (HSCs), macrophages (both Kupffer cells and infiltrating macrophages), platelets,

and neutrophils (Figure 1C). Two types of interactions were considered: Mechanical interactions by adhesive and repulsive forces as well

as mechanical friction forces, and intercellular communication via signaling molecules, including DAMPs (Damage-associated molecular

pattern), PDGF (Platelet-derived growth factor), TGFb (Transforming growth factor b), CXCL1 (C-X-C motif chemokine ligand 1), and CCL2

(C-C motif chemokine ligand 2).

The interaction network of the different cell types was classified into highly probable ‘‘cl-1’’ (with direct experimental support) or probable

‘‘cl-2’’ (with indirect experimental support) (Figure 1C).

There is a huge body of experimental data on specific aspects of the regeneration process that partially looks as alternative or backup

mechanisms, which do not significantly modulate the liver regenerationmodel.We here focus on the plausible selection of thosemechanisms

emerging from the data that have been implemented in the model. We first detail these mechanism before discussing possible alternatives.

In the model, DAMPs are released by the injured hepatocytes,33 e.g., to activate Kupffer cells (cl-1). This is based on the report that injured

hepatocytes can release HMGB1 and HSP-794,5,34 (both are DAMP signals) to activate Kupffer cells35 (cl-1). Platelets are recruited to the site of

injury and bind with sinusoidal endothelial cells during the early stage of liver injury36,37 (cl-1) to promote the proliferation of hepatocytes38

and synthesize PDGF39 (cl-1). PDGF acts on activated HSCs, which display upregulated PDGFR expression to induce proliferation and migra-

tion40,41 (cl-1). In the model, the source of PDGF was simplified as the positions of sinusoids inside the dead region, of activated Kupffer cells

and of infiltrating macrophages. TGFb is synthesized by activated Kupffer cells based on the report that TGFb is predominantly expressed in

Kupffer cells42 (cl-1). TGFb acts on HSCs, which are highly responsive to that cytokine, and in most cases, TGFb is described as prominent

driver of activation43,44 (cl-1); there are also cases described, where TGFb is more involved in HSC survival than activation, whereby another

factor secreted from infiltrating macrophages is a more prominent driver of activation45 (cl-2). In the model, two different factors to activate

HSCs were assumed: one is TGFb that is provided by the activation of ECM deposited Latent TGFb,44 subsequently synthesized by the liver

non parenchymal cells, that is, activated Kupffer cells, HSCs, and LSECs. The other factor is an assumed alternate factor generated by acti-

vated infiltrating macrophages. Then, CXCL1 is synthesized by both activated Kupffer cells and HSCs to attract neutrophils6,46 (cl-1). CCL2 is
iScience 27, 108077, February 16, 2024 3
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Figure 1. Digital Twin (Candidate) of multi-cellular lobule system based on experiments

(A) APAP-induced liver regeneration on mouse and the spatiotemporal pattern of the different liver cell types. We have corresponding experimental stainings as

reference.

(B) A lobule in hexagonal shape is constructed to study the liver regeneration process upon toxin-induced acute damage following our previous work.28 In this

study, CCl4 is used to induce lobular damage, where the necrotic lesion size reaches the maximum area 2 days after the injection of CCl4.

(C) The network includes relevant cell types and intercellular signals contributing to liver regeneration. ‘‘Positive’’ means to activate or to attract a certain type of

cell; ‘‘Negative’’ means to kill, to eliminate, or to deactivate a certain type of cell. The number in the yellow circle marks the related reference (Table S2). The

number in the cyan square indicates its classification, (cl-)‘‘1’’ indicates the relationship has literature support; (cl-)‘‘2’’ indicates the relationship is discussed as

option by literature without data-based evidence.

(D) For the different liver cell types, specific geometric objects are used to represent their shape (gray: hepatocytes; red: sinusoids; cyan: HSCs; brown:

macrophages; green: neutrophils). Cell movement is updated by solving a force-velocity equation according to the respective cell-mechanical properties.

The signal gradient is updated by solving a related reaction-diffusion equation.

(E) Illustration of different cell types at different days after the injury.
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synthesized by activated HSCs, Kupffer cells, infiltrating macrophages and sinusoids in the lesion region to attract infiltrating macrophages

(cl-1). This is based on the report that activated stellate cells, Kupffer cells, macrophages, and endothelial cells secrete CCL2 to control the

macrophage infiltration.47,48

In the model, a subpopulation of Kupffer cells are assumed to be able to eliminate dead hepatocytes based on the observation that dead

hepatocytes are engulfed by Kupffer cells49 (cl-1). Moreover, infiltrating macrophages are assumed to also eliminate dead hepatocytes as

previously described by Boulter et al.50 (cL-2).

We have three additional hypotheses on the function of infiltrating macrophages. The first is to contribute to the activation of HSCs e.g.,

based on reports that infiltrating macrophages secrete at least one HSC activating factor45 (cl-2); the second is to induce death of the

activated HSCs based on the report that infiltrating macrophages might trigger apoptosis of activated HSCs8 (cl-2); the third is to revert

the activatedHSCs to the quiescent phenotype51–53 (cl-2). This is probably depending on differentmacrophage phenotypes/subpopulations,

as becomes more and more evident from recent scRNASeq experiments.54
4 iScience 27, 108077, February 16, 2024
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One advantage of in silico modeling is to permit straightforward testing of all different selected regeneration scenarios, which may then

serve as a guide to exclude those ones for experimental validation that by the simulations have to be assumed apriori to fail. This is demon-

strated later by starting froma referencemodel that has been demonstrated to reproduce the experimentally observed regeneration scenario

(Figure 2) and then running simulations where interactions labeled as ‘‘cl-2’’ are switched on or off, therewith testing the influence of each of

the following hypothesized interactions (and the combination of some of them) on the process of liver regeneration by implementing each

time one of them (Figure 3).

Definition of a reference model (digital twin candidate)

We define a reference DTC by the hypotheses carrying a "cl-1" in Figure 1C and the following hypotheses (Hypoth.) carrying a "cl-2" in Fig-

ure 1C (the ’X’ in ’no. X’ refers to the reaction identifier in Figure 1C).

(1) Hypoth. 1. Infiltrating macrophages eliminate dead hepatocytes (Figure 1C, no. 22, cl-2);

(2) Hypoth. 2. DAMPs activate infiltrating macrophages (Figure 1C, no. 3, cl-2);

(3) Hypoth. 3. HSCs are activated by TGFb, e.g., from Kupffer cells (no. 21, cl-2));

(4) Hypoth. 4. HSCs attract Kupffer cells to migrate (no. 24, cl-2);

(5) Hypoth. 5. Infiltrating macrophages revert activated HSCs to a quiescent phenotype (no. 19, cl-2)).

If these hypothesized interactions (Hypoth 1–5) were all implemented, regeneration succeeded in the model (Figure 2), hence the respec-

tive DTC qualified by its agreement with the experimental data as DT.

We compare the spatial-temporal dynamics of the reference DT with five different models by switching each time one of the above hy-

potheses to one of the following alternative hypotheses (AltHypoth.) i.e., Hypoth X - > AltHypoth X, whereby all other hypotheses (Ys X )

do not change (this switch is straightforward to generate one DTC from another):

(1) AltHypoth. 1. Infiltrating macrophages do not eliminate dead hepatocytes (Figure 1C, no. 22, cl-2);

(2) AltHypoth. 2. DAMPs do not activate infiltrating macrophages (Figure 1C, no. 3, cl-2);

(3) AltHypoth. 3. HSCs are activated by an alternate factor produced by infiltrating macrophages (no. 18, cl-2);

(4) AltHypoth. 4. HSCs do not attract Kupffer cells to migrate (no. 24, cl-2);

(5) AltHypoth. 5. Infiltrating macrophages induce cell death of activated HSCs (included in no. 19, cl-2).

Hence the liver DT approach permits to study in how far alternative assumptions on cell-cell interactions impact on the regeneration of the

peri-central drug-induced lesion.

Timing of events during drug-induced liver injury and regeneration as implemented in the reference digital twin candidate

Right after the injection of the hepatotoxic substance (CCl4/APAP), hepatocyte injury is expected to occur in less than an hour, supported by

fact that in mice, for example, the highest APAP blood concentration (‘‘Cmax’’) is reached �30 min after injecting the drug into the perito-

neum.31,55,56 Our recent in vitro data has shown that there exists direct effect of APAP on Cyp450 positive hepatocytes via NAPQI genera-

tion.11 The timing of the interaction processes not directly depending on NAPQI is explained in Figure S2 as following: (1: 1h) Up to about

1 h after drug administration, injured hepatocytes secrete DAMPs35 (Figure S2A) that activate Kupffer cells (Figure S2B), making them

secreting CXCL1, TGFb and CCL2 (Figure S2C). At the same time, sinusoidal endothelial cells/platelets localized in the lesion are secreting

PDGF and also CCL2 (Figure S2A). PDGF attracts HSCs (Figure S2B), which then causes the migration of Kupffer cells toward them (Fig-

ure S2C). (2: 2h) CXCL1 attracts neutrophils, which about 2 h after drug administration are observed to migrate toward the lesion57,58 (Fig-

ure S2D). Neutrophils in contact with injured hepatocytes are assumed to initiate their death (Figure S2D). (3: 1day) The dead hepatocytes

are eliminated by macrophages after about 1 day: Kupffer cells are reported to eliminate the bodies of dead hepatocytes49 (Figure S2E).

The population size of Kupffer cells dropped after activation until day 2 and recover thereafter as observed by Dragomir et al.,59 Graubardt

et al.60 and in our experimental data (Figure 1A). About the same time, TGFb (experimentally hypothesized to be in a first step derived from

LTGFb deposits in the ECM adjacent to the damaged hepatocyte area, and activated by the dying hepatocytes44) activates HSCs making

them secret CCL2 and CXCL1 amplifying and/or backing up the effect of Kupffer cells and platelets (Figure S2E). Activated HSCs proliferate

and secrete extracellular matrix (ECM).2 At the same time, infiltratingmacrophages are attracted by CCL2 (Figure S2F) approaching the dead

hepatocytes (Figure S2G). (4: about 1.5days) Around day 1.5–2, hepatocytes outside of the dead lesion start to enter S-phase to eventually

replace the dead hepatocytes.28 Sinusoids located in the lesion are among the prime candidates for HGF and EGF secretion, which are both

mitogens for hepatocytes61,62 (Figure S2H). The infiltrating macrophages are initiated as monocytes with Ly6C-high phenotype. (5: 2-3days)

After a period of time between 2 and 3 days, the infiltrated monocytes transform into macrophages with Ly6C-low phenotype.60,63 They can

phagocytose the dead hepatocytes when they are at Ly6C-high phenotype. Once they adopted the Ly6C-low phenotype, they can phago-

cytose or revert activated HSCs to quiescence.8,64,65 NK (natural killer) and NKT (natural killer T) cells also contribute to induce death of acti-

vated HSCs66 (Figure S2I).

