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ABSTRACT

This communication presents a mathematical mechanism-based model of the regenerating liver
after drug-induced pericentral lobule damage resolving tissue microarchitecture. The
consequence of alternative hypotheses about the interplay of different cell types on
regeneration were 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 simulated system to
identify branching points, at which the systems behavior cannot be explained 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 in mechanistic relationships and guiding the system towards
the most informative (lacking) parameters that can be experimentally addressed.

KEYWORDS

Digital liver twin; Liver regeneration; Agent-based model; Liver lobule; DILI; Tissue micro-
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INTRODUCTION

The liver is the main detoxifying organ in the human body to remove drugs and toxins from the
blood. It is organized in 2-5 lobes (depending on the species), which itself are composed of
hexagonal-shaped repetitive histological and functional units, called lobules. Oxygen-rich blood
transported via the hepatic artery from the aorta and oxygen-poor blood carried via the portal
veins from the intestine mix up in the periphery of the lobule, perfuse it through a network of
fenestrated capillaries (called sinusoids) and then drain into the "central vein" (CV).
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Administration of a hepatotoxic dose of protein alkylating compounds, e.g., acetaminophen
(Paracetamol, APAP, 300 mg/kg, i.p in mouse), or carbon tetrachloride (CCls, 1 g/kg, i.p. in
mouse), generate a pericentral damage of about 50% of the hepatocytes in the lobule that is
subsequently in most cases perfectly regenerated, both histologically and functionally (Zieve et
al., 1985, Hoehme et al., 2007, 2010, Ghallab et al., 2016). APAP is the most frequent cause for
acute liver failure (Olson et al., 2017) and a "model substance" to study drug-induced acute
liver injury and its adverse outcome on cells, organs, and organisms through a series of
successive key events, recently discussed in detail in the context of the popular concept of
Adverse Outcome Pathways (AOPs) (Leist et al., 2017).

CCly is a frequently studied hepatotoxic compound using a different detoxification pathway but
generating a very similar spatial-temporal liver tissue damage pattern and downstream
regeneration response. Several mechanisms may contribute to the death of hepatocytes.
Cytochrome P450-enzymes such as Cyp2el and Cypla2 (summarized in this work as CYP450)
metabolize APAP (or CCls) into toxic radicals, which downstream causes oxidative stress,
dysfunction of mitochondria, and DNA damage, resulting in mitochondrial membrane
permeability transition and hepatocyte death. In addition to these initiation events,
inflammatory mediators such as bile acids, cytokines and chemokines, the latter two
predominantly secreted by non-parenchymal and immune cells, may critically contribute in the
APAP-induced liver injury (Liu et al., 2004, Ghallab et al., 2022).

Upon repetitive administration, both compounds generate liver fibrosis, which has led to a wide
use of both compounds to study the development of chronic liver disease in rodent models
(O’'dell et al., 1986, Ghallab et al., 2019, Nevzorova et al., 2020). Chronic liver disease is a
consequence of compromised regeneration that is incapable of repairing repetitive tissue
injury. Understanding the mechanisms controlling regeneration is a major subject of
investigation in order to improve treatment of chronic liver disease and regeneration after
acute liver injury, including partial hepatectomy.

Liver regeneration is an overly complex process involving many different cell types and factors
(Kang et al., 2012, Kisseleva and Brenner, 2021, Michalopoulos and Bhushan, 2021). Upon
inflicted liver damage, the injured main hepatic parenchyma cells, namely, hepatocytes start to
release factors to trigger an inflammatory response (Calderwood et al., 2016, Li et al., 2020).
Liver resident macrophages, namely, Kupffer cells are activated to recruit neutrophils to initiate
death of injured hepatocytes (Marra and Tacke, 2014). After liver injury is initiated, hepatic
stellate cells (HSCs) migrate into the lesion and become activated through stimulating factors
released from damaged hepatocytes, the activated macrophages, the extracellular matrix,
neighboring sinusoidal endothelial cells and platelets (Puche et al., 2013, Michalopoulos and
Bhushan, 2021). After the 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 (Tacke and Zimmermann, 2014). Despite extensive studies over decades, the
precise orchestration is only partially understood, and the understanding is mainly qualitative.
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There are alternative sets of hypotheses on how certain factors interplay, and it is not well
understood how sensitive the regeneration outcome is regarding a modification of time scales
or rate constants. This is difficult to study experimentally for several reasons: (1) the primary
motivation for experiments is to understand the regeneration process in human, but
experiments in human are per se not permitted and experiments in animal models are subject
to close ethical control and do not fully reflect the processes in human; (2) the rate constants
and time scales are generally hard to control in animal experiments; and (3) the experiments
are resource-intense with regards to personnel, technology, animal numbers and consumables.
Hence, a promising strategy may be to formulate alternative sets of mechanisms and
implement them on the computer within a virtual liver twin. The consequences of these
mechanisms on the regeneration process can be simulated and the most promising
perturbations or facilitations proposed for "wet-lab" approval. Such strategy establishes
computational model-guided experimentation by identifying the most informative experiment
regarding a certain scientific question and can thus accelerate knowledge gain in
(patho)physiological processes at all integrated levels (molecular, cellular, tissue, organ,
system/body). In the discussed liver twin model, relevance and variability of the interplay of the
different factors hypothesized to control liver regeneration after acute damage can be
simulated and the outcome can be evaluated. Moreover, the prospective sensitivity of readout
parameters of interest can be tested in silico. Theoretical variation of parameters and variables
in the model can help to identify those with the largest influence on the observables.

In this study, we present a pipeline how multi-level computational modeling may inform
experimental strategies to investigate liver regeneration upon toxin-induced acute injury. In the
past decades, computational modeling has become more and more important to investigate
the possible consequences of complex biological systems interactions from sub-cellular level to
tissue level (Knutsdottir et al., 2017, Talman et al., 2019) and integrating molecular signals and
mechanical interactions of cells (Thurley et al., 2015, Park et al., 2017, Kim et al., 2018,
Stepanova et al., 2021), or directly address the mechanical contributions to biological observed
phenomena in multicellular populations (Vishwakarma et al.,, 2018, Schwarz, 2020). This
emerges as the complexity of the possible interactions makes it difficult to infer the
consequences of certain mechanisms or perturbations by reasoning alone; in the meantime,
even the computational multicellular models call for sophisticated methods of parameter
inference (Jagiella et al., 2017). There are many computational studies developed to explore the
underlying mechanisms of liver regeneration and disease processes (e.g. Drasdo et al., 2014 and
refs therein). Ordinary differential equations were used to describe the dynamics of molecular
factors to regulate the distinct functional states of hepatocytes in response to partial
hepatectomy (Verma et al., 2019) and to reproduce the patterns of acute drug-induced toxicity
(Kuepfer et al., 2018). Models based on set of partial differential equations were developed to
mimic the behavior of glucose regulation in liver with diabetes (Hetherington et al., 2012), to
investigate the function-perfusion processes of liver cancer (Lambers et al., 2021), and to
simulate the drug perfusion in the liver (Schwen et al., 2014, 2016). Friedman and Hao (2017)
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built a system of partial differential equations representing the network of liver fibrosis to
explore the efficacy of potential drugs to block the fibrosis progression. Jerby et al. (2010)
constructed a generic model based on network of various molecular data sources for human
liver metabolism. Remien et al. (2012) used nonlinear ordinary differential equations to study
the liver dysfunction.
Wambaugh and Shah (2010) used an agent-based hepatic model integrating a graphical model
of the sinusoidal network to study the chemical metabolization in the liver. Dutta-Moscato et
al. (2014) used an agent-based model to study the liver inflammation and fibrosis. Ho et al.
(2020, 2020a) constructed an in-silico pipeline integrating hepatic vessels and blood flow for
liver surgical plan. Naik et al. (2014) constructed a multi-level model integrating multiple body
compartments to investigate hepatic metabolism and its associated deregulations.

We constructed a network describing the intercellular relationship between the major cell
types and the biochemical signals in the process of liver regeneration from literature. We
embedded this network into our spatial-temporal lobule model and tested the reference case
(the normal regeneration process) and different types of perturbations, especially such that are
difficult to perform experimentally. Furthermore, we ran perturbation simulations to predict
the influence of cell type depletion on liver regeneration. Our model resolves 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, and which perturbation experiments
critically modify the regeneration process (schematized in Fig. 5).

Our model approach presented below hence points towards getting mechanistic insight in liver
damage and regeneration with less resources i.e., faster, easier and cheaper, by a simulation
step prior to the experiment. The first step could be running simulations with our model that
permits identifying whether a certain hypothesized mechanism (that may also be a finding from
an in vitro experiment) would be expected to explain a certain observation in vivo, and/or,
whether, dropping (knocking down) this mechanism is expected to change the result. In our
work, the “observation” is the successful tissue regeneration compared to its failure. In case of
a result change upon knock-out, a corresponding validation experiment in vivo may be up-
prioritized while in the opposite case (no change expected) it may be dropped. In border-line
cases, where either a change or no change is both possible, depending on parameters, the
simulations inform about the combinations of parameters at which a change of result is
expected. This contributes to turn qualitative descriptions increasingly into quantitative process
information including parameterization of each component process, even in such complex
situations as tissue regeneration (or degeneration). In order to optimally perform these
different functions, guiding experiments, identification of experimental parameters etc., the
model needs to be as realistic and quantitative as possible in its key elements, such as
representation of tissue architecture, cell biomechanics, and cell-cell interaction, which guided
our model choice.
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We demonstrate this in the discussion section along with hypotheses made in refs. (Krenkel et
al., 2014, Marques et al., 2012, Seki et al., 2007, Boulter et al., 2012).

