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ABSTRACT: Drug-induced liver injury (DILI) remains an adverse event of significant concern for drug development and marketed drugs,

and the field would benefit from better tools to identify liver liabilities early in development and/or to mitigate potential DILI risk in otherwise
promising drugs. DILIsym software takes a quantitative systems toxicology approach to represent DILI in pre-clinical species and in humans
for the mechanistic investigation of liver toxicity. In addition to multiple intrinsic mechanisms of hepatocyte toxicity (ie, oxidative stress, bile acid
accumulation, mitochondrial dysfunction), DILIsym includes the interaction between hepatocytes and cells of the innate immune response in
the ampilification of liver injury and in liver regeneration. The representation of innate immune responses, detailed here, consolidates much of
the available data on the innate immune response in DILI within a single framework and affords the opportunity to systematically investigate the

contribution of the innate response to DILI.
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Introduction

DILI is an important safety concern in drug development and
approved use that can lead to termination of development pro-
grams, changes to the drug label, and market withdrawal.
The multiplicity of contributors to DILI and the persistent
need for better predictive models has fuelled the establishment
of a public-private partnership, The DILI-sim Initiative cur-
rently consists of scientists from academia, the FDA, and 12
major pharmaceutical companies. The DILI-sim Initiative has
sponsored the development of successive versions of DILIsym
software (currently v5A), detailing a mechanistic model of
DILI in pre-clinical species and in humans. In this paper, we
describe DILIsym with particular attention to the innate
immune response following drug exposure and its contribution
to injury progression and resolution.

Although the etiology of DILI events is rarely known, sev-
eral putative mechanisms of toxicity have been implicated
through in vitro studies. For example, extensive study of aceta-
minophen (APAP) induced liver injury has demonstrated that
hepatocytes metabolize APAP to a reactive metabolite, whose
actions produce oxidative stress, ultimately leading to hepato-
cyte necrosis’. Other studies have demonstrated that com-
pounds that inhibit the bile salt export pump (BSEP), a hepatic
bile acid efflux transporter, alone or with concurrent inhibition
of multidrug resistance-associated proteins (MRPs), are dis-
proportionately represented amongst compounds with DILI
liability®”. Still another study has demonstrated that com-
pounds with dual activity inhibiting BSEP and inducing

mitochondrial dysfunction are associated with more severe
human DILIS. These and similar studies provide information
on mechanisms of hepatotoxicity that may be directly attrib-
uted to the compound or its metabolites.

In addition to direct effects of compounds on hepatocytes, it
is likely that the occurrence of DILI is also determined by
patient-specific attributes, which could include normal inter-
individual variability, disease state(s), nutritional and immune
status’. Immune responses may be mediated by innate immune
cells (e.g., macrophages, neutrophils, NK cells, dendritic cells)
and/or by adaptive immune cells (e.¢., T and B cells). The for-
mer can respond rapidly to stimulation by infection or injury
and are considered the first-line defense against an infectious
insult. The latter initially respond more slowly, as the small
number of T and B cells that can specifically recognize the
infectious agent, proliferate and differentiate to develop the cell
numbers and specialized activities to address the immune chal-
lenge. Importantly, innate immune cells are required partici-
pants in the development of an adaptive immune response!®11.
Innate immune responses have been characterized for a few
drugs that can predictably induce DILI in experimental animal
models (e.g., APAP)!213. In contrast, adaptive immune
responses have been implicated for some compounds that
induce DILI only rarely, with delayed onset, and often with
evidence of a more rapid response on re-challenge!. Early
identification