Summarizing, the state changes of cell types concern attributes such as activation and deactivation, or initialization for differentiation, as

we now know into multiple different functional phenotypes, for example resident and infiltrating macrophages, and among the latter, the

Ly6C-high and Ly6C-low phenotype. The cellular consequences can be, among others, migration, reversion from activation, killing, prolifer-

ation and death, depending on the specific cell type (specified in Table S2), and other parameters.
iScience 27, 108077, February 16, 2024 5
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Figure 2. Pattern of liver lobule regeneration (reference model)

(A) Simulated lobule, consisting of different cell types and the sinusoids over time, taking into account different simulation scenarios. Gray spheres are healthy

hepatocytes, black spheres are dead hepatocytes; sinusoids are visualized as red lines. The software ParaView is usded for visualization.

(B) The distribution of HSCs (dark red: activated; gray: quiescent) and macrophages (brown) over time. The distribution of Ly6C-high monocytes on days 1 and 2

are shown in the blue boxes. Their precise spatial pattern depends on the timepoint of secretion and the range of CCL2.

(C and D) Lesion area and number of hepatocytes over time from both, simulations and experiments.

(E) Spatial distribution of activated HSCs, macrophages, and neutrophils in the lobule, measured by counting the corresponding cell number over the distance to

the central vein (CV). As illustrated, there are six regions considered: Region I (<21.4 mm to the CV), II (between 21.4 and 42.8 mm to the CV), III (between 42.8 and

64.2 mm to the CV), IV (between 64.2 and 85.6 mm to the CV), V (between 85.6 and 107 mm to the CV), VI (between 107 and 128.4 mm to the CV). (F to H) Number of

activated HSCs, macrophages, and neutrophils in all regions over time. (In C, the points specify the mean, the bar the standard deviation. In D, the data has been

represented in a box plot displaying the median (black bar), the first (Q1) and third (Q3) quantile (delineating the grey shadded area), and wiskers representing

Q1�1.5 * IQR andQ3+1.5 * IQR, respectively, whereby IQR denotes the interquatile range IQR =Q3�Q1. In F–H, the bold lines represent averages, the error bars

the standard deviation over four simulation runs, using different random seeds.)
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Figure 3. Pattern of liver lobule regeneration resulting from alternative hypothesized interactions

(A) The regenerating lobule over time under reference and five alternative hypothesized interactions: (1) Infiltrating macrophages do not eliminate dead

hepatocytes; (2) DAMPs do not activate infiltrating macrophages; (3) HSCs are not activated by TGFb but by one factor from infiltrating macrophages; (4)

Kupffer cells do not migrate toward HSCs; (5) Kupffer cells and infiltrating macrophages eliminate activated HSCs instead of reverting them to quiescent mode.

(B) The distribution of activated HSCs (antibody: aSMA) and macrophages (antibody: F4/80) over time under reference and five perturbed interactions.

(C and D) Lesion area and hepatocyte density over time under reference and five alternative hypothesized interactions. (The data representation is the same as in

Figures 2C, 2D, and 2F–2H.)
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Digital twin candidate at cell and tissue level: cell geometry

Hepatocytes, hepatic stellate cells, Kupffer cells and infiltrating macrophages, as well as neutrophils are modeled, each as individual entity.

The endothelial cells are not modeled individually, but as part of a network of sinusoids. Each hepatocyte has been approximated by an

isotropic, elastic, and adhesive sphere (Figure 1D, gray objects), named "center-based model" (CBM), capable of interacting with other

cells or blood vessels by mechanical forces or chemical signals. The sphere can be thought as specifying the region in space where the

hepatocyte is localized with overwhelming probability. The CBM has been parameterized by material and cell-kinetic parameters, which

permits to readily identify the physiological parameter ranges. Macrophages and neutrophils were equivalently mimicked by a CBM, but

with different cell parameters (Figure 1D, green and brown objects). Different from the former cell types, the HSCs were approximated by

an isotropic, elastic, and adhesive sphere with chains of elastic springs emanating from their body to capture their long protrusions (Fig-

ure 1D, cyan objects). The sinusoidal network is modeled as semi-flexible chains of spheres that are connected by springs (Figure 1D, red

objects). This design accounts for the fact that vessels resist bending and stretching. The parameters of the sinusoids comprise volume,

density and branching orientation, which are sampled from the scanning data of the real liver sinusoidal system (see more details in

Hoehme et al.28).

Digital twin candidate at cell and tissue level: Force balance and cell movement

Cell and sinusoid movement is computed based on force balance. The DTC takes into account passive and active forces. Passive forces are

friction forces of each cell with its environment (other cells, sinusoids, intercellularmedium), deformation and compression forces experienced

by a cell, as well as cell-cell and cell-sinusoidal adhesion forces. Cell migration, as it occurs by the anchoring of cells in the extracellular matrix,

e.g., in the space of Disse, is mimicked as an active force. The precise form of the forces (as detailed in the STARMethods) has been chosen to

directly represent cell material parameters. For example, the cell-cell interaction force has been approximated by the "Johnson-Kendall-Rob-

erts"(JKR)- force model for homogeneous elastic sticky spheres, which has been shown by micro-pipette experiments67 to quantitatively

reproduce the force-distance relation of two cells brought in contact and pulled apart. In conjunction with the friction force, the emerging

behavior at the tissue level is viscoelastic. During liver regeneration, cell proliferation causes cell compression, which cannot be properly ad-

dressed by standard pairwise forces (as JKR, Hertz and so forth).68 To correct for this shortcoming, the JKR-force was modified for small cell-

cell distances by a term that accounts for volume compression forces arising from large cell deformation, calibrating with the "Deformable

Cell Model (DCM)."69

The motion of cells and sinusoids is updated by solving an overdamped stochastic equation of motion, a Langevin equation, which sum-

marizes all forces exerted on them:
P

Ffri +Fdef +Fadh = 0, where Ffri, Fdef , Fadh are friction force with the environment, deformation force,

and adhesive force with other cells or elements, respectively (Figure 1D, see more details of each force term in STAR Methods).

Digital twin candidate at cell and tissue level: Molecular interactions

Cell types may secrete signal molecules that are sensed by other cells. The spread of the molecules is mimicked by a diffusion equation. The

cells generating the molecules are represented as source terms in the diffusion equation, turning the diffusion equation into a reaction-diffu-

sion equation. Moreover, the equation contains a general first-order kinetics decay term (molecule degradation term in Figure 1D, see more

details of each equation term in STAR Methods).

Digital twin candidate parameterization and initial conditions

The model parameters characterizing the biomechanical properties of hepatocytes and sinusoids, and the liver lobule micro-archi-

tecture have been chosen as previously developed28 (Table S1). The densities of non-parenchymal cells not considered in that refer-

ence has been estimated from other published references, as for neutrophils for example, from McDonald et al.,58 Marques et al.70

(Table S1).

In addition, for hepatocytes, the direct effect of APAP on Cyp450 positive hepatocytes via NAPQI generation was included. This was real-

ized by constructing a dose-dependent cell death induction in this subpopulation of hepatocytes, and the time (point) at which death occurs.

Both parameters are based on experimental data in that the NAPQI-pathway displays a time and dose-dependent (in vitro: concentration

dependent).11

Both HSCs and Kupffer cells are initially (at the time point of drug administration) distributed homogeneously in the lobule (Figure 2B,

quiescent/activated HSCs are colored in gray/red and Kupffer cells are colored in brown). As explained above, the population size of Kupffer

cells has been modeled to drop after activation until day 2 and recover thereafter. Death of Kupffer cells has been mimicked by a death rate

such that the decay in the F4/80 (macrophage marker) staining data in Figure 1A, could be qualitatively reproduced. (We also considered a

constant population of Kupffer cells to test the sensitivity of the regeneration scenariowith regard to the Kupffer cell population.) The recovery

has been modeled by adding new Kupffer cells with a certain rate. The new Kupffer cells can, as the Ly6C-low phenotype, phagocytose the

dead hepatocytes. The infiltrating macrophages are initiated as monocytes with Ly6C-high phenotype, which do not count as the macro-

phage population. Those monocytes that are in the range of CCL2 (i.e., where the concentration of CCL2 is higher than a threshold value

specified in Table S1) move during the two days toward the hepatocyte damage region. After a period of time between 2 and 3 days, the

infiltrated monocytes transform into macrophages with Ly6C-low phenotype. They can phagocytose the dead hepatocytes when they

have adopted the Ly6C-high phenotype. Once they adopted the Ly6C-low phenotype, they can phagocytose or revert activated HSCs.
8 iScience 27, 108077, February 16, 2024



ll
OPEN ACCESS

iScience
Article
Neutrophils in contact with injured hepatocytes are assumed to initiate their death reaching a state in which they become ‘‘flagged’’ for a

potential elimination by macrophages after about 1 day.

For molecular signals, the diffusion rates of all molecular signals are taken from literature (Table S1).
Simulated results of regeneration scenarios with the reference and alternative interaction models

The timing of the processes depicted in Figure 1C follows the assumed logical order of those subprocesses defining the reference DTC (later

in discussion shown do qualify as a DT) and their possible alternative DTCs described above (emerging from Figure S2). So, our set of liver

DTCs can reproduce each step of the processes at each time point (e.g., after about 1 h, Kupffer cells are activated, after 3 days, infiltrating

macrophages switch from Ly6C-high to Ly6C-low phenotype), and permits to study the multicellular organization process emerging from the

complex interactions in time and space.

Simulation result of the reference model

After 1 day, the lesion is filled by dead hepatocytes (black in Figure 2A, day 1). HSCs migrate and accumulate in the lesion and the number of

Kupffer cells is decreased (Figure 2B, day 1) After 2 days, most HSCs in the lesion are activated and themonocytes with Ly6C-high phenotype

are accumulated in the lesion (Figure 2B, day 2). This leads to a clearance of the lesion from dead hepatocytes (Figure 2A, day 2). After about

3 days, macrophages begin to deactivate HSCs (Figure 2B, HSC, day 4 & 6). At day 6, the lesion is closed by healthy hepatocytes having re-

placed the removed (dead) hepatocytes (Figure 2A, day 6). In different simulation runs, we find sporadic dead hepatocytes that are later

phagocytosed, while in some simulations the dead hepatocytes have been entirely eliminated by day 6 and the lesion was closed (Figure 2A,

day 6). Infiltrating macrophages have already disappeared. The HSCs become deactivated, and both HSCs and Kupffer cells redistribute in

the lobule (Figure 2B, day 6), the latter accompanied and driven by a change of fate from Ly6C-high phenotype to Ly6C-low phenotype (see

details in STAR Methods).