Our modeling strategy is also able to guide diagnosis and therapy, if fed with the proper patient
data. In so far, our work addresses systems complexity (Steven Hawking: "I think the next
century will be the century of complexity").

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 (Fig.
1B, Hoehme et al., 2010), modeling was performed 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 precise micro-architecture of the lobule was constructed from parameter
distributions obtained from 3D liver tissue reconstructions. Upon injection of a hepatotoxin,
such as CCl; (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) (Sezgin et al., 2018, Ghallab et al., 2021).
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Figure 1. Model of multi-cellular lobule system based on experiments. (A) APAP-
induced liver regeneration on mouse and the spatio-temporal 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 (Hoehme et al., 2010). In this study, CCls is used
to induce lobular damage, where the necrotic lesion size reaches the maximum area 2 days
after the injection of CCls. (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 (grey: hepatocytes; red: sinusoids; cyan: HSCs; brown:
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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 diffusion equation. (E) Illustration of different cell types at
different days after the injury.

Identification of relevant cell types and cell-cell-interaction network

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 (Fig. 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 ), 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) (Fig.
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 regeneration model. We here focus on the plausible selection of those mechanisms
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 (Brenner et al., 2013), e.g. to
activate Kupffer cells (cl-1). This is based on the report that injured hepatocytes can release
HMGB1 and HSP-79 (both are DAMP signals, Huebener et al., 2015, Calderwood et al., 2016, Li
et al., 2020,) to activate Kupffer cells (Martin-Murphy et al., 2010) (cl-1). Platelets are recruited
to the site of injury and bind with sinusoidal endothelial cells during the early stage of liver
injury (Nowatari et al., 2014, Ramadori et al., 2019) (cl-1) to promote the proliferation of
hepatocytes (Meyer et al., 2015) and synthesize PDGF (also synthesized by activated
macrophages, Pinzani et al., 1994) (cl-1). PDGF acts on activated HSCs, which display
upregulated PDGFR expression to induce proliferation and migration (Yang et al., 2003, Melton
and Yee, 2007) (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 TGFpB is predominantly
expressed in Kupffer cells (De Bleser et al., 1997) (cl-1). TGFB acts on HSCs, which are highly
responsive to that cytokine, and in most cases, TGFB is described as prominent driver of
activation (e.g., Cai et al., 2018, Fan et al., 2019) (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 activation (Imamura et al., 2005) (cl-2).
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In the model, two different factors to activate HSCs were assumed: one is TGF that is provided
by activation of ECM deposited Latent TGFB (Fan et al., 2019), 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 activated infiltrating macrophages. Then, CXCL1 is
synthesized by both activated Kupffer cells and HSCs to attract neutrophils (Kisseleva and
Brenner, 2007, Marra and Tacke, 2014) (cl-1). CCL2 is synthesized by activated HSCs, Kupffer
cells, infiltrating macrophages and sinusoids in the lesion region to attract infiltrating
macrophage (cl-1). This is based on the report that activated stellate cells, Kupffer cells,
macrophages, endothelial cells secrete CCL2 to control the macrophage infiltration (Baeck et
al., 2012, Krenkel et al., 2014).

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 cells
(Canbay et al., 2003) (cl-1). Moreover, infiltrating macrophages are assumed to also eliminate
dead hepatocytes as previously described (Boulter et al., 2012) (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 factor (Imamura et al., 2005) (cl-2); the second is to induce death of
the activated HSCs based on the report that infiltrating macrophages might trigger apoptosis of
activated HSCs (Tacke and Zimmermann, 2014) (cl-2); the third is to revert the activated HSCs to
the quiescent phenotype (Kisseleva et al., 2012, Troeger et al., 2012, Hassan, 2017) (cl-2). This is
probably depending on different macrophage phenotypes/subpopulations, as becomes more
and more evident from recent scRNASeq experiments (Willemsen and Winther, 2020).

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
demonstrated below by running simulations switching off or varying interactions labeled as “cl-
2”, and therewith test the influence of each of the following interactions (and the combination
of some of them) on the process of liver regeneration:

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

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

(3) HSCs are activated by TGFB, e.g. from Kupffer cells (no. 21, cl-2), or an alternate factor
produced by infiltrating macrophages (no. 18, cl-2);

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

(5) Infiltrating macrophages revert activated HSCs to a quiescent phenotype (no. 19, cl-2),
or induce cell death of activated HSCs (included in no. 19, cl-2).

If interactions (1) — (5) were all excluded, regeneration did not succeed in the model.
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The model permits to study in how far alternative assumptions on cell-cell interactions,
perturbations within each of them, or in selective ones impact on regeneration of the peri-
central drug-induced lesion.

State changes of cell types and timings: 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. The cellular consequences can be, among others, migration,
reversion from activation, killing, proliferation and death, depending on the specific cell type
(specified in table S2), and other parameters.

The timing of our simplified scenario was chosen in agreement with our own experiments (as in
Fig. 1A) and from published references (Dragomir et al., 2012, Graubardt et al., 2017). For
Kupffer cells, indications of a potentially constant cell population size were assumed. To
challenge this assumption, we studied both, varying and constant Kupffer cell populations (see
details in Sl). In our model, the Kupffer cell population is considered as an input parameter and
not a readout. Alternately, we could model Kupffer cell number kinetics as appearance and
death process (death at days 1-2, appearance and spread from day 2 on), but this was not the
purpose of this work.

Model at cell & tissue level; cell geometry: Hepatocytes, hepatic stellate cells, Kupffer cells and
infiltrating macrophages, as well as neutrophils are modelled, each as individual entity. The
endothelial cells are not modelled individually, but as part of a network of sinusoids. Each
hepatocyte has been approximated by an isotropic, elastic, and adhesive sphere (Fig. 1D, white
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 (Fig. 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.
1D, cyan objects). The sinusoidal network is modeled as semi-flexible chains of spheres that are
connected by springs (Fig. 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., 2010).

Model at cell & tissue level; force balance & cell movement: Cell and sinusoid movement is
computed based on force balance. The model takes into account passive and active forces.
Passive forces are friction forces of each cell with its environment (other cells, sinusoids,
intercellular medium), deformation and compression forces experienced by a cell, as well as
cell-cell and cell-sinusoidal adhesion forces. Cell migration, as it occurs by anchoring of cells in

9
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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 STAR METHODS) has been chosen to directly represent
cell material parameters. For example, the cell-cell interaction force has been approximated by
the "Johnson-Kendall-Roberts"(JKR)- force model for homogeneous elastic sticky spheres,
which has been shown by micro-pipette experiments (Chu et al., 2005) 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
addressed by standard pair-wise forces (as JKR, Hertz etc.) (Van Liedekerke et al., 2015). 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)" (Van Liedekerke et al., 2019).

The motion of cells and sinusoids is updated by solving an overdamped stochastic equation of
motion, a Langevin equation, which summarizes all forces exerted on them: ¥ Fr + Fger +
Faan = 0, where Fpp, Fyer, Faqn are friction force with the environment, deformation force,
and adhesive force with other cells or elements, respectively (Fig. 1D, see more details of each
force term in STAR METHODS).

Model at cell & 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.
Moreover, the equation contains a general first-order kinetics decay term (molecule
degradation term in Fig. 1D, see more details of each equation term in STAR METHODS).

Model parameterization: Most model parameters and the liver lobule micro-architecture have
been chosen as previously developed (Hoehme et al., 2010) (Table S1). The densities of non-
parenchymal cells not considered in that reference has been estimated from other published
references, as for neutrophils for example, from McDonald et al., 2010, Marques et al., 2014
(Table S1).

Definition of a reference model: The definition of a reference model is to some extent
arbitrary. Here, it was guided by choosing all interactions from Fig. 1C that belong to cl-1
(consensus), plus all the interactions (1-5) of cl-2, as shown above, and which were verified to
result in a functioning regeneration scenario in the simulation (as in Fig. 1E), in agreement with
the experimentally observed lesion size and hepatocyte density (the details of interaction label
and corresponding reference can be seen in Fig. 1C and Table S1).