For the lesion area and hepatocyte density over time, for which we had quantitative experimental values,28 the simulation results show a

perfect agreement to the experimentally observed values (Figures 2C and 2D). In Hoehme et al.,28 the lesion area was experimentally defined

as the area not containing hepatocyte nuclei anymore, while signs of cell death occurred already earlier, but were not considered in the exper-

imental curve (SI to that reference). Referring to the direct effect of NAPQI, the lesion may alternatively be assessed regarding the lobule

space not occupied by "healthy" hepatocytes, in which case the dead cell area shows up earlier as in Figure 2C, different from the previous

model that did not take into account the direct effect byNAPQI-detoxification.28 Following the same line of argument, the hepatocyte density

may be defined as the number of hepatocytes over the area of the lobule (as in Hoehmeet al.28) or the number of healthy hepatocytes over the

area of the lobule. Both measures result in different spatial profiles before 2 days after the injury. In Figure 2D we depicted the number of

healthy hepatocytes, which may be difficult to demarcate from those already damaged and about to die in the experiment.

We lacked quantitative values for the other cell types, so estimated their density from published references (Bouwens et al.,71 Wake,72

McDonald et al.,58 Zigmond et al.63) and measured in the simulation the change of their profile, which may be seen as a mainly qualitative

model prediction. In order to simulate the dynamic change of the distributions of HSCs, macrophages (both Kupffer cells and infiltratingmac-

rophages), and neutrophils, the lesion region was divided evenly into 6 sub-regions according to their distance to the CV (Figure 2E), and the

number of each type of sinusoidal cell type in each sub-region was counted over time. As shown in Figure 2F (experimental: Figure S1D), the

number of activated HSCs starts to rise after day 1. This parallels with the time point when Kupffer cells begin to eliminate the bodies of dead

hepatocytes. The number of activated HSCs is highest in region I, which is locatedmost close to the CV. The number of activated HSCs peaks

around day 2, then dropping dramatically due to the interventional effect of Ly6C-low expressing infiltrating macrophages. At around day 6,

there are no activated HSCs left in the lobule. As shown in Figure 2G, the number of macrophages in the pericentral area decreases before

day 2, due to toxic damage upon phagocytosing the dead hepatocytes. After day 3, the Kupffer cell number quickly rises again, due to the

repopulation of the pericentral area by the proliferation and migration of the resident Kupffer cells and/or differentiation from the massively

infiltrating macrophages into the lesion. After day 4, the macrophage population in the lesion drops again, this time due to the depletion of

infiltratingmacrophages. After around day 6, the number almost resumes to initial values, e.g., resulting from the Kupffer cells relocating back

to their initial distribution. As shown in Figure 2H, the number of neutrophils rises quickly after day 0, attracted by a CXCL1 gradient and in

order to deplete the injured hepatocytes. Recruited neutrophils accumulate in region I and the number rise until day 1. Until day 3, the neutro-

phil population disappears.

Our simulation of the reference case can achieve the expected pattern of normal liver regeneration and agree with the experimentally

observed dynamics for the necrotic lesion size and hepatocyte density. Next, we explored the communication between different cell types

and factors to achieve liver regeneration after NAPQI induced damage by testing type ‘‘2’’ interactions (i.e. those ’’probably’’ happening

in vivo) in the network.

Constant Kupffer-cell population

As the degree of staining may not directly and linearly relate to the Kupffer cell population size, we studied the impact of a variation of the

Kupffer cell population size by considering the simpler case of a constant population size and could not find any effect (see details in SI). Alter-

nately, one may model the Kupffer population size kinetics as an appearance (birth) and death process (death at days 1–2, appearance and

spread from day 2 on), but this was not the purpose of this work and no changes in the regeneration scenarios were expected.
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Alternative hypothesized cell-cell interaction network models (AltHypoth)

In a next step variations of the referenceDT (’’R-DT’’) were considered by individuallymodifying the following five interactions of the reference

network: (1) Infiltratingmacrophages cannot (R-DT: can; no. 22) eliminate the dead hepatocytes; (2) Infiltratingmacrophages are not activated

by DAMPs (R-DT: are activated; no. 3); (3) HSCs are activated by another factor, besides TGFb, which is produced by activated macrophages

derived from infiltrating monocytes (R-DT: TGFb is activating HSC, no. 21; we assumed that this factor has about the same diffusion constant

as TGFb); (4) HSCs cannot attract Kupffer cells to migrate (R-DT: they do, no. 24); (5a) Infiltrating macrophages deplete activated HSCs

(Figures S6A–S6E); (5b) 50% of activated HSCs are depleted/50% are reverted (Figure S6G) (R-DT: infiltrating macrophages revert activated

HSCs to quiescent phenotype, no. 19).

Later in discussion, we refer to a DTC, in which the assumption (k; k = 1, 2, 3, 4, 5) has been modified partially as ’’model’’. As shown in

Figures 3A, 3C, and 3D, the alternative models (2) and (5) do not significantly differ from the result of the R-DT regarding a complete liver

regeneration, while the modifications (1), (3), and (4) influence the lesion recovery in that regeneration after 16 days is still incomplete. Fig-

ure 3A displays a single simulation scenario, where dead hepatocytes are colored in black. Figure 3C shows the average over 4 runs with

different random seeds. Among the alternative DTCs (1), (3) and (4), the area of the unhealed lesion is largest for DTC (1), due to the inhibition

of phagocytosis of infiltrating macrophages. The Kupffer cells alone are not able to clear dead hepatocytes in time. However, a parameter

sensitivity analysis suggests that Kupffer cells equipped with a stronger phagocytosis capacity, by a shorter elimination duration, would alone

be able to clear the necrotic area from dead hepatocytes in the experimentally observed time. I.e., by model-guided parameter sensitivity

analysis the phagocytosis capacity of the resident macrophages is identified to be a critical sensitive parameter required for a quantitative

understanding of the regeneration process (Figure S6H; matching with the R-DT). The importance of infiltrating macrophages in clearing

up the lesion is also indicated by the modification implemented as DTC (3), where HSC activation is depleted (Figure 3B; Figure S4D).

Due to the lack of activated HSCs in the lesion, the expression level of CCL2 is not sufficient to attract infiltrating macrophages into the lesion

to clear up dead hepatocytes (Figure 3B; Figure S4C; Figure S5B). Similar toDTC (3), in DTC (4) the number of Kupffer cells in the lesion ismuch

smaller than that in the reference case, hence less TGFb is produced in the lesion resulting in decreased numbers of activatedHSCs (Figure 3B;

Figures S4C and S4D). Again, the expression level of CCL2 is reduced, and as a consequence, fewer infiltrating macrophages are attracted

into the lesion, as compared to the reference case (Figure 3A; Figure S4C).

We further tested a DTC (6: 2&5) simultaneously implementing assumptions (2) and (5), which did not have significant impact on liver

regeneration (Figures S6F–S6H).

Our computational study of these five individually modified interactions suggests two main conclusions: (1) There is a positive

feedback loop between Kupffer cells and HSCs, where the presence of HSCs promotes the migration of Kupffer cells into the lesion,

while increasing numbers of Kupffer cells in the lesion increase the number of activated HSCs, which attract more infiltrating mac-

rophages to help clear up dead hepatocytes; (2) The way to diminish activated HSCs by macrophages, either by engulfment or

by phenotype reversion has no significant impact on lesion recovery. Note however, that in case HSCs are depleted, the remaining

HSCs would have to proliferate to repopulate the lobule to its original population size. It is now obvious from experimental data that

half of the population of activated HSCs is depleted and half of it is reverted, which by itself would more or less lead to the repo-

pulation of the liver to the original healthy state2.

With regard to the digital twin classification, besides the R-DT, DTCs (2), (5), (6) qualify as DTs as for each of them, the simulation results

agree with the experimental data.

In a next step, we test how far simulations of perturbation scenarios are suited to guide experiments in a way to permit pinpointing dif-

ferences between interaction mechanisms at the tissue level, and hence serve to validate the model predictions.

Simulated perturbation experiments: Depletion of non-parenchyma cells

After the simulated testing of the reference digital twin (R-DT; all mechanism given by cl-1 in Figure 1C andHypoth. 1–5) and of variations that

differ from the R-DT by one interaction (all mechanisms given by cl-1 in Figure 1C and the replacement of one Hypoth. X by AltHypoth. X;

X either 1, 2, 3, 4, 5), additional perturbation simulations were performed to predict the impact of depletion of cells typically found along

the sinusoidal network spaces on liver regeneration. In each of four perturbation simulations (I-IV), one of the four cell types HSCs, Kupffer

cells, infiltrating macrophages and neutrophils was depleted individually.

A further advantage of the DT is that it permits to test hypothetical cases and see how much contribution to an observed effect can be

attributed to sub-processes. Both will be discussed later in discussion.

Perturbation I: The digital twin predicts that the depletion of hepatic stellate cells results in an unhealed lesion

The depletion of HSCs (Perturb. 1; Figure 4A, scenario 1) did not change the size of the lesion induced by the drug and characterized by dead

or dying hepatocytes. This turns out to be the same for all cell type depletions, indicating that the lesion size is mainly controlled by the cell

death caused downstream of the NAPQI pathway. In the case of HSC depletion, however, the dead hepatocytes are not cleared up. Due to

the lack of activated HSCs, CCL2 levels are not sufficient to attract infiltratingmacrophages to clean up dead hepatocytes. In addition, due to

the absenceof HSCs, Kupffer cells do notmigrate. Consequently, the number of Kupffer cells in the lesion is smaller than in the reference case.

This is similar to the perturbation that disables HSCs to attract Kupffer cells to migrate (scenario 4, Figure 3A). In general, the depletion of

HSCs leads to reduced numbers of neutrophils, Kupffer cells, and infiltrating macrophages in the lesion. As a consequence, a large number

of dead hepatocytes remains uncleared in the lobule.
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Figure 4. Pattern of liver lobule regeneration upon depletion of different cell types in the reference digital twins (Figure 2)

(A) The regenerating lobule over time as reference state and upon depletion of four sinusoidal cell types: (1) Depletion of HSCs; (2) Depletion of Kupffer cells; (3)

Depletion of infiltrating macrophages; (4) Depletion of neutrophils.