Simulated regeneration scenarios with the reference and alternative interaction models

The reference model: The simulation starts at day O, right after injection of the hepatotoxic
substance (CCl;/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 minutes after injecting the drug into the peritoneum (Sezgin et al., 2018, Schneider et al.,
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2021, Schuran et al., 2021). The timing of the processes depicted in Fig. 1C follows the assumed
logical order of the subprocesses finally resulting in a functioning regeneration (Fig. S2). In a
first step, the direct effect of APAP on Cyp450 positive hepatocytes via NAPQI generation was
included. This was realized 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).
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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. White spheres are healthy hepatocytes, black spheres are dead
hepatocytes; sinusoids are visualized as red lines. (B) The distribution of HSCs (dark red:
activated; grey: quiescent) and macrophages (brown) over time. The distribution of Ly6C-high
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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 | (< 21.4 um to the CV), Il (between 21.4 and 42.8 um to the CV),
[l (between 42.8 and 64.2 um to the CV), IV (between 64.2 and 85.6 um to the CV), V (between
85.6 and 107 um to the CV), VI (between 107 and 128.4 um to the CV). (F to H) Number of
activated HSCs, macrophages, and neutrophils in all regions over time. Error bars represent the
standard deviation of four simulation runs, using different random seeds.

In a second step, the timing of the interaction processes not directly depending on NAPQI
(these were introduced above, are depicted in Fig. S2 and are based on information found in
the references in Table S2 as well as on simulation-calibration) is explained, and related to the
spatial-temporal pericentral hepatocyte damage and regeneration process depicted in Fig. 2A.
In detail, before drug administration, both HSCs and Kupffer cells are distributed
homogeneously in the lobule (Fig. 2B, quiescent/activated HSCs are colored in white/red and
Kupffer cells are colored in brown). Up to about 1 hour after drug administration, injured
hepatocytes secrete DAMPs that activate Kupffer cells, making them secreting CXCL1, TGFf and
CClI2. CXCL1 attracts neutrophils which migrate towards the Kupffer cells. At the same time,
sinusoidal endothelial cells/platelets also localized in the region of the prospective lesion are
secreting CCL2 and PDGF. PDGF attracts HSCs, which then cause migration of Kupffer cells
towards them. Hence, two processes make Kupffer cells preferentially being activated in the
prospective dead cell area: firstly, the secretion of DAMPs by hepatocytes in the prospective
lesion, which force DAMP concentration to be higher for Kupffer cells in the prospective lesion
than outside, and secondly, the fact that the Kupffer cells are attracted by the HSCs, which
become activated, stimulated to proliferate and migrate towards the prospective lesion by the
gradient of DAMPs, PDGF and chemokines. In-line with Fig. 1A, the population size of Kupffer
cells has been modelled to drop after activation until day 2 and recover thereafter. Death has
been mimicked by a death rate such that the decay could be qualitatively reproduced, the
recovery has been modelled by adding new Kupffer cells with a certain rate. The diffusion
length for DAMPs is about 3 cell diameters in 1 hour, so at the short time scale considered, the
DAMPs do not spread over the entire lobule. Consequently, neutrophils attracted by CXCL1,
migrate almost entirely towards the prospective lesion. 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. About the same time,
TGFp (probably in a first step derived from LTGFB deposits in the ECM adjacent to the damaged
hepatocyte area, activated by the dying hepatocytes) activates HSCs making them secret CCL2
and CXCL1 amplifying and/or backing up the effect of Kupffer cells and platelets. Activated HSCs
proliferate and secrete extracellular matrix (ECM) (Kisseleva and Brenner, 2021). Infiltrating
macrophages are attracted by CCL2 approaching the dead hepatocytes. The infiltrating
macrophages are initiated as monocytes with Ly6C-high phenotype, which do not show up in
the macrophage population in Fig. 2B. However, those monocytes (inset to Fig. 2B) that are in
the range of CCL2 move during the two days towards the hepatocyte damage region. After a
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period of time between 2 and 3 days, the infiltrated monocytes transform into macrophages
with Ly6C-low phenotype (Zigmond et al., 2014, Graubardt et al., 2017). They can phagocytose
the dead hepatocytes when they are at Ly6C-high phenotype. Once they adopted the Ly6C-low
phenotype, they can phagocytose or revert activated HSCs (Tacke and Zimmermann, 2014). The
Kupffer cell population drops in the first two days due to toxic damage (Ritz et al., 2018) (Fig.
2B), and recover from day 2 on. The recovered Kupffer cells can, as the Ly6C-low phenotype,
phagocytose the dead hepatocytes, as well as the ECM that has been deposited by activated
HSCs (after repeated administration of CCl; or APAP, ECM deposition becomes significant,
Ghallab et al., 2019).

This leads to a clearance of the lesion from dead hepatocytes, while it may still be populated
with activated HSCs and macrophages (Fig. 2B, day 2). Around day 1.5-2, hepatocytes outside of
the dead lesion start to enter S-phase to eventually replace the dead hepatocytes (Hoehme et
al., 2010). Sinusoids located in the lesion are among the prime candidates for HGF and EGF
secretion, which are both mitogens for hepatocytes (Michalopolous 2010, 2017). After about 3
days, macrophages begin to deactivate HSCs. At day 6, the lesion is closed by healthy
hepatocytes having replaced the removed (dead) hepatocytes (Fig. 2B). 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.
Infiltrating macrophages have already disappeared. The HSCs become deactivated, and both,
HSCs and Kupffer cells redistribute in the lobule (Fig. 2B), the latter accompanied and driven by
a change of fate from Ly6C-high phenotype to Ly6C-low phenotype (see details in STAR
METHODS).

In a next step, the spatial temporal distributions were quantified. For the lesion area and
hepatocyte density over time, for which we had quantitative experimental values (Hoehme et
al.,, 2010), the simulation results show a perfect agreement to the experimentally observed
values (Figs. 2C, D). In Hoehme et al., 2010, 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 experimental curve (S| to that reference). Referring to
the direct effect of NAPQJ, 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
Fig. 2C, different from the previous model that did not take into account the direct effect by
NAPQI-detoxification (Hoehme et al., 2010). Following the same line of argument, the
hepatocyte density maybe defined as the number of hepatocytes over the area of the lobule (as
in Hoehme et al., 2010) 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 Fig. 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., 1986, Wake, 2006, McDonald et al., 2010, Zigmond et al.,
2014) 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 infiltrating macrophages), and
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neutrophils, the lesion region was divided evenly into 6 sub-regions according to their distance
to the CV (Fig. 2E), and the number of each type of sinusoidal cell type in each sub-region was
counted over time. As shown in Fig. 2F (experimental: Fig. S1D), the number of activated HSCs
starts to rise after day 1, probably driven by TGFB, provided by activation of its latent form from
the ECM, and subsequently from de novo production by Kupffer cells. This parallels with
Kupffer cells beginning to eliminate the bodies of dead hepatocytes (Canbay et al., 2003). The
number of activated HSCs is highest in region I, which is located most 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, which induce cell death
and/or reversion to quiescence (Ritz et al., 2018, Fischer et al., 2002). NK (natural killer) and
NKT (natural killer T) cells also contribute to induce death of activated HSCs (Gao and Radaeva,
2013). At around day 6, there are no activated HSCs left in the lobule. As shown in Fig. 2G, the
number of macrophages in the pericentral area decreases before day 2, probably from toxic
damage upon phagocytosing the dead hepatocytes. After day 3, the Kupffer cell number quickly
rises again, due to repopulation of the pericentral area by 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
depletion of infiltrating macrophages (Zigmond et al., 2014). 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 Fig. 2H, the number of neutrophils rises quickly after day 0O,
attracted by a CXCL1 gradient and in order to deplete the injured hepatocytes. Recruited
neutrophils accumulate in region | and the number rises until day 1. Until day 3, the neutrophil
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 (probably happening
in vivo) in the network.

Alternative cell-cell interaction network models:

In a next step variations of the reference model (RM) were considered by individually modifying
the following five interactions of the reference network: (1) Infiltrating macrophages cannot
(RM: can; no. 22) eliminate the dead hepatocytes; (2) Infiltrating macrophages are not activated
by DAMPs (RM: are activated; no. 3); (3) HSCs are activated by another factor, besides TGFp,
which is produced by activated macrophages derived from infiltrating monocytes (RM: TGFp is
activating HSC, no. 21; we assumed that this factor has about the same diffusion constant as
TGFpB); (4) HSCs cannot attract Kupffer cells to migrate (RM: they do, no. 24); (5a) Infiltrating
macrophages deplete activated HSCs (Fig. S6A-S6E); (5b) 50% of activated HSCs are
depleted/50% are reverted (Fig. S6G) (RM: infiltrating macrophages revert activated HSCs to
guiescent phenotype, no. 19).
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Below, we refer to a model, in which the assumption (k; k=1, 2, 3, 4, 5) has been modified as
model. As shown in Fig. 3A, C, D, the alternative models (2) and (5) do not significantly alter the
result of the reference model 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. 3A displays a single simulation scenario, where dead hepatocytes are colored
in black. Fig. 3C shows the average over 4 runs with different random seeds. Among the
perturbations (1), (3) and (4), the area of the unhealed lesion is largest for model (1), probably
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 (Fig. S6H; matching with the RM). The importance of infiltrating macrophages in
clearing up the lesion is also indicated by the modification implemented as model (3), where
HSC activation is depleted (Fig. 3B and Fig. 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 (Fig. 3B, Fig. S4C, and Fig. S5B). Similar to model (3), in model (4)
the number of Kupffer cells in the lesion is much smaller than that in the reference case, hence
less TGFP is produced in the lesion resulting in decreased numbers of activated HSCs (Fig. 3B,
Fig. S4D, and Fig. S4C). 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
(Fig. 3A and Fig. S4C).
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Figure 3. Pattern of liver lobule regeneration resulting from alternative interactions. (A) The
regenerating lobule over time under reference and five alternative 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 towards 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 interactions.

We further tested a model simultaneously implementing assumptions (2) and (5), which did not
have significant impact on liver regeneration (Fig. 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 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 macrophages 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 repopulation of the liver to the
original healthy state (Kisseleva and Brenner, 2021).

In a next step, we test how far simulations of perturbation scenarios are suited to guide
experiments in a way to permit pinpointing differences 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 model and of variations that differ from the
reference model by one interaction, 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-1V), one of the four cell types
HSCs, Kupffer cells, infiltrating macrophages and neutrophils was depleted individually.

A further advantage of the model 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
below.

Perturbation I: The model predicts that depletion of HSCs results in an unhealed lesion

The depletion of HSCs (Fig. 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
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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 infiltrating macrophages to clean up dead hepatocytes. In addition, due to the
absence of HSCs, Kupffer cells do not migrate. 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, Fig. 3A). In general, 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.

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 (Stewart
et al., 2014).

Perturbation Il / lll: The model predicts that 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 Fig. 4A (scenario 2), after depletion of Kupffer cells, the necrotic lesion is only
marginally cleared up from dead hepatocytes. Due to the lack of Kupffer cells, there is a
reduced TGFp signal to fully activate HSCs, leading to qualitatively the same scenario as above
after depletion of HSCs. As Kupffer cells are totally missing, phagocytosis by Kupffer cells does
not take place, leaving even more dead hepatocytes in the lesion than in the previous case. We
further tested if HSCs can be activated even after 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 (scenario 3 in Fig. 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. 3A, scenario 1).
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Figure 4. Pattern of liver lobule regeneration upon depletion of different cell types in
the reference model (Fig. 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.
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Our prediction is consistent with a previous study of depleting infiltrating macrophages in acute
liver injury, which resulted in delayed tissue recovery (You et al., 2013).

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-
hours time point.

For this case (Fig. 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
one hour) after drug administration.

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

As shown in Fig. 4A, after simulation the depletion of neutrophils, there is neither a significant
effect on the generation of damage, 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 towards epithelial cells, to phagocytose the damaged
debris, and to induce cell death in HSC (Kisseleva and Brenner, 2021). This is in-line with ref.
(Krenkel and Tacke, 2014), 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 (Marques et al., 2012).

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 (Liu et al., 2006). 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 (Fig. S7). Here, we consider regeneration from
a necrotic lesion that has not been generated by cell-death due to the NAPQIl-pathway. The
NAPQl pathway is for example not activated in hepatocytes that lack Cytochrom-P-450
enzymes, as occurring during periportalization after repetitive administration of APAP (or CCly;
Ghallab et al., 2019), and another hepatotoxic insult 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 and macrophages. Here, we
could observe a protective effect against hepatotoxicity upon neutrophil depletion (Fig. 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.
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DISCUSSION

In our study, we developed a multi-level computational model of a virtual liver lobule that
integrates an intercellular network of major hepatic cells and takes into account cell-cell
communication based on selected published knowledge. We applied the model to simulate the
liver regeneration process after APAP-induced acute hepatotoxicity and tested documented
and hypothesized interactions between cells and signals. Furthermore, we made testable
predictions on perturbations that were already performed in previous experimental studies.

Our virtual liver twin illustrates that testing or perturbing the intercellular communication
between cells and signals allows exploring the mechanism 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 both mechanically and by chemical
signals. It permits to study alternative hypotheses and their consequences on the regeneration
process. A plausible candidate model implemented the following temporal events: (1) Injured
hepatocytes produce DAMPs and are killed via cell stress from APAP detoxification by NAPQ
(Fig. S2). Platelets in the lesion produce PDGF; (2) Moreover, 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, and migrate towards the gradient of PDGF; (3) activated non-
parenchymal cells (and damaged hepatocytes) produce CXCL1, while neutrophils migrate
towards the gradient of CXCL1 and induce death in injured hepatocytes; (4) Kupffer cells
migrate towards the cluster of HSCs; (5) Activated Kupffer cells produce TGFB to activate
another function of HSCs, namely the production of CCL2 to attract infiltrating macrophages
into the lesion. We assume that those HSCs are labelled 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 towards the lesion to
recover the lost hepatocytes, following a tug-of-war mechanism (Trepat et al., 2009; Hoehme
et. al., 2010; 2022); (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 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 virtual liver 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 as well as its interaction with other factors can be depleted completely, weakened or
amplified, and the consequence of this modification on the regeneration process and its final
outcome can be studied. This may be impossible in an in vivo experimental model due to
several reasons. Firstly, some modifications are technically not feasible or accompanied with
huge effort. Secondly, possible backup mechanisms may hide the effect of a given change such
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that the direct and indirect consequences are not detangled. Moreover, model simulations may
show that certain manipulations are likely not resulting in a significant change of outcome, and
therefore are not sufficiently informative to justify the effort of experimental realization,
especially in regard to the 3R for animal experimentation. On the other hand, differences in the
outcome of experiments and model simulations may indicate so far un-recognized mechanisms
that would remain hidden without such simulations of a reference situation.

To demonstrate opportunity and power provided by the virtual liver, we simulated a number of
perturbation experiments and presented their result as one of three possible basic scenarios, as
follows (Fig. 5).

Incomplete regeneration (Fig. 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 Fig. 3A), or are completely
depleted from the lobule (scenario 3 in Fig. 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 hours (Haecker et al., 2002) to 6 minutes (Fig.
S6H). The Kupffer cells are observed to engulf the dead hepatocytes (Canbay et al., 2003) while
the infiltrating macrophages are hypothesized to remove the dead hepatocytes in vivo in ref.
(Boulter et al., 2012). Our simulation (scenario 1 in Fig. 3) strongly support this hypothesis as
depleting the phagocytosis ability of infiltrating macrophage leads to incomplete regeneration.
However, one may argue that if the Kupffer cells have a sufficiently strong ability to phagocytize
dead cells, they might in principle clear the lesion alone. Our model permits to specify the
parameters under which this would be the case.

Seki et. al. (2007) observed in vitro that stimulated HSCs attract Kupffer cells to migrate towards
them. Within our model we could show the prospective effect of such a mechanism in vivo: by
depleting Kupffer cells or inhibiting Kupffer cells to migrate towards the concentrated HSCs in
the lesion, there are also uncleared dead hepatocytes remaining in the lesion (scenario 4 in Fig.
3A and scenario 2 in Fig. 4A), suggesting that the relation observed by Seki et. al. (2007) 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. l.e., the simulation indicates that in such a
case as for the in vitro-finding by Seki et. al. (2007) 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 model 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 Fig. 3A and scenario 1 in Fig. 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 (Fig. 5, yellow scenario): 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 (Krenkel and Tacke, 2014), while other studies indicated
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that the neutrophils can directly mediate hepatocyte death in APAP-induced liver injury
(Marques et al., 2012). We suggested that this might be due to the effect of NAPQI-induced cell
death in the recent study (Ghallab et al., 2019). The majority of hepatocytes in the lesion are
killed through NAPQI-induced detoxification. Therefore, the cell death induced by neutrophils
in APAP-induced liver injury is not very obvious in vivo (Krenkel and Tacke, 2014), but can be
observed in vitro (Marques et al., 2012). 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. S7A).
This is another example of how our model can be used to test if or/and within which parameter
ranges certain hypothesized mechanism have an observed effect.

No effect on lesion generation nor on regeneration (Fig. 5, black scenario): However, if NAPQI-
induced cell death is not affected, the depletion of neutrophils has no significant impact on liver
regeneration (scenario 4 in Fig. 4A). This result indicates that the neutrophil-induced cell death
is supplementary to the NAPQI-induced cell death. Even if the latter is disabled in the
simulation, the neutrophils can still kill the Cyp450 hepatocytes to generate room for the
dependent new proliferation generated hepatocytes. In addition, the repopulation of the
regenerated liver with quiescent HSCs, subsequent to (1) reversion of activated HSCs back to
the quiescent phenotype by macrophages, and (2) inducing cell death of activated HSCs by
macrophages or neutrophils, has no significant effect on the lesion regeneration (scenario 5 in
Fig. 3A). Furthermore, we also tested the case if HSCs are activated in the early stage (right
after the injury). As shown in Fig. S6G, when HSCs are activated first and migrate afterwards 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 virtual liver 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.

This may also include situations that can only by attained upon complex engineered
manipulations, e.g. to explore potential therapy or protection effects. The model 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 cuboidal hepatocyte model
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may be replaced by a cell model at higher spatial resolution (Van Liedekerke et al., 2019, 2020).
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Figure 5. Summary of the construction and application of the virtual liver twin to study liver
regeneration after acute damage.