(B and C) Lesion area and hepatocyte density over time in the reference state and upon depletion of different cell types as indicated. (The data representation is

the same as in Figures 2C, 2D, and 2F–2H.)
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Our prediction is consistent with a previous study, where the depletion of HSCs resulted in decreased expression levels of CXCL1 and

reduced numbers of infiltrating neutrophils.73

Perturbation II/III: The digital twin predicts that the depletion of macrophages abrogates clearance of lesion from dead
hepatocytes, independent on whether it concerns the Kupffer cells or the infiltrating macrophages

As shown in Figure 4A (scenario 2), after the depletion of Kupffer cells (Perturb. 2), the necrotic lesion is only marginally cleared up from dead

hepatocytes. Due to the lack of Kupffer cells, there is a reduced TGFb signal to fully activate HSCs, leading to qualitatively the same scenario

as above after the depletion of HSCs. As Kupffer cells are totally missing, the phagocytosis of dead hepatocytes by Kupffer cells does not take

place hence the lesion is not cleared from dead hepatocyte. As now in addition to infiltratingmacrophages (cf. scenario 1, these are attracted

by activated HSCs) also Kupffer cells are lacking, the lesion is even slightly larger than in scenario 1. We further tested if HSCs can be activated
iScience 27, 108077, February 16, 2024 11
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even after the depletion of Kupffer cells, we found that the lesion can be recovered in time (Fig. S6G). These results indicated the importance

of activation of HSCs in regulating lesion recovery.

After the depletion of infiltrating macrophages (Perturb. 3, scenario 3 in Figure 4A), again a large part of the dead hepatocytes remains in

the lobule not being cleared. This is similar to the perturbation of disabling infiltrating macrophages to eliminate dead hepatocytes (Fig-

ure 3A, scenario 1).

Our prediction is consistent with a previous study of depleting infiltrating macrophages in acute liver injury, which resulted in delayed tis-

sue recovery.74

Because of the (expected) dramatic effect of macrophage depletion on the regeneration result, we refined the assumed perturbation by

replacing the dynamic kinetics of Kupffer cell numbers in the course of the regeneration process by assuming a constant population size after

the 6-h time point.

For this case (Figure S8), we found no consequence on the readout parameters at day 6, interestingly indicating that the precise dynamics

of the Kupffer cell population may not be a critical determinant of the regeneration process, as long as Kupffer cells are present for being

activated by damaged hepatocytes through DAMPs, and to facilitate HSC activation early (about 1 h) after drug administration.

Perturbation IV: The digital twin predicts that the depletion of neutrophils has no significant influence on liver regeneration

As shown in Figure 4A, after simulation the depletion of neutrophils (Perturb. 4), there is neither a significant effect on the generation of dam-

age, nor on the regeneration of the necrotic lesion in comparison to the reference scenario. Therefore, neutrophils might be considered as

providing backup mechanisms to induce damage toward epithelial cells, to phagocytose the damaged debris, and to induce cell death in

HSC.2 This is in-line with Krenkel et al.,48 stating that cell death induced by neutrophils in APAP-induced liver injury is not very obvious in vivo,

even though it can be observed in vitro.75

This still needs further debate, as an older study of depleting neutrophils during acute liver injury reported protection of the lobule against

hepatotoxicity with a significantly reduced centrilobular necrosis area.76 As the latter was not the case in our simulations for the hypotheses

studied in the main body of this work, it prompted us to investigate a further highly speculative case, that may not be expected in acute liver

damage, but perhaps could be obtained by proper experimental manipulations (Figure S7). Here, we consider regeneration from a necrotic

lesion that has not been generated by cell-death due to theNAPQI-pathway. TheNAPQI pathway is for example not activated in hepatocytes

that lack Cytochrom-P-450 enzymes, as occurring during periportalization after the repetitive administration of APAP (or CCl4; Ghallab

et al.77), and another hepatotoxic event would be responsible for the multicellular necrotic lesion. In that simulation, for simplicity, we

assumed also a circular necrotic lesion that initiates phagocytosis of dead hepatocyte debris by neutrophils andmacrophages. Here, we could

observe a protective effect against hepatotoxicity upon neutrophil depletion (Figure S7). The simulations demonstrate that our framework

may permit in silico tests of hypotheses that may not be present as such in nature, but may be realized by proper engineered manipulations.

DISCUSSION

In our study, we developed a set of multi-level computational liver lobule models each integrating a slightly different inter-cellular network of

major hepatic cells and takes into account cell-cell communication based on a significant selection of published knowledge. By its construc-

tion, each model defines a digital twin candidate (DTC). We applied each DTC to simulate the liver regeneration process after APAP-induced

acute hepatotoxicity, thereby testing documented and hypothesized interactions between cells and signals. Furthermore, we made testable

predictions on perturbations that were already performed in previous experimental studies.

The starting model of our digital twin (DT) is as simple as possible and implements those basic mechanisms that can be verified (not vali-

dated) to yield a successful regeneration in the regeneration time as in the experiment. The second step is knocking downmechanisms in the

DT and studying its consequences, giving a prediction, whichmay turn out to be not correct, followed ideally by validation experiments. If the

validation experiments show a deviation from the regeneration process in absence of the knock-down, for example a delay, this would indi-

cate the action of further mechanisms that then need to be integrated to arrive at a new, refined DT.

Our liver DT illustrates that testing or perturbing the inter-cellular communication between cells and signals allows exploring the mech-

anism behind liver regeneration and guiding the design of relevant experiments. The in silico liver considered here includes reported and

hypothesized interactions between cell types,mediated bothmechanically and by chemical signals. It permits to study alternative hypotheses

and their consequences on the regeneration process. A plausible DTC implemented the following temporal events: (1) Injured hepatocytes

produce DAMPs and are killed via cell stress from APAP detoxification by NAPQI (Figure S2). Platelets in the lesion produce PDGF; (2) More-

over, Kupffer cells and HSCs are also activated by DAMPs. The so activated HSCs are assumed in agreement with our data to be not detected

through aSMA, andmigrate up the gradient of PDGF; (3) activated non-parenchymal cells (and damaged hepatocytes) produce CXCL1, while

neutrophilsmigrate up the gradient of CXCL1 and induce death in injured hepatocytes; (4) Kupffer cellsmigrate toward the cluster of HSCs; (5)

Activated Kupffer cells produce TGFb to activate another function of HSCs, namely the production of CCL2 to attract infiltratingmacrophages

into the lesion. We assume that those HSCs are labeled by aSMA; (6) infiltrating macrophages along with Kupffer cells engulf and eliminate

the bodies of dead hepatocytes; (7) the healthy hepatocytes surrounding the lesion proliferate and collectively migrate toward the lesion to

recover the lost hepatocytes, following a tug-of-war mechanism28,30,78; (8) Infiltrating macrophages switch from Ly6C-high phenotype to

Ly6C-low phenotype to revert the activated HSCs into quiescent HSCs, whereas activated Kupffer cells switch back to quiescent Kupffer cells;

(9) To restore the original cell distribution, we simulated alternative scenarios. Either HSCs previously localized in the lesion may die and be

phagocytosed by macrophages, and those outside the lesion could proliferate. Another, perhaps more hypothetical scenario was the
12 iScience 27, 108077, February 16, 2024



Figure 5. Summary of the construction and application of the liver digital twin to study liver regeneration after acute damage
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migration of quiescent Kupffer cells and HSCs. In a computer simulation comparing both scenarios (not shown) the regeneration of

the necrotic hepatocyte lesion turned out to be insensitive to the precise mechanism of restorage of the original cell distribution. During

the entire process, different types of hepatic cells interact and collaborate to achieve a perfect liver regeneration in time.

An important advantage of this liver digital twin is that it permits to investigate the role of individual cell types and different signals by

simulations. For example, the presence of one or several factors, or the normal or abnormal function of these factors, (e.g., the normal function

of TGFb, or the absence of normal function as in Figure 3, scenario (3)) as well as its interaction with other factors can either be depleted

completely, weakened or amplified, and the consequence of this modification on the regeneration process and its final outcome can be stud-

ied (in Figure 3, scenario (3) leading to a lack or large absence in lesion closure). This may be impossible in an in vivo experimental model due

to several reasons. Firstly, somemodifications are technically not feasible or accompanied with huge effort. Secondly, possible backupmech-

anisms may hide the effect of a given change such that the direct and indirect consequences are not detangled (e.g., a wet-lab validation

experiment of Figure 4, scenario (1), suppressing HSCsmay not lead to a failure in a closure of the lesion as a consequence of an unrecognized

backup-mechanism that so far is not part of the DT). Moreover, DT simulationsmay show that certainmanipulations are likely not resulting in a

significant change of outcome, and therefore are not sufficiently informative to justify the effort of experimental realization (e.g., depletion of

neutrophils, Figure 4, scenario 4), especially in regard to the 3R for animal experimentation. On the other hand, differences in the outcome of

experiments andDT simulationsmay indicate so far un-recognizedmechanisms that would remain hiddenwithout such simulations of a refer-

ence situation (e.g., if suppression of HSCs as in Figure 4., scenario (1) does not result in a failure or regeneration, there may be backupmech-

anisms that may then be added to the existing DT as hypothetical mechanisms). Hence, such a liver DT may help to systematically classify the

mechanisms, hypothetical or not, with regard to their importance in closing the dead cell lesion.

To demonstrate opportunity and power provided by the digital liver, we simulated a number of perturbation experiments in regeneration

after drug-induced pericentral damage (two of them indicated above already) and classify their result as one of three possible basic scenarios,

as follows (Figure 5).

Incomplete regeneration (Figure 5, blue scenario)

An incomplete regeneration with dead hepatocytes remaining in the drug-induced lesion is predicted if either the infiltrating macrophages

are lacking phagocytotic activity (scenario 1 in Figure 3A), or are completely depleted from the lobule (scenario 3 in Figure 4A). This suggests

that the Kupffer cells, which are the resident macrophages, are insufficient to clear the lesion. This is still the case, even if their dead body

elimination time is reduced from 3 h79 to 6 min (Figure S6H). The Kupffer cells are observed to engulf the dead hepatocytes49 while the
iScience 27, 108077, February 16, 2024 13



ll
OPEN ACCESS

iScience
Article
infiltrating macrophages are hypothesized to remove the dead hepatocytes in vivo.50 Our simulation (scenario 1 in Figure 3) strongly support

this hypothesis as depleting the phagocytosis ability of infiltrating macrophages leads to incomplete regeneration. However, one may argue

that if the Kupffer cells have a sufficiently strong ability to phagocytize dead cells, theymight in principle clear the lesion alone.Our DT permits

to specify the parameters under which this would be the case.

Seki et al.80 observed in vitro that stimulated HSCs attract Kupffer cells to migrate toward them. Within our DT we could show the pro-

spective effect of such a mechanism in vivo: by depleting Kupffer cells or inhibiting Kupffer cells to migrate toward the concentrated

HSCs in the lesion, there are also uncleared dead hepatocytes remaining in the lesion (scenario 4 in Figure 3A and scenario 2 in Figure 4A),

suggesting that the relation observed by Seki et al.80 in vitro should indeed be present in vivo, not requiring an in vivo study in the first place,

where the conditions are more complex and difficult to control. I.e., the simulation indicates that in such a case as for the in vitro-finding by

Seki et al.80 an in vivo validation experiment (as it had been done) is promising to perform hence the resources (e.g., time, money, material,

personnel) are likely well invested. In that sense, simulations with our DT can guide the experimental strategy. When we depleted the HSCs

from the lobule or disabled the activation of HSCs, for example through TGFb produced by Kupffer cells, a similar unhealed lobule resulted

(scenario 3 in Figure 3A and scenario 1 in Figure 4A). Together, the simulations suggest that the key to clear up the lesion is to attract a large

enough number of macrophages in time to eliminate the dead hepatocytes. This requires the help of HSCs, e.g., to guide the migration of

both Kupffer cells and infiltrating macrophages into the lesion.

Reduced or no lesion (Figure 5, yellow scenario)

We suggested that the majority of cells dying after APAP-induced liver injury is due to the effect of NAPQI-induced cell death.77 The role of

neutrophils is complex and controversial, some studies have shown that a lack of neutrophils does not affect the outcome or severity of APAP-

induced liver injury,48 while other studies indicated that the neutrophils can directly mediate hepatocyte death in APAP-induced liver injury.75

Therefore, the cell death induced by neutrophils in APAP-induced liver injury is not very obvious in vivo,48 but can be observed in vitro.75 To

test this assumption, we abrogated NAPQI-induced cell death, in which we found the majority of the hepatocytes in the lesion are killed by

neutrophils. This is in agreement with the indication that neutrophils can mediate hepatocyte death. Furthermore, we abrogated NAPQI-

induced cell death and depleted neutrophils. The lobule was surprisingly protected with no dead hepatocytes present (scenario 4 in Fig-

ure S7A). This is another example of how our DT can be used to test if or/and within which parameter ranges certain hypothesizedmechanism

have an observed effect. The simulation on the influence of neutrophils exactly demonstrates where the models can be very valuable: they

permit to verify whether a certain set of mechanistic hypotheses is able to explain a certain set of experimental findings, because they consti-

tute a sort of mapping of the set of hypotheses to the result space. This is a useful information for experimentalists: if one is sure about a

certain set of mechanisms, the failure in obtaining the observed experimental results and so forth may have been erroneous. If one is sure

about the experimental result but did not obtain it in the DT simulation, then the hypothesized mechanisms may be incomplete or false.

Quantitative biology, and even more quantitative medicine will require removal of inaccuracies and uncertainties as much as possible, or,

if these remain, a better understanding of their origin.

No effect on lesion generation nor on regeneration (Figure 5, black scenario):

Asmentioned in the last point, experimental studies on the role of neutrophils in regeneration have reported conflicting observations, consti-

tuting a typical case where a DT can help to identify the expected result under well-defined hypotheses and within defined parameter ranges.

Some studies report that a lack of neutrophils does not affect the outcome or severity of APAP-induced liver injury,81,82 while others indicated

that the neutrophils can directly mediate hepatocyte death in APAP-induced liver injury75 and lack of neutrophils does affect the severity of

APAP-induced liver injury.76 Simulations performed with the DT predict that the depletion of neutrophils has no significant impact on the

regeneration of the dead cell lesion (scenario 4 in Figure 4A), supporting the conclusion of Cover et al.81 and Williams et al.82 This result in-

dicates that the neutrophil-induced cell death is supplementary to the NAPQI-induced cell death. Even if NAPQI-induced cell death is

disabled in the simulation, the neutrophils can still kill the Cyp450 hepatocytes to generate room for the dependent new proliferation gener-

ated hepatocytes (Figure S7). In addition, the repopulation of the regenerated liver with quiescent HSCs, subsequent to (1) reversion of acti-

vated HSCs back to the quiescent phenotype bymacrophages, and (2) inducing cell death of activated HSCs bymacrophages or neutrophils,

has no significant effect on the lesion regeneration (scenario 5 in Figure 3A). Furthermore, we also tested the case if HSCs are activated in the

early stage (right after the injury). As shown in Figure S6G, when HSCs are activated first and migrate afterward or in the case when KCs are

depleted, HSCs can still be activated, both have no significant effect on lesion regeneration.

In conclusion, we have demonstrated the possible benefit and opportunities of a liver DT to simulate, in this case, liver regeneration after

acute damage in control and perturbation cases, at the level of a lobule and its constituting cell types, in time and space. Thismay also include

situations that can only be attained upon complex engineered manipulations, e.g., to explore potential therapy or protection effects. The DT

can be further developed and specified to simulate physiological and pathophysiological scenarios of liver and liver diseases. For example, in

order to capture complex hepatocyte shapes as it occurs during fatty liver disease, fibrosis, cirrhosis or hepatocellular cancer, the spheroidal

hepatocyte (cell) model may be replaced by a cell model at higher spatial resolution.69,83 In summary, we show the potential of our in-silico

liver to successfully simulate liver physiology, and therewith present a promising strategy toward a full liver DT, that permits to test pertur-

bations from the molecular up to cell, tissue and body scales. We are not expecting it to replace experiments, but guiding toward the

most informative experiments by identifying gaps inmechanistic knowledge. Such a liver DT is a keymilestone on the route to guide diagnosis

and therapy if fed with patient data. In so far, our work responds on the question of systems complexity. Our DTs explain data on a set of
14 iScience 27, 108077, February 16, 2024
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subjects (here: mice) but have not been calibrated to explain data of an specific, individual subject (a specific mouse). This could be achieved

by a final calibration step of model, which is out of the scope of this work.

Limitations of the study

1) Our liver DT is based only punctually on proteomics/transcriptomics data (e.g., to characterize the cell type) andmainly on spatial-temporal

staining data, as its objective was to set up a model focusing on the spatially temporally resolved interplay of cell types during regeneration

after drug-induced pericentral liver damage that so far has not been addressed. In a further step, the intracellular processes shall be inte-

grated. For example, if the human situation is to be considered, moremultidimensional human data should be integrated to adapt the animal

liver DT to the human case. We refrained from integrating molecular pathways here as this would have significantly increased the number of

parameters with difficulties in parametrisation and enormous prolongation of simulation times as we experienced in another recent work.11 To

arrive at a quantitative liver DT, a stepwise build-up module by module is more promising than an all-in-once DT(C) as the former promotes

understanding of the different components of such a complex system. 2)Many cell types and signals have not been integrated into theDT yet.

Therefore, their influence on liver regeneration has not been studied and discussed in this work. However, these groups of cells and their

behaviors such as portal fibroblast activation, endothelial-mesenchymal transition, or hepatocyte myofibroblast transdifferentiation can be

integrated one by one in the further process. 3) A precise determination of the threshold concentrations in the simulation was not possible

as the data were not present, and as the precise orchestration of molecular factors was and could not be mimicked in great detail. The un-

derlying parametrisation concept was to choose plausible values out of accessible parameter ranges and infer parameters by comparison of

their effect on the regeneration process. The robustness of the so determined parameters was studied in simulated sensitivity analyses.

Nevertheless, it cannot be fully excluded that some parameters could in reality be outside of the ranges. However, this is not critical: the pa-

rameters/mechanisms that have been found to critically modify the regeneration process compared to the experimental observation should

be challenged by additional experiments, whose outcome would then serve to re-calibrate the model parameter if necessary. Such an iter-

ative procedure – identification of critical parameters and/or mechanisms by the model simulation – then experimental testing – then re-cali-

bration of the liver DT, will ultimately lead to a full quantitative DT of liver generation.
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R., Pfaff, M., Hengstler, J.G., Gebhardt, R.,
et al. (2014). Integrated metabolic spatial-
temporal model for the prediction of
ammonia detoxification during liver
damage and regeneration. Hepatology 60,
2040–2051.

10. Ghallab, A., Celliere, G., Henkel, S.G.,
Driesch, D., Hoehme, S., Hofmann, U.,
Zellmer, S., Godoy, P., Sachinidis, A.,
Blaszkewicz, M., et al. (2016). Model-guided
identification of a therapeutic strategy to
reduce hyperammonemia in liver diseases.
J. Hepatol. 64, 860—871.

11. Dichamp, J., Cellière, G., Ghallab, A.,
Hassan, R., Boissier, N., Hofmann, U.,
Reinders, J., Sezgin, S., Zühlke, S.,
Hengstler, J.G., and Drasdo, D. (2023).
In vitro to in vivo acetaminophen
hepatotoxicity extrapolation using classical
schemes, pharmaco-dynamic models and a
multiscale spatial-temporal liver twin. Front.
Bioeng. Biotechnol. 11, 1049564.

12. Verma, B.K., Subramaniam, P., and
Vadigepalli, R. (2019). Model-based virtual
patient analysis of human liver regeneration
predicts critical perioperative factors
16 iScience 27, 108077, February 16, 2024
controlling the dynamic mode of response
to resection. BMC Syst. Biol. 13, 9.

13. Kuepfer, L., Clayton, O., Thiel, C., Cordes,
H., Nudischer, R., Blank, L.M., Baier, V.,
Heymans, S., Caiment, F., Roth, A., et al.
(2018). A model-based assay design to
reproduce in vivo patterns of acute drug-
induced toxicity. Arch. Toxicol. 92, 553–555.

14. Remien, C.H., Adler, F.R., Waddoups, L.,
Box, T.D., and Sussman, N.L. (2012).
Mathematical modeling of liber injury and
dysfunction after acetaminophen overdose:
Early discrimination between survival and
death. Hepatology 56, 727—734.

15. Naik, A., Rozman, D., and Beli�c, A. (2014).
SteatoNet: The first integrated human
metaolic model with multi-layered
regulation to investigate liver-associated
pathologies. PLoS Comput. Biol. 10,
e1003993.

16. Hetherington, J., Sumner, T., Seymour,
R.M., Li, L., Rey, M.V., Yamaji, S., Saffrey, P.,
Margoninski, O., Bogle, I.D.L., Finkelstein,
A., and Warner, A. (2012). A composite
computational model of liver glucose
homeostasis. I. building the composite
model. J. R. Soc. Interface 9, 689–700.

17. Friedman, A., and Hao, W. (2017).
Mathematical modeling of liver fibrosis.
Math. Biosci. Eng. 14, 143–164.

18. Schwen, L.O., Krauss, M., Niederalt, C.,
Gremse, F., Kiessling, F., Schenk, A.,
Preusser, T., and Kuepfer, L. (2014). Spatio-
temporal simulation of first pass drug
perfusion in the liver. PLoS Comput. Biol. 10,
e1003499.

19. Schwen, L.O., Kuefer, L., and Preusser, T.
(2016). Modeling approaches for hepatic
spatial heterogeneity in pharmacolinetic
simulations. Drug Discov. Today Dis. Model.
22, 35—43.