Limitations of the study: 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 underlying
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 parameters / 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 iterative procedure — identification of critical
parameters and / or mechanisms by the model simulation — then experimental testing — then
re-calibration of the digital liver twin model, will ultimately lead to a full quantitative digital
twin model of liver generation.

In summary, we show the potential of our in-silico liver to successfully simulate liver physiology,
and therewith present a promising strategy towards a full digital liver twin, that permits to test
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perturbations from the molecular up to cell, tissue and body scales. We are not expecting it to
replace experiments, but guiding towards the most informative experiments by identifying gaps
in mechanistic knowledge. Such a liver twin is a key milestone 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.

MATERIALS & METHODS
EXPERIMENTAL METHOD
Induction of acute liver injury by acetaminophen

Acetaminophen (APAP)-induced acute liver injury was done in 10-week-old, male C57BL6/n
mice (Janvier Labs, France), as previously described (Holland et al., 2022). Briefly, a dose of 300
mg/kg APAP was administered intraperitoneally into overnight fasted mice. Liver tissue samples
were collected time-dependently, as indicated in the results section, and were processed for
immunohistochemistry, as previously described (Campos et al., 2020, Gianmoena et al., 2021).
All experiments were approved by the local animal welfare committee (LANUV, North Rhine-
Westphalia, Germany, application number: 84-02.04.2016.A279).

Immunohistochemistry

Immunostaining of macrophages and activated hepatic stellate cells was performed in 4 pm-
thick paraffine-embedded liver tissue sections using an autostainer (Discovery Ultra Automated
Slide Preparation System, Roche, Germany), as previously described (Schneider et al., 2021).
The used antibodies and the staining conditions are summarized in the key resources table.

COMPUTATIONAL MODEL AND METHOD DETAILS
Agent-based modeling of cells and elements

To capture their approximate shape, hepatocytes, macrophages, and neutrophils are
approximated as spheres within a "center-based model"(CBM)-approach, which mimics the
forces between cells as forces between their centers (Van Liedekerke et. al. 2015). 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 data sets stained for
endothelial cells (e.g., by CD31) (e.g. Rohrschneider et al., 2007). During each time step At, the
velocity ¥; of each sphere i is calculated according to one Langevin equation (an overdamped
stochastic equation) of motion . The new position of i is then updated to p;(t) + v;(t)At,
where p;(t) is the position of i at time t. Since HSCs, macrophages and neutrophils are either
all located inside, wrap around, or migrate along sinusoids, we assume that they always remain
in contact with a sinusoid edge (for HSC, the core body is sticking on the sinusoid edge).
Therefore, the vector ¥;At for one HSC, macrophage, or neutrophil i is projected onto the line
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of sinusoid edge to which i is in contact with. The position of i is then updated as p; + &;(V;At -
€;), where ¢; 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:

Teemi¥i + 21 (0i — ¥;) = X Fij + Fmigis (1)

where I'gcp ; is the friction coefficient with the extracellular matrix (ECM, which is not explicitly
modeled in this study), I; ; = v, (6;;®8;;) + v, (I — &;;®8é;;) is the friction tensor between cell
i and the sphere j of other cell type (e.g. hepatocyte j) or sinusoid sphere, and §ij is the unit

vector from i towards j, F;; is the corresponding central repulsion/adhesion interaction force,

ij
Fmig,i is an (active) migration force of cell i. The central force is computed by (Popov, 2010):

F.o= (3R[ a(d;)]’ J8naE [a(di)]?)é;;, (2)
where the contact radius a(d;;) allows to compute hepatocyte-hepatocyte contact area, and

R

2 ~ ~ ~ _y2  1-v?
can be obtained by d;; == - /2%‘7 E and R are defined as E=(%+E_1-/j)_l and
i j

R = (i + i)_1, with E; and E; being the Young’s moduli, v; and v; the Poisson ratios, and R;
R; Rj J J

and R; the radii of i and j. The migration force is computed by ﬁ'ml-g,l- = fuir€i + /ZFECM,L-ZDi :

1, where f4;, is one constant force magnitude, é; is the unit vector from i towards the central
vein, D; is the diffusion constant of i, 7j; is an uncorrelated noise term with amplitude
MNin(ONjm(t')) = 6;j6mnd(t — t'), t is the time for the current step, t’ is the time for the last
step, and m,n € (x, y, z) denote the coordinates (see more details in Hoehme et. al., 2010).

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:

ToeniBi + X0 j(Bi = 3)) = 2 Fij + Friga (3)

where [zcp,; is the friction coefficient with the extracellular matrix, I} ; is the friction tensor
between i and j (same as Eqgn. 1), ﬁij is the corresponding central repulsion/adhesion

interaction force, ﬁmig,i is the migration force to drive i to migrate. The interaction force in Egn.
(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.
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Equation of motion for HSCs. The core body of HSCs is modelled as one 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 one HSC i (Fig. S1C) is updated by solving the following equation of motion:

Teem iV + 200 (%i — V) = 2 Fij + Frigi + 2k Feraines (4)

where Ty, is the friction coefficient with ECM, I ; is the friction tensor between i and
another cell or element j (same as Eqgn. 1), ﬁij is the interaction force between i and another
cell or element j (same as Eqn. 2). ﬁela,ik represents elastic force between the head sphere of i
and its connected arm spheres k (see definition in Fig. S1C). ﬁmig,i is the migration force to

drive i to migrate. The equation of motion for an arm sphere i’ of HSC i (blue sphere in Fig.
S1C) is approximated by:

Toemit Vit = 2 Ferai'i’s (4b)

where k' denote the connected spheres of arm sphere i’. The arms were 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 was neglected.

Equation of motion for sinusoids. Sinusoids are modeled as semi-flexible spheres (Hoehme et
al., 2010). For one sinusoid sphere i, the position of i is updated by solving the following
eqguation of motion:

Teem, iV = X (Ty,seWij — & (Wi - €i)) + Fij) + (s (Wi — i Wi - 1)) + Fire) + Fi o1,

(5)

where I'gcp ; is the friction coefficient with environment, I} g denotes the friction between
sinusoid sphere i and its interacting sphere, for example hepatocyte j, Wij = 13]- — v; is the
difference of velocity between i and j, €;; is the unit direction vector from i towards j, ﬁij is the
interaction force between i and j (same as Eqn. 2), [} ss¢ denotes the friction between two
sinusoid spheres i and k, w;, = U, — 7; is the difference of velocity between i and k, €;;, is the
unit direction vector from i towards k, ﬁik is the interaction force between i and k, ﬁi,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 type of cell. The dynamic of
signal i released by cell j is governed by a partial differential equation (PDE):

Wi _ YD) + 51Ty 5(x— X)) — Vi, (6)

where ¢; is the density of i, D; is the diffusion coefficient of i, s; is the production rate of i, x;
denotes the position of cell j, which produces i, y; is the decay rate of i. The center of mass of
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cell j is set as the origin of the source. The simulation domain (1 is set as a box large enough to
contain the entire lobule. The diffusion process of i inside Q is assumed to be isotropic and
homogenous. We assume Dirichlet boundary condition ¢;(x) = 0 for x € 9Q.

The cubic system to approximate the signal gradient. We used a simple cubic system to
approximate the concentration of all signals. The entire lobule is located in a big cube which is
divided into N3 small element cubes (Fig. S1A, N is number of element cubes on each axis). The

concentration of signal [ at cube i, j, k at time ¢ is denoted as clt:l-‘j‘k. After the time lapse of At,

the concentration is denoted as cff’ﬁ Then the solution of Eqn. 6 can be explicitly

approximated as:

t+At t
Ciijk — Clijk

At

¢ ¢ ¢ ¢ t t ¢ ¢ ¢
D ClLi—1,j,k~2CLi jk T Cli+1,j k n ClLij—1,k~2CLi j kT Cli j+1.k n ClLi,j k—1"2CLi, j kT CLi j k+1 +s —ypct. .
! A2 Ay2 Ag2 1~ YiCrij ko

where Dy, s;, ¥; are the diffusion coefficient, production rate, and decay rate of L. Since we use
the cube as finite element, Ax, Ay, Az are the same as the width of the element cube. To verify
our cubic system, we tested one simple example of placing one injured hepatocyte which
produces DAMP in the center of the system. Then we solve Eqn. 6 by using our method and the
software deal.ll (Arndt et al., 2021) for the numerical solution. As shown in Fig. S1B, our
method can get a relatively good approximation of the solution. (We did not use deal.ll directly
as it turned out to be too slow.)

Diffusion rate. In our model, the diffusion rate of one molecule is scaled approximately as the
inverse of the cube root of the molecular weight following Goodhill, 1997. We take the

diffusion rate of TGFB, Drgpp as reference, the diffusion rate D; molecule i is then
WTGFB)1/3
wi

approximated as D; = Drgpp( , Where wrgpp is the molecular weight of TGFB, w; is

the molecular weight of i. The diffusion rates of all molecular signals in our model 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., 2014, De Donat et al., 2008, Gouwy et al., 2009, Jube et
al., 2012, Sieber et al., 2018). In our model, the concentration unit of molecule is assumed to be
1 which equals to 5 ng/ml. The production rate s; of molecular i is arbitrarily fixed as 0.1.