20. Lambers, L., Suditsch, M., Wagner, A., and
Ricken, T. (2021). A multiscale and
multiphase model of function-perfusion
growth processes in the human liver. Proc.
Appl. Math. and. Mech. 20, e20200290.

21. Pellicer-Valero, O.J., Rupérez, M.J.,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-human smooth muscle actin monoclonal antibody, mouse Dako Cat#M0851; RRID: AB_10920231

Anti-mouse F4/80 monoclonal antibody, rat BioRad Cat#MCA497; RRID: AB_2335599

Ultra-Map anti-mouse HRP Roche NA

Ultra-Map anti-rat Roche NA

Chemicals, peptides, and recombinant proteins

Acetaminophen Sigma-Aldrich Cat#A7085-500G; RRID: SCR_003986

ROTI Histofix 4% ROTH Cat#P087.3

Experimental models: Organisms/strains

C57BL/6NRj Mouse JANVIER LABS NA

Software and algorithms

R R core https://www.r-project.org/

ParaView Kitware https://www.paraview.org/

TiSim This paper https://zenodo.org/record/8252951
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dirk Drasdo (dirk.

drasdo@inria.fr).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� The simulation source code used in this study and the R code to analyze the data are available online via zenodo: https://doi.org/10.

5281/zenodo.8252951.

� Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Male, 10-week-old, C57BL6/nmice (Janvier Labs, France). The animals were housed in standard environmental conditions with 12-h dark/light

cycles and were fed ad libitum on a normal rodent diet (Ssniff, Soest, Germany) with free access to water.84 All experiments were approved by

the local animal welfare committee (LANUV, North Rhine-Westphalia, Germany, application number: 84–02.04.2016.A279).

METHOD DETAILS

Mouse experiments

Induction of acute liver injury by acetaminophen

Acetaminophen (APAP)-induced acute liver injury was done inmice. Briefly, a dose of 300mg/kgAPAPwas administered intraperitoneally into

overnight fastedmice. APAP was dissolved in phosphate-buffered saline (PBS) with an application volume of 30 mL/kg. The mice were fed ad

libitum after APAP administration. Liver tissue samples were collected time-dependently, as indicated in the results section, and were pro-

cessed for immunohistochemistry.85,86 Briefly, liver tissue samples of�73 10mmarea were collected from the left liver lobe and immediately

fixed in paraformaldehyde (PFA; ROTI Histofix 4%) for two days at 4�C. Subsequently, the tissue samples were washed in PBS and were pre-

pared for paraffin embedding using a spin tissue processor STP 120 embedding automate (Microm, walldorf, Germany). Finally, solid paraffin

blocks were prepared using EC 350-modular tissue embedding center (Microm, walldorf, Germany).
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Immunohistochemistry

Immunostaining of macrophages and activated hepatic stellate cells was performed in 4 mm-thick PFA-fixed paraffine-embedded liver tissue

sections using an autostainer (Discovery Ultra Automated Slide Preparation System, Roche, Germany), using the technique described in

Schneider et al.87 Briefly, rat anti-mouse F4/80 monoclonal antibody (dilution 1: 50) and mouse anti-human smooth muscle actin monoclonal

antibody (dilution 1: 100) were used for binding to macrophages and activated stellate cells, respectively (key resources table). Appropriate

Ultra-Map anti-rat or Ultra-Map anti-mouse HRP were used as secondary antibodies (key resources table). Representative images were

acquired from the stained tissues using a brightfield microscope (Olympus, Hamburg, Germany).
Digital twin notions

Virtual twin, digital twin, digital twin candidate

We here consider a ‘‘virtual twin’’ of a liver a(n) (abstracted) as a ‘‘copy’’ of the real liver on the computer, which prospectively may converge to

an object on the computer representing all liver functions. As the computer internally represents the virtual twin in terms of digits (i.e., the

digital twin is an executable virtual twin of the physical ‘‘liver’’ or part of it88), we do here not distinguish between a virtual and a digital

twin, and use within this work the term ‘‘digital twin’’. A (computational or, simulation) ‘‘model’’ may just be a mapping from a certain input

to an output without necessarily reflecting the alphabet of components of the liver (so may not be a ‘‘twin’’ in our nomenclature), while in our

case we attempt to build upon the same components and mechanistic relationships between them. Candidates for a digital twin (DT) (here

called ‘‘digital twin candidates’’ (DTCs) to stress the objective of using the same alphabet as the reality (while it is still a model, not an anima-

tion) and it is (finally) processed on the computer), that are disproved by data, are still models but disqualify for a ‘‘twin’’. The selection criterion

is hence the comparison to data: those digital twin candidates (DTCs) that agree with datamay all be considered as digital twins (DTs). Finally,

the DT emerges from comparison with data frommany mice in a statistical sense i.e., average values associated with an error bar, hence rep-

resents a population of mice (as opposed to, for example, a specific mouse).

Digital twin candidates and digital twins: Modeling strategy

Our liver DTCs implement alternative hypothesized mechanisms of cellular interplay during liver regeneration and studies the consequences

on readout parameters that partially are already experimentally tracked, either quantitatively or qualitatively (as e.g., the occurrence and size

of the dead cell lesion, or spatial distributions of certain cell types in time), or may be informative to track, e.g., the concentration of signaling

molecules. Moreover, they permit studies of the sensitivity of readout parameters of interest on experimental manipulations, for example the

suppression of neutrophils. Theoretical variation of parameters and variables in the DTCs can help to identify those model parameters (or

mechanisms), for which a modification would have the largest influence on the observables (e.g., hepatic stellate cells). We first identify

the DTs as the subset of DTCs that agree to a certain set of data describing a normal regeneration process. One of them is considered as

reference. We then apply different types of perturbations to this specific (reference) DT. Furthermore, we run perturbation simulations to pre-

dict the influence of cell type depletions on liver regeneration. Our DTCs resolve liver microarchitecture, representing each cell individually as

a basic modeling element with realistic cell-biomechanics. By comparison with experimental readout parameters, we were able to identify

hypotheses that were incompatible with data, which eliminates the respective DTC as candidate for a DT, and to identify perturbation exper-

iments that are expected to critically modify the regeneration process (schematized in Figure 5). For example, in case of neutrophil suppres-

sion, Cover et al.,81 Williams et al.82 reported no significant effect on severity of APAP-induced liver injury, while Liu et al.76 claimed a signif-

icant influence. Marques et al.75 observed hepatocyte death triggered by neutrophils in vitro. Simulations with our liver DT suggest that the

impact of neutrophils in a normal liver should be negligible, unless in the purely hypothetical cases where APAP would not bemetabolized by

NAPQI, or where hepatocytes would not express Cytochrome P450 enzymes. Another example is the migration of Kupffer cells. A previous

study has reported that Kupffer cells "are not suited" to migrate to the injury site.89 However, Seki et al.80 reported from in vitro experiments

that the presence of HSCs does promote the migration of Kupffer cells toward HSCs. We tested both alternative mechanisms, whether the

presence of HSCs promotes or does not promote the migration of Kupffer cells in vivo, in DTC simulations. Our results show for the imple-

mented cell-cell-interaction network that if the presence of HSCs does not promote the migration of Kupffer cells, then regeneration is not

complete. I.e. only the mechanism in which HSCs promote migration of Kupffer cells qualifies for a realistic DT. Hence a follow-up series of

validation experiments could focus on exactly those two items.
Agent-based modeling of cells and elements

To capture their approximate shape, hepatocytes, macrophages, and neutrophils are approximated as spheres within a "center-based mod-

el"(CBM)-approach, which mimics the forces between cells as forces between their centers.68 Within the CBM-concept, the spherical shape

does not represent the precise cell shape but region in space where the cell is located at with overwhelming probability. An HSC is modeled

as a sphere forming the cell’s core body, connected to four semi-flexible chains of spheres; sinusoids are modeled as semi-flexible chains of

spheres. Such spheres can for example readily be constructed from inscribing spheres of maximal radius into image volume datasets stained

for endothelial cells (e.g., by CD31).90 During each time stepDt, the velocity v!i of each sphere i is calculated according to a Langevin equation

(an overdamped stochastic equation) of motion. The new position of i is updated to p!iðtÞ+ v!iðtÞDt, where p!iðtÞ is the position of i at time t.

Since HSCs, macrophages and neutrophils are either all located inside sinusoids, wrap around, or migrate along sinusoids, we assume in the

simulations that they always remain in contact with a sinusoid edge (for HSC, the core body is sticking on the sinusoid edge). Therefore, the
20 iScience 27, 108077, February 16, 2024
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vector v!iDt for an HSC,macrophage, or neutrophil i is projected onto the line of sinusoid edge to which i is in contact with. The position of i is

then updated as p!i + e!ið v!iDt$ e
!

iÞ, where e!i is the unit orientation vector of the local tangent to the sinusoid to which i is connected with.

The equations of motion for each type of cell and element are defined below.

Equation of motion for hepatocytes

Each hepatocyte is represented as a homogeneous isotropic, elastic, adhesive sphere. It can migrate, grow, divide, and interact with other

cells or sinusoids. The position of hepatocyte i is updated from:

GECM;i v
!

i +
X
j

Gi;j

�
v!i � v!j

�
=
X
j

F
!

ij + F
!

mig;i (Equation 1)

where GECM;i is the friction coefficient with the extracellular matrix (ECM, which is not explicitly modeled in this study),

Gi;j = gtð e!ij⨂ e!ijÞ+gkðI � e!ij⨂ e!ijÞ is the friction tensor between cell i and the sphere j of other cell type (e.g., hepatocyte j) or sinusoid

sphere (as sinusoids are made of spherical elements), and e!ij is the unit vector from i toward j, F
!

ij is the corresponding central repulsion/

adhesion interaction force, F
!

mig;i is an (active) migration force of cell i. The central force is computed by91:

F
!

ij =

�
4bE
3bR�a�dij

� �3 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8psbE�a�dij� �3q �

e!ij (Equation 2)

where the contact radius a
�
dij
�
allows to compute hepatocyte-hepatocyte contact area, and can be obtained by dij = a2bR �

ffiffiffiffiffiffi
2psbEq

, bE and bR are

defined as bE0 =

�
1� n2i
Ei

+
1� n2j
Ej

�� 1

; bdij = 1� dij=ðri + rjÞ; bE =

	 bE0; 0% bdij % 0:08

a0 + a1 bdij +.+ a6 bdij

6
; 0:08% bdij

(This is to consider the limited cell volume

compressibility in a pairwise cell-cell interaction force. See more details of choosing the values of a0,...,a6 in Van Liedekerke et al.69) andbR =



1
Ri
+ 1
Rj

�� 1
, with Ei andEj being the Young’smoduli, ni and nj the Poisson ratios, andRi and Rj the radii of i and j, dij is the distance between

i and j. The migration force is computed by F
!

mig;i = fdir e
!

i +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2GECM;i

2Di

q
$ h!i , where fdir is a constant force magnitude, e!i is the unit vector

from i toward the central vein,Di is the diffusion constant of i, h
!

i is an uncorrelated noise termwith amplitude ChinðtÞhjmðt0ÞD = dijdmndðt � t0Þ,
t and t0 denote times, and m;n˛ ðx; y; zÞ denote the coordinates (see more details in Hoehme et al.28).

Equation of motion for macrophages (Kupffer cells and infiltrating macrophages) and neutrophils

Macrophages and neutrophils i are represented as point objects not interacting with any other structure but capable of migrating along the

sinusoids (if not otherwise stated). The position of i is updated by solving the following equation:

GECM;i v
!

i +
X
j

Gi;j

�
v!i � v!j

�
=
X
j

F
!

ij + F
!

mig;i (Equation 3)

where GECM;i is the friction coefficient with the extracellular matrix, Gi;j is the friction tensor between i and j (same as Equation 1), F
!

ij is the

corresponding central repulsion/adhesion interaction force, F
!

mig;i is the migration force to drive i to migrate. The interaction force in Equa-

tion 3 does not play an important role as compared to the densely distributed hepatocytes, macrophages and neutrophils are distributed

much more sparsely in the lobule, and they are much smaller than hepatocytes.

Equation of motion for HSCs

The core body of HSCs is modeled as a homogeneous isotropic, elastic, adhesive sphere (mainly representing the HSC’s nucleus) with several

semi-flexible chains of spheres as ‘‘arms’’ (to mimic the long HSC’s protruding branches). The position of an HSC i (Figure S1C) is updated by

solving the following equation of motion:

GECM;i v
!

i +
X
j

Gi;j

�
v!i � v!j

�
=
X
j

F
!

ij + F
!

mig;i +
X
k

F
!

ela;ik (Equation 4)

whereGECM;i is the friction coefficient with ECM,Gi;j is the friction tensor between i and another cell or element j (same as Equation 1), F
!

ij is the

interaction force between i and another cell or element j (same as Equation 2). F
!

ela;ik represents elastic force between the head sphere of i and

its connected arm spheres k (see definition in Figure S1C). F
!

mig;i is themigration force to drive i tomigrate. The equation of motion for an arm

sphere i0 of HSC i (blue sphere in Figure S1C) is approximated by:

GECM;i0 v
!

i0 =
X
k0

F
!

ela;i0k0 (Equation 4b)

where k0 denote the connected spheres of arm sphere i0. The arms are represented to permit representation of the HSC shape as well as of

potential direct cell-cell communication through the arms. However, in reality, these arms are so small that within this work their interaction

with other cells is neglected.
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Equation of motion for sinusoids

Sinusoids are modeled as semi-flexible chain of spheres.28 For each sinusoid sphere i, the position of i is updated by solving the following

equation of motion:

GECM;i v
!

i =
X
j

�
Gk;SE

�
w!ij � e!ij

�
w!ij$ e

!
ij

��
+ F
!

ij

�
+
X
k

�
Gk;SS

�
w!ik � e!ik

�
w!ik$ e

!
ik

��
+ F
!

ik

�
+ F
!

i;ela (Equation 5)

where GECM;i is the friction coefficient with environment, Gk;SE denotes the longitudinal friction between sinusoid sphere i and its interacting

sphere, for example hepatocyte j, w!ij = v!j � v!i is the difference of velocity between i and j, e!ij is the unit direction vector from i toward j, F
!

ij

is the interaction force between i and j (same as Equation 2), Gk;SS denotes the longitudinal friction between two sinusoid spheres i and k,

w!ik = v!k � v!i is the difference of velocity between i and k, e!ik is the unit direction vector from i toward k, F
!

ik is the interaction force be-

tween i and k, F
!

i;ela is the spring force that arises from the chain connections between spheres belonging to the same sinusoid.
Gradient of signals to regulate cell behaviors

In our model, each type of molecular signal is produced by one or more certain types of cells. The dynamic of signal i released by cell j is

governed by a partial differential equation (PDE):

v4i

vt
= VðDiV4iÞ + si

 X
j

d
�
x � xj

�! � gi4i (Equation 6)

where 4i is the density of i,Di is the diffusion coefficient of i, si is the production rate of i, xj denotes the position of cell j, which produces i, gi is

the decay rate of i. The center of mass of cell j is set as the origin of the source. The simulation domainU is set as a box large enough to contain

the entire lobule. The diffusion process of i inside U is assumed to be isotropic and homogeneous. We assume Dirichlet boundary condition

4iðxÞ = 0 for x˛ vU.

The cubic system to approximate the signal gradient

Weused a simple cubic system to approximate the concentration of all signals. The entire lobule is located in a big cubewhich is divided intoN3

small element cubes (Figure S1A,N is number of element cubes on each axis). The concentration of signal l at cube i; j; k at time t is denoted as

ctl:i;j;k . After the time lapse of Dt, the concentration is denoted as ct+Dtl:i;j;k . Then the solution of Equation 6 can be explicitly approximated as:

ct+Dt
l:i;j;k � ct

l:i;j;k

Dt
=

Dl

�
ctl:i� 1;j;k � 2ctl:i;j;k+c

t
l:i+1;j;k

Dx2
+
ctl:i;j� 1;k � 2ctl:i;j;k+c

t
l:i;j+1;k

Dy2
+
ct
l:i;j;k� 1 � 2ctl:i;j;k+c

t
l:i;j;k+1

Dz2

�
+ sl � glc

t
l:i;j;k

where Dl , sl , gl are the diffusion coefficient, production rate, and decay rate of l. Since we use the cube as finite element, Dx, Dy, Dz are the

same as the width of the elementary cube. To verify our cubic system, we test one simple example of placing an injured hepatocyte which

produces DAMP in the center of the system. Then we solve Equation 6 by using our method and the software deal.II92 for the numerical so-

lution. As shown in Figure S1B, ourmethod generates a good approximation of the solution generated by the deal.II library. (We does not use

deal.II directly in our model as it turns out to be too slow.)

Diffusion rate

In our model, the diffusion rate of a molecule is scaled approximately as the inverse of the cubic root of themolecular weight following Good-

hill.93 Taking the diffusion rate of TGFb, DTGFb as reference, the diffusion rate Di of molecule i is then approximated as Di = DTGFb



wTGFb

wi

�1=3
,

where wTGFb is the molecular weight of TGFb, wi is the molecular weight of i. The diffusion rates of all molecular signals in our digital twin

candidates are listed in Table S1.

Production rate

The concentrations of above molecules in the in vitro studies in serum or cell are around 1–20 ng/mL (Al-Alwan et al.,94 De Donatis et al; ,95

Gouwy et al; ,96 Jube et al; ,97 Sieber et al; 98). In our model, the concentration unit of any molecule type is assumed to be 1 which equals to

5 ng/mL, which we use as reference scale unit to non-dimensionalize our reaction-diffusion equation. The production rate si of molecular i is

arbitrarily fixed as 0.1.

Decay rate

In our model, the decay rate gi of molecule i is approximated according to its half-life time: gi = ln 2=Ti;1=2, where Ti;1=2 is the half-life time of

molecule i. The decay rate of all molecular signals in our digital twin candidates is listed in Table S1.
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Scenario of lobule regeneration

In ourmodel, the cell behaviors are regulatedby certain type of signals. Different types of cells communicate with each other by responding to

specific signals and collaborate to achieve the clearance of the necrotic region and recovery from the toxin-induced injury.

Behaviors of hepatocytes

We assume that the hepatocytes within a circle of 164 mm radius (the lobule lesion size due to CCl4-induced injury is taken from Hoehme

et al.28) around the central vein of the lobule are CCl4-induced injured cells. In our model, they are marked as injured hepatocytes, which

can synthesize DAMPs4,5 to activate, among others, Kupffer cells and infiltrating macrophages.35,99 Activated Kupffer cells and activated

HSCs can produce CXCL1 to attract neutrophils to migrate into the lesion area,6 and CCL2 to attract infiltrating macrophages.

We have observed that themajority of the hepatocytes are dead 2 h after the administration of APAP in vitro (experimental data not shown

here). A previous study also showed that neutrophils can induce necrosis of hepatocytes upon administration of APAP.75 In our model, we

assign random waiting times for each injured hepatocyte i according to a Gamma distribution Gða = 5;b = 5Þ. After that waiting time, i

is marked as dead (necrotic) hepatocyte. The choice of a is because the necrotic pathway triggered for hepatocytes due to AILI (acetamin-

ophen-induced liver injury) involves about 5 reactions11 and the choice of b is to fit the data that almost all hepatocytes are dead 2 h after the

administration of APAP i.e., the waiting time distribution until the death event is peaked and not monotonically decreasing as for example in

case of a Poissonian distribution. In addition to APAP, neutrophils can also induce necrosis of hepatocytes. For any injured hepatocyte i, if its

distance from a neutrophil j satisfiesdij < ri + rj, it is marked as dead (necrotic) hepatocyte (neutrophil can evoke the necrosis of a hepatocyte6).

We assume that any dead hepatocyte i is eliminated bymacrophages at least 24 h after it is killed (it takes roughly 24 h for a dying cell to loose

its membrane integrity and collapse into fragments100). Since it usually takes 2–4 h for a macrophage to engulf and degrade foreign objects

such as dead cell bodies,79 we simulate the degradation process of the dead body of a hepatocyte i, if it gets contact with a Kupffer cell or

infiltratingmacrophage j with Ly6C-high phenotype, as follows: if the distance between i and j satisfies dij < ri + rj , i is removed from the system

3 h after the contact.

Behaviors of Kupffer cells

We assume that for a Kupffer cell i, if its local concentration of DAMP, 4DAMP;i is higher than a threshold 4DAMP;activate, i is activated and can

synthesize TGFb, CXCL1, CCL2, and PDGF.6,39,42,48 A previous study has reported that due to their highly stationary behavior, Kupffer cells

alone "are not suited" to migrate to the injury site,89 but the presence of HSCs does promote the migration of Kupffer cells toward HSCs.80

We assume that an activated Kupffer cell i canmigrate toward an activated HSC j if the distance between them satisfies dij < ri + rj + lHSC;branch,

where lHSC;branch is the length of the HSC branch. A migration force F
!

mig;i = fmig;i
e!ij��� e!ij

���; fmig;i � N ðFmig;KC;mean;Fmig;KC;sdÞ on i is then added to

the equation of motion of cell i, where e!ij is the orientation unit vector from i to j, Fmig;KC;mean and Fmig;KC;sd are the mean and standard de-

viation of migration force magnitude approximated from the mean and standard deviation of migration speed of Kupffer cells (due to the

highly stationary behavior of Kupffer cells,89 we arbitrarily set a low migration speed for them. We also test higher and even lower migration

speed of Kupffer cells in Figure S3) as Fmig;KC;mean = GECM;KCvKC;mean, Fmig;KC;sd = GECM;KCvKC;sd (see value of vKC;mean and vKC;sd in Table S1).