Decay rate. In our model, the decay rate y; of molecule i is approximated according to its half-
life time: y; =1In2 /T;/,, where T; 1, is the half-life time of molecule i. The decay rate of all

molecular signals in our model is listed in Table S1.
Scenario of lobule regeneration

In our model, the cell behaviors are regulated by certain type of signals. Different types of cells
communicated with each other by responding to specific signals and collaborated to achieve
the clearance of necrotic region and recovery from the toxin-induced injury.
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Behaviors of hepatocytes. We assume that the hepatocytes within 164 um (the lobule lesion
size due to CCls-induced injury is taken from Hoehme et al., 2010) from the central vein of the
lobule are CCls-induced injured cells. In our model, they are marked as injured hepatocytes,
which can synthesize DAMPs (Li et al., 2020, Calderwood et al., 2016) to activate, among
others, Kupffer cells and infiltrating macrophages (Martin-Murphy et al., 2010, Mihm, 2018).
Activated Kupffer cells and activated HSCs can produce CXCL1 to attract neutrophils to migrate
into the lesion area (Marra and Tacke, 2014), and CCL2 to attract infiltrating macrophages.

We have observed that the majority of the hepatocytes are dead 2 hours 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
(Marques et al., 2012). In our model, we assigned random waiting times for each injured
hepatocyte i according to one Gamma distribution %['(a = 5, f = 5). After the waiting time is
up, i is marked as dead (necrotic) hepatocyte. The choice of « is because the necrotic pathway
triggered for hepatocytes due to ALl (acetaminophen-induced liver injury) involves about 5
reactions (Dichamp et al., manuscript in preparation) and the choice of § is to fit the data that
almost all hepatocytes are dead 2 hours after the administration of APAP. In addition to APAP,
neutrophils can also induce necrosis of hepatocytes. For any injured hepatocyte i, if its distance
with one neutrophil j satisfies d;; <1; +1j, it is then marked as dead (necrotic) hepatocyte
(neutrophil can evoke the necrosis of a hepatocyte, Marra and Tacke, 2014). We assumed that
for any dead hepatocyte i enduring for more than 24 hours, it then can be eliminated by
macrophages (it takes roughly 24 hours for a dying cell to lose its membrane integrity and
collapse into fragments, Maruyama et al., 2001). Since it usually takes 2-4 hours for one
macrophage to engulf and degrade foreign objects such as dead cell bodies (Haecker et al.,
2002), we simulate the degradation process of one dead body of hepatocyte i if it gets contact
with one Kupffer cell or infiltrating macrophage j with Ly6C-high phenotype, such that the
distance between them satisfies d;; < 1; +1j, [ is removed from the model system, 3 hours
after the contact.

Behaviors of Kupffer cells. We assume that for one Kupffer cell i, if its local concentration of
DAMP, ¢pamp, is higher than a threshold ¢payp activate, © is activated and can synthesize
TGFB, CXCL1, CCL2, and PDGF (Pinzani et al., 1994, De Bleser et al., 1997, Marra and Tacke,
2014, Krenkel et al., 2014). A previous study has reported that due to its highly stationary
behavior, Kupffer cells "are not suited" to migrate to the injury site (Ju and Tacke, 2016), but
the presence of HSCs does promote the migration of Kupffer cells towards HSCs (Seki et al.,
2007). We assume that one activated Kupffer cell i can migrate towards one activated HSC j if
the distance between them satisfies d;; < 1; + 17 + lysc pranch, Where lysc prancn is the length

. . d _ €ij
of the HSC branch. A migration force Fyigi = fmig,i m'fmig,i~N(Fmig,KC,meanr Frig kc,sa) ON

[ is then added to the equation of motion of cell i, where 51-1- is the orientation unit vector from
[ t0 j, Frigrcmean aNd Frpigkcsa are the mean and standard deviation 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 (Ju and Tacke, 2016), we arbitrarily
set a low migration speed for them. We also tested higher and even lower migration speed of
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Kupffer cells in Fig. S3) as Fmig,KC,mean = l—‘ECM,KCUKC,meanr Fmig,KC,sd = l—‘ECM,KCvKC,sd (see
value of V¢ mean and Vkc sq in Table S1). Since dead hepatocytes can be engulfed by Kupffer
cells (Canbay et al., 2003) and the phagocytosis ability of macrophages is decreased by 50%
after it uptakes dead cells (Erwig et al., 1999), we assigned one phagocytosis probability ppnag,i
for each activated Kupffer cell i, where py,pq4, is initiated as 1. If the distance between i and
one dead hepatocyte j satisfies d;; < r; + 13, and one random number sampled from uniform
distribution U(0,1) is less than pypqg,i, then i stops moving and remains with hepatocyte j for
3 hours to engulf and degrade the dead hepatocyte. pppqg,; 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 hours, 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 one Kupffer cell is no longer than about 4 days, as reported in Naito et al., 2004, 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 to migrate (Melton and Yee, 2007,
Yang et al., 2003). We assume that for one HSC i, if its local concentration of PDGF, ¢ppgr; is
higher than a threshold ®pDGFmigrates a migration force

o _ Vépper,i . . :
Fnigi = fmig,i ”V¢PDGFi”:fmig,i"’N(Fmig,HSC,mean' Fmig,HSC,sd) is then applied on i, where

Finiguscmean @and Fpignscsa are the mean and standard deviation of migration force
magnitude approximated from the mean and standard deviation of migration speed of HSC
(Tangkijvanich et al., 2001) as Fnig ascmean = TecM HSCVHSCmean:
Frignsc,sa = TecmpscVusc,sa (see value of Vysemean, Vhscsa in table S1). Every HSC is
initiated as in quiescent mode. TGFPB has been reported to activate HSCs, but it was also
suggested that it is not TGFB but one factor produced by infiltrating macrophages that activates
HSCs (Imamura et al., 2005). Here we assume two alternative mechanisms for HSC activation.
One is that HSCs are activated by TGFB produced by Kupffer cells. If the local concentration of
TGFB, ¢rgrp,i at HSC i is higher than a threshold ¢7¢rg activate, € is activated into the activated
mode; the other is that HSCs are activated by one factor produced by infiltrating macrophages
(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 concentration of this factor, ¢racror; at HSC i is higher than the
threshold ¢7¢rp activate, U is activated into activated mode. Upon activation, HSCs can
synthesize CXCL1 and CCL2 (Kisseleva and Brenner, 2007, Baeck et al., 2012). HSCs remain
activated even if TGFB falls below the threshold again. As reported before, activated HSCs are
phagocytosed by Ly6C-low phenotype infiltrating macrophages in the later stage of liver
regeneration (Tacker and Zimmermann, 2014) (mechanism 1). In addition to phagocytosis, we
assumed 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

......

r-=a

d;j <1+ 7%} it is eliminatedj%iunder mechanism 1) or reverted to quiescent mode again
under mechanism 2). To keep the same density of HSCs after liver regeneration, we assumed

-----
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Behaviors of infiltrating macrophages. DAMPs are suggested to activate macrophages (Mihm
2018). We assume that for one infiltrating macrophage i, if its local concentration of DAMP,
®pamp,i is higher than a threshold ¢payp activate, I is activated and can synthesize CCL2, and
PDGF (Baeck et al., 2012, Pinzani et al., 1994). During liver regeneration, macrophages infiltrate
into the liver following the chemoattract of CCL2 (Baeck et al., 2012). We assume that for one
infiltrating macrophage i, if its local concentration of CCL2, ¢¢.,; is higher than a threshold

. . = _ Vccro,i .
¢CCL2,migrater a migration force Fmig,i - fmig,i”VTCLZZ”'fmig,iNN(Fmig,IM,mean' Fmig,IM,sd) IS

then applied on i, where Fp,ig immean @and Fpig v sa are the mean and standard deviation of
the migration force magnitude, approximated from the mean and standard deviation of
migration speed of infiltrating macrophages (Grabher et al., 2007) as Fpigimmean =

TeemimVimmeans Fmigimsa = Tecm,imVim,sa (s€€ value of Vi mean, Vimsa in Table S1). Each
infiltrating macrophage is initiated as Ly6C-high phenotype, which is responsible of degrading
necrotic cells (Tacke and Zimmermann, 2014). After a certain duration it transforms into Ly6C-
low phenotype, which is responsible of anti-fibrosis (Ramachandran et al.,, 2012, Tacke and
Zimmermann, 2014). If the distance between one infiltrating macrophage i in Ly6C-high
phenotype and one dead hepatocyte j satisfies d;; <1; +1j, j is removed 3 hours later to
mimic the process of engulfment and degradation of apoptotic hepatocytes (Boulter et al.,
2012). There is also the same phagocytose probability ppp.g,; assigned to i to mimic the
decreased phagocytosis ability of the macrophage (Erwig et al., 1999). If the distance between
one infiltrating macrophage i in Ly6C-low phenotype and one activated HSC j satisfies
d;; <1; + 1, and one random number sampled from U(0,1) is less than pypqg., j is removed
or reverted to quiescent mode under mechanisms 1) and 2) of the fate of activated HSC,
respectively. If mechanism 1) is used, pprag,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 (Zigmond et al., 2014,
Graubardt et al.,, 2017). The transforming time from Ly6C-high phenotype to Ly6C-low
phenotype is chosen as 72 hours according to the observation from Zigmond et al., 2014 (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. 2 of Dragomir et al., 2012). Hence, at
day 2 after the injury, F4/80 staining shows only the Ly6C-low phenotype, which are the KCs
(Fig. 1A). The lifetime of one 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.,
2014, 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 evenly during the first 24 hours. The initial position of one infiltrating macrophage is
randomly sampled inside the lobule but outside of the lesion (164 um 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
(De Filippo et al., 2013). We assume that for one neutrophil i, if its local concentration of

CXCL1, ¢cxcra,i is higher than a threshold ¢cxcr1migraces @ mMigration force ﬁmig’i=
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fmig,i :fmig,i~N(Fmig,Neutrophil,mean'Fmig,Neutrophil,sd) is then app“ed on i,
|

IVpcxcrail
Frig neutrophitmean aNA Frig neutrophitsa are the mean and standard deviation of the

migration force magnitude, approximated from the mean and standard deviation of migration
speed of neutrophils (Marques et al., 2014) as
Fmig,Neutrophil,mean = I‘ECM,N.eutrophilVNeutrophil,meanr

Fmig,Neutrophil,sd = l—‘ECM,NeutrophilvNeutrophil,sd (See value of vNeutrophil,mean: vNeutrophil,sd in
Table S1). If its distance with one injured hepatocyte j satisfies d;; < r; + 7;, j is then marked as
a dead (necrotic) hepatocyte (neutrophils induce the necrosis of hepatocytes during acute liver
injury, Ramaiah and Jaeschke, 2007). The lifetime of one neutrophil in the system is set to be 48
hours (Graubardt et al., 2017). Neutrophils are added into the lobule system evenly 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 um away from the central
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 (Meyer et al., 2015,
Nowatari et al., 2014). In our model, platelets are not explicitly modeled. The sinusoid spheres
within the lesion (< 164 um away from the central vein) are considered as endothelium
adherent with platelets, which are an additional source of PDGF. The presence of platelet-
adherent sinusoid spheres lasts until day 2 (the count of platelets resumes to normal after day
2, as reported in Stravitz et al., 2017). 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 proliferation pattern extracted from experimental data
on all healthy hepatocytes in the liver according to its location and time (Hoehme et al., 2010).

Dynamic of signals. In our model, 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 activated Kupffer cells and activated HSCs; PDGF is synthesized by platelet-
adherent sinusoids and Kupffer cells. There is also one factor synthesized by activated
infiltrating macrophages. We assume that this factor takes the same diffusion coefficient and
decay rate as TGFB. The simulated sensitivity test of the concentration of each signal to
regulate the behavior of a certain cell type is shown in Fig. 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 (Canbay et al.,
2003).
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Figure S1. The cubic system to simulate the signal gradient and the staining of HSCs before
day 2. (A) A cubic system is used to approximate the solution of PDE regarding a signal gradient
in the lobule. (B) Comparison of the approximated solution of the concentration of a DAMP
released by one hepatocyte with the corresponding analytic solution by using software deal.ll
(Arndt et al., 2021). (C) HSC number i is modeled as one head sphere (red) connected with
several arms (in the simulation, 5 arms are used while in C only 2 arms are represented for
simplicity) represented as chains of spheres (blue). There are elastic forces between every
sphere and its connected neighboring spheres. Then elastic force on i’ from k' is defined as

-

Foairk' = &1 ALy EyscTRE s arm/Lirk’, where  Eyge is the Young’s modulus of HSC,
Ryscarm is the radius of the arm spheres (we assume it is 1/3 of the radius of head sphere of
HSC), L;1; is the equilibrium length of i'k’, AL;1,,/ is the deviation from L;r,, €;7,+ is unit vector
from i’ to k'. In the interaction with other cell types, only the head sphere of i (red) is
considered. (D) The staining of all types of HSCs (Desmin) and activated HSCs (aSMA).
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Figure S2. Time course of the interaction processes in the reference state. (A-C) About 1 hour
after drug administration: Injured hepatocytes secret DAMPs to activate Kupffer cells, which
secret CXCL1, CCL2 and TGFB. Platelets secret PDGF and CCL2. HSCs are attracted by PDGF.
From activation on, the Kupffer cell population decreases until day 2 due to the cell death,
before it recovers again. (D) About 2 hours after APAP administration, neutrophils are attracted
by CXCL1 to induce the death of injured hepatocytes. Kupffer cells migrate towards HSCs. (E-G)
Around 1 day after APAP administration, HSCs are activated by TGFB and secret CCL2 and
CXCL1. Infiltrating macrophages are attracted by CCL2 and activated by DAMPs. Both,
infiltrating macrophages and Kupffer cells phagocytose dead hepatocytes. (H) Around 1.5 days
after APAP administration, healthy hepatocytes surrounding the necrotic region proliferate and
migrate to recover the lesion. () Around 3 days after APAP administration, infiltrating
macrophages switched from Ly6C-high to Ly6C-low phenotype and revert/remove activated
HSCs.
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Figure S3. Sensitivity test of the impact of signal concentrations on liver regeneration.
Concentration of different signals: (A) CCL2: attract the infiltration of macrophages. (B) CXCL1:
attract neutrophils. (C) DAMP: attracts Kupffer cells. (D) DAMP: activates Kupffer cells. (E)
PDGF: attracts HSCs. (F) TGFB: activates HSCs. (G) Migration speed of Kupffer cells. (H)
Elimination duration of macrophages.
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Figure S4. Number of macrophages and activated HSCs during liver regeneration under
different perturbed interactions. (A) lllustration of five perturbed interactions. “IMs eliminate
hepatocytes: no” corresponds to the perturbation that infiltrating macrophages cannot
eliminate dead hepatocytes; “DAMPs activate IMs: no” corresponds to the perturbation that
DAMPs cannot activate infiltrating macrophages; “TGFb activates HSCs: no” corresponds to the
perturbation that a factor produced by infiltrating macrophages rather than TGFB activates
HSCs; “KCs migrate to HSCs: no” corresponds to the perturbation that Kupffer cells cannot
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migrate towards HSCs; “IMs eliminate aHSCs” corresponds to the perturbation that infiltrating
macrophages eliminate the activated HSCs rather than switch them back to the quiescent
phenotype. (B) Spatial distribution of activated HSCs and macrophages in the lobule, measured
by counting the corresponding number in six regions according to its distance to the central
vein. (C and D) Number of macrophages and activated HSCs in each region over time under five
perturbed interactions. Absolute numbers are estimated from the corresponding cell densities
taken from literature (Wake, 2006 & Bouwens et al., 1986), which might not match with the
real cell number in the lobule.
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Figure S5. Molecular expression levels of signaling molecules in the reference state and five
perturbed cases. (A) lllustration of five perturbed interactions. (B) The local level of CCL2 at
macrophages. (C) The local level of TGF( at HSCs.
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Figure S6. Network integrating possible and interpreted interactions. Network where (A)
infiltrating macrophages do not eliminate the dead hepatocytes; (B) DAMPs do not activate the
infiltrating macrophages; (C) one factor released by infiltrating macrophages (not TGFp)
activates the HSCs; (D) KCs do not migrate towards the HSCs; (E) infiltrating macrophages
eliminate the activated HSCs, are presented. (F) Simulations using the network that integrates
the two interactions that “DAMPs do not activate the infiltrating macrophages” and “infiltrating
macrophages eliminate the activated HSCs”. Snapshots of the different cell types at days 2 & 6
are shown. (G) The corresponding curves of lesion area and hepatocytes density are displayed.
(H) For the interaction “infiltrating macrophages do not eliminate the dead hepatocytes”,
different phagocytosis capacities of the Kupffer cells (elimination duration time) are tested:
lesion area and hepatocytes density are displayed.
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Figure S7. Pattern of regeneration in the liver lobule after abrogating NAPQI and depleting
different cell types of. Here, a hypothetical case of regeneration from a necrotic lesion is
considered that has been alternatively generated by cell-death triggered independent of the
NAPQl-pathway. (A) The regenerating lobule over time of the reference state and upon
individual depletion of four sinusoidal cell types: (1) Depletion of HSCs; (2) depletion of Kupffer
cells; (3) depletion of infiltrating macrophages; (4) depletion of neutrophils. For hepatocytes,
white represents the healthy ones, black represents the dead ones. For HSCs, white represents
the quiescent ones, red represents the activated ones. (B and C) Lesion area and hepatocytes
density over time in the reference state and upon individual depletion of different cell types.
Upon depletion of HSCs, due to the decreased CXCL1 levels, the number of neutrophils
infiltrating into the lesion is reduced, leading to generally reduced numbers of neutrophils,
Kupffer cells, and infiltrating macrophages in the lesion. As consequence, a large number of
dead hepatocytes remains uncleared in the lobule. Depletion of Kupffer cells leads to a non-
necrotic lesion in the lobule. Due to the lack of Kupffer cells, therefore reduced TGFp signal to
trigger the activation of HSCs regarding the secretion of CXCL1, consequently, lower levels of
CXCL1 production, reduced neutrophil attraction and diminished hepatocyte injury. The
depletion of infiltrating macrophages does almost not affect the size of the necrotic lesion, but
only reduces its clearance from dead hepatocytes. After the depletion of neutrophils (Fig. S7A,
scenario 4), since neutrophils are responsible to kill injured hepatocytes, all injured hepatocytes
in the lesion remain non-necrotic if neutrophils are depleted. Therefore, the lesion area
remains to be zero.
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Figure S8. Pattern of liver regeneration with constant numbers of Kupffer cells. (A) The
regenerating lobule over time in the reference state and with assuming a constant number of
Kupffer cells. (B) Dead cells area over time. (C) Hepatocytes density over time.