Since dead hepatocytes can be engulfed by Kupffer cells49 and the phagocytosis ability of macrophages is decreased by 50% after it uptakes

dead cells,101 we assign a phagocytosis probability pphag;i for each activated Kupffer cell i, where pphag;i is initiated as 1. If the distance be-

tween i and a dead hepatocyte j satisfies dij < ri + rj , and a random number sampled from uniform distribution Uð0; 1Þ is less than pphag;i ,

then i stops moving and remains with hepatocyte j for 3 h to engulf and degrade the dead hepatocyte. pphag;i is then divided by two to mimic

the decreased phagocytosis ability of i. If there are more than one dead hepatocyte in contact with i, only one of them is randomly selected as

the one to be engulfed by i. After 3 h, j is removed from the system and i can move again. In our model, we consider two alternative time

courses for Kupffer cells. Either their population size drops upon activation, recovering from day 2 on, or the Kupffer cell population remains

constant. Since in the latter case the life span of a Kupffer cell is no longer than about 4 days, as reported inNaito et al.,102 we assume that each

Kupffer cell would revert to a quiescent mode after it is activated.

Behaviors of HSCs

PDGF has been reported to attract HSCs tomigrate.40,41We assume that for anyHSC i, if the concentration of PDGF at the location of i, 4PDGF;i

becomes higher than a threshold 4PDGF;migrate, a migration force F
!

mig;i = fmig;i
V4PDGF;i

kV4PDGF;ik; fmig;i � N ðFmig;HSC;mean; Fmig;HSC;sdÞ is applied on i,

where Fmig;HSC;mean and Fmig;HSC;sd are themean and standard deviation of migration forcemagnitude approximated from themean and stan-

dard deviation of migration speed of HSC103 as Fmig;HSC;mean = GECM;HSCvHSC;mean, Fmig;HSC;sd = GECM;HSCvHSC;sd (see value of vHSC;mean, vHSC;sd

in Table S1). Every HSC is initiated as in quiescent mode. TGFb has been reported to activate HSCs, but it was also suggested that it is not

TGFb but a factor produced by infiltrating macrophages that activates HSCs.45 Here we assume two alternative mechanisms for HSC activa-

tion. One is that HSCs are activated by TGFb produced by Kupffer cells. If the local concentration of TGFb, 4TGFb;i at HSC i is higher than a

threshold 4TGFb;activate, i is activated into the activated mode. The other mechanism is that HSCs are activated by a factor produced by infil-

tratingmacrophages (the type of this factor is not known, so we assume it has the same diffusion constant and decay rate of TGFb). If the local
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concentration of this factor, 4factor;i at HSC i is higher than the threshold 4TGFb;activate, i is activated into activatedmode. Upon activation, HSCs

can synthesize CXCL1 andCCL2.46,47 HSCs remain activated even if TGFb falls below the threshold again. As reported before, activatedHSCs

are phagocytosed by Ly6C-low phenotype infiltrating macrophages in the later stage of liver regeneration8 (mechanism 1). In addition to

phagocytosis, we assume another mechanism (mechanism 2) for the fate of activated HSCs: Ly6C-low phenotype infiltrating macrophages

can revert activated HSCs to the quiescent mode. In our model, these two mechanisms are simulated as follows: if the distance between

an aHSC i and an infiltrating macrohage j satisifies dij < ri + rj, i is eliminated under mechanism (1) or reverted to quiescent mode again under

mechanism (2). To keep the same density of HSCs after liver regeneration, we assume that under mechanism (1), once i is activated, it grows

and divides after 24 hours.

Behaviors of infiltrating macrophages

DAMPs are suggested to activate macrophages.99 We assume that for any infiltrating macrophage i, if the local concentration of DAMP

at the location of i, 4DAMP;i is higher than a threshold 4DAMP;activate, i is activated and can synthesize CCL2, and PDGF.39,47 During liver

regeneration, macrophages infiltrate into the liver following the gradient of the chemoattractant CCL2.47 We assume that for any infil-

trating macrophage i, if its local concentration of CCL2, 4CCL2;i is higher than a threshold 4CCL2;migrate, a migration force F
!

mig;i =

fmig;i
V4CCL2;i

kV4CCL2;ik; fmig;i � N ðFmig;IM;mean;Fmig;IM;sdÞ is applied on i, where Fmig;IM;mean and Fmig;IM;sd are the mean and standard deviation of

the migration force magnitude, approximated from the mean and standard deviation of migration speed of infiltrating macrophages104

as Fmig;IM;mean = GECM;IMvIM;mean, Fmig;IM;sd = GECM;IMvIM;sd (see value of vIM;mean, vIM;sd in Table S1). Each infiltrating macrophage is initiated

as Ly6C-high phenotype, which is responsible of degrading necrotic cells.8 After a certain duration it transforms into a Ly6C-low pheno-

type, which is responsible of anti-fibrosis.8,105 If the distance between an infiltrating macrophage i of Ly6C-high phenotype and a dead

hepatocyte j satisfies dij < ri + rj , j is removed 3 hours later to mimic the process of engulfment and degradation of apoptotic hepatocytes.50

The removal process of macrophages is as described for Kupffer cells in section ‘‘behaviors of Kupffer cells’’ above: A phagocytose prob-

ability pphag;i is assigned to an infiltrating macrophage i to mimic the decreased phagocytosis ability.101 We assume two alternative mech-

anisms of how the infiltrating macrophages could change the fate of an aHSC. Mechanism (1): infiltrating macrophage removes the aHSC.

Mechanism (2): infiltrating macrophage reverts the aHSC to quiescence. In our model, if the distance between an infiltrating macrophage i

of Ly6C-low phenotype and an activated HSC j satisfies dij < ri + rj, we generate a random number sampled from Uð0; 1Þ. If this random

number is less than pphag;i, j is removed under mechanisms (1) or reverted to quiescent mode under mechanism (2). If mechanism (1) is

used, the value of pphag;i is then halved. The infiltrating macrophages are initiated as monocytes with Ly6C-high phenotype, and after a

period of time between 2 and 3 days they transform into macrophages with Ly6C-low phenotype.60,63 The transforming time from

Ly6C-high phenotype to Ly6C-low phenotype is chosen as 72 h according to the observation from Zigmond et al.63 (the mass peak of

Ly6C-low phenotype macrophages is at 3 days after the injury). The Ly6C-high phenotype may not be stained by F4/80 (as shown in Fig-

ure 2 of Dragomir et al; 59). Hence, at day 2 after the injury, F4/80 staining shows only the Ly6C-low phenotype, which are the KCs (Fig-

ure 1A). The lifetime of an infiltrating macrophage in the system is set to be 96 hours (estimated from the observation from the APAP-

induced liver injury done by Zigmond et al.,63 where the mass peak of infiltrating macrophages is at 1 day after the injury and they are

hardly to be seen 5 days after the injury). Infiltrating macrophages are added into the lobule system with uniform rate during the first

24 hours. The initial position of an infiltrating macrophage is randomly sampled inside the lobule but outside of the lesion (164 mm

away from the central vein) reflecting their approximate distribution at the time when they start to migrate on response to CCL2, whose

peak is at about day 1.

Behaviors of neutrophils

Neutrophils are recruited by CXCL1 at the early stage of liver injury.106 We assume that for any neutrophil i, if the local concentration

of CXCL1 at the location of i, 4CXCL1;i is higher than a threshold 4CXCL1;migrate, a migration force F
!

mig;i = fmig;i
V4CXCL1;i

kV4CXCL1;ik;
fmig;i � N ðFmig;Neutrophil;mean; Fmig;Neutrophil;sdÞ is applied on i, Fmig;Neutrophil;mean and Fmig;Neutrophil;sd are the mean and standard deviation

of the migration force magnitude, approximated from the mean and standard deviation of migration speed of neutrophils70 as

Fmig;Neutrophil;mean = GECM;NeutrophilvNeutrophil;mean, Fmig;Neutrophil;sd = GECM;NeutrophilvNeutrophil;sd (see value of vNeutrophil;mean, vNeutrophil;sd in

Table S1). If its distance to an injured hepatocyte j satisfies dij < ri + rj , j is marked as a dead (necrotic) hepatocyte (neutrophils induce

the necrosis of hepatocytes during acute liver injury, Ramaiah and Jaeschke57). The lifetime of a neutrophil in the system is set to be 48

hours.60 Neutrophils are added into the lobule system with uniform rate during the first 24 hours. They migrate very quick. In the model,

the initial position of each neutrophil is randomly sampled inside the lobule but outside of the lesion (164 mm away from the cen-

tral vein).

Behaviors of platelets/sinusoids

Following liver injury, platelets are recruited to the liver and adhere to the endothelium to generate factors such as PDGF and HGF.36,38 In our

model, platelets are not explicitly modeled. The sinusoid spheres within the lesion (<164 mm away from the central vein) are considered as

endothelium adherent for platelets, which are an additional source of PDGF. The presence of platelet-adherent sinusoid spheres lasts until
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day 2 (the count of platelets resumes to normal after day 2, as reported in Stravitz et al.107). The promotive effect of platelet released HGF on

the proliferation of hepatocytes is not modeled explicitly. The proliferation of hepatocytes is modeled by applying a spatio-temporal prolif-

eration pattern extracted from experimental data on healthy hepatocytes in the liver according to its location and time.28

Dynamic of signals

In ourmodel, DAMPs are synthesized by injured and dead hepatocytes; TGFb is synthesized by activated Kupffer cells; CCL2 is synthesized by

activated Kupffer cells, activated HSCs, activated infiltrating macrophages, and platelet-adherent sinusoids; CXCL1 is synthesized by acti-

vated Kupffer cells and activated HSCs; PDGF is synthesized by platelet-adherent sinusoids and Kupffer cells. There is also a factor synthe-

sized by activated infiltratingmacrophages.We assume that this factor takes the same diffusion coefficient and decay rate as TGFb. The simu-

lated sensitivity test of the concentration of each signal to regulate the behavior of a certain cell type is shown in Figure S3. The production

rate coefficient for TGFb is multiplied by 5 when its source cell, Kupffer cell is phagocytosing dead hepatocytes, by taking into account the

observation that the TGFb expression level in Kupffer cells incubated with apoptotic cells is 5-fold higher than those incubated without

apoptotic cells.49
QUANTIFICATION AND STATISTICAL ANALYSIS

All analyses were performed in the software R using custom code (code is available in https://zenodo.org/record/8252951). The statistics were

reported as mean values and standard deviation across 4 simulation runs in each case.
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