Table S1. List of parameters used in the study, related to Figure 1.

Parameter Description Value Reference

THep Hepatocyte radius ~10.7 um Estimated from data
Tsin Sinusoid radius ~2.1 pm Estimated from data
Tusc HSC nucleus radius (head sphere of HSC) ~2 um Wake, 2006

lysc brancn HSC branch length ~12 um Wake, 2006
Txc Kupffer cell radius ~4 um Gardin et al., 1992
Tim Infiltrating macrophage radius ~6 um Shi et al.,, 2011

TNeutrophil Neutrophil radius ~4 um Herant et al., 2005
Kyep Young’s modulus of hepatocyte ~450 Pa Hoehme et al., 2010
Kgin Young’s modulus of sinusoid ~600 Pa Hoehme et al., 2010
Kysc Young’s modulus of HSC ~700 Pa Estimated from fibroblast,

Yang et al., 2012

Kyc Young’'s modulus of Kupffer cell ~3100 Pa Rotsch et al., 1997
Ky Young’s modulus of infiltrating macrophage ~1400 Pa Estimated from immune
macrophage, Bufi et al.,
2015
Kneutropnit Young’s modulus of neutrophil ~1500 Pa Leeetal., 2011
v Poisson ratio of all cell types 0.4 Hoehme et al., 2010
NA Cell cycle time of hepatocyte 24 hours Hoehme et al., 2010
Tecm cent Cell-medium friction (all cell types except HSC) 10® Ns/m® Estimated
Tecm usc HSC-medium friction 10" Ns/m’ Estimated
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Uyser Diss Yo7 Friction between all cell types including sinusoids 10® Ns/m® Estimated
Denygc HSC density in the liver ~1/70 um of the Wake, 2006
sinusoid
Deng Kupffer cell density in the liver ~2x10*/mm? Bouwens et al., 1986
Den;y Infiltrating macrophage density in the liver ~2xDengc Estimated from Zigmond et
al., 2014
Denyeutropnit Neutrophil density in the liver ~1.9x10°/um’ of the McDonald et al., 2010
lesion
SPHSCmean Mean of migration speed of HSC ~2.1 um/hour Tangkijvanich et al., 2001
SPHSC.SD SD of migration speed of HSC ~0.1 um/hour Tangkijvanich et al., 2001
SPKCmean Mean of migration speed of Kupffer cell ~0.04 um/min Based on Ju and Tacke, 2016
SPkc,sp SD of migration speed of Kupffer cell ~0.01 um/min Based on Ju and Tacke, 2016
SPIMmean Mean of migration speed of infiltrating ~5 um/min Grabher et al., 2007
macrophage
SPim,sp SD of migration speed of infiltrating macrophage ~1.8 um/min Grabher et al., 2007

SpNeutrophil,mean

Mean of migration speed of neutrophil

~0.12 um/second

McDonald et al., 2010

SpNeutrophil,SD

SD of migration speed of neutrophil

~0.02 um/second

McDonald et al., 2010

Drgrp Diffusion rate of TGFB, estimated from its 2.6x10™" m*/s Murphy et al., 2012
molecular weight, 25 kDa

Dpamp Diffusion rate of DAMP, estimated from its 2.5x10" m?%/s Davies et al., 2018
molecular weight, 28 kDa

De¢crz Diffusion rate of CCL2, estimated from its 3.3x10™™ m?/s Van Coillie et al., 1999
molecular weight, 13 kDa

Dpper Diffusion rate of PDGF, estimated from its 2.4x10" m?%/s Soyombo and DiCorleto,
molecular weight, 30 kDa 1994

Dexer Diffusion rate of CXCL1, estimated from its 2.8x10™ mz/s Amiri and Richmond, 2003

molecular weight, 21 kDa
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5.8x107% /s

YTGFB Decay rate of TGFB, estimated from its half-life, Wakefield et al., 1990
120s
YDAMP Decay rate of DAMP, estimated from its half-life, 5.7x10" /s Zandarashvili et al., 2013
1000 s
YccL2 Decay rate of CCL2, estimated from its half-life, 5.8x10" /s Berchiche et al., 2011
1200s
YPDGF Decay rate of PDGF, estimated from its half-life, 1.1x10° /s Waltenberger et al., 1992
600 s
Yexci Decay rate of CXCL1, estimated from its half-life, 7.7x10" /s Sun et al., 2011
900 s
Ppampmigrate Concentration of DAMP to trigger Kupffer cell to 5.5 Estimated
migrate
Ppamp,activate Concentration of DAMP to activate Kupffer cell 11.5 Estimated
DppGFmigrate Concentration of PDGF to trigger HSC to migrate 1.2 Estimated
D16rp activate Concentration of TGFp to activate quiescent HSC 1.0 Estimated
bcxcrimigrate Concentration of CXCL1 to trigger neutrophil to 2.0 Estimated
migrate
bccrzmigrate Concentration of CCL2 to trigger infiltrating 1.2 Estimated
macrophage to migrate
NA Fraction of dying Kupffer cells ~5/6 Estimated from Graubardt
etal., 2017
tLyechighyeclow Transforming time from Ly6C-high phenotype to ~72 hours Estimated from Zigmond et
Ly6C-low phenotype for macrophages al., 2014
telimination Engulfment and elimination duration of ~3 hours Estimated from Haecker et
macrophages al., 2002
timiife Lifetime of infiltrating macrophages ~4 days Estimated from Zigmond et
al., 2014
tNeutrophillife Lifetime of neutrophils ~48 hours Graudardt et al., 2017

The concentration unit of molecules: 1 equals to 5 ng/ml.
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Table S2. Reference of each arrow in Figure 1B, related to Figure 1.

Label Reference Function Type | Prob.

1 Li et al., 2020, Calderwood et al., Injured and dead hepatocytes produce DAMPs p 1
2016

2 Martin-Murphy et al., 2010 DAMPs activate Kupffer cells + 1

3 Mihm, 2018 DAMPs activate infiltrating macrophages + 2

4 Canbay et al., 2003 Kupffer cells engulf dead hepatocytes - 1

5—7 Pinzani et al., 1994 Platelets, active Kupffer cells and infiltrating p 1

macrophages produce PDGF

8 Melton and Yee, 2007, Yang et al., PDGF attracts HSCs to migrate + 1
2003

9 Krenkel et al., 2014 Active Kupffer cells produce CCL2 p 1

10—12 Baeck et al., 2012 Platelets, active HSCs and infiltrating macrophages p 1

produce CCL2

13 Baeck et al., 2012 CCL2 attracts infiltrating macrophages to migrate + 1

14 Marra and Tacke, 2014 Active Kupffer cells produce CXCL1 p 1

15 Kisseleva and Brenner, 2007 Active HSCs produce CXCL1 p 1

16 Marra and Tacke, 2014 CXCL1 attracts neutrophils to migrate + 1

17 Marra and Tacke, 2014 Neutrophils induce necrosis of hepatocytes - 1

18 Imamura et al., 2005 Infiltrating macrophages activate HSCs + 2

19.a Tacke and Zimmermann, 2014 Infiltrating macrophages eliminate active HSCs - 1

19.b Kisseleva et al., 2012 & Troeger et Infiltrating macrophages revert active HSCs to - 2
al., 2012 quiescent phenotype

20 De Bleser et al., 1997 Active Kupffer cells produce TGFB p 1

21 Cai et al., 2018, Imamura et al., TGFp activates HSCs + 2

59




2005
22 Boulter et al., 2012 Infiltrating macrophages eliminate dead hepatocytes - 2
23 Meyer et al., 2015 Platelets promote proliferation of hepatocytes + 1
24 Seki et al., 2007 Active HSCs attract Kupffer cells to migrate + 2

o, n

1531  Type: “p” indicates production; “+” indicates positive effect;

oo

indicates negative effect.

1532  Prob.: “1” indicates highly probable with direct experimental support; “2” indicates probable
1533  with indirect experimental support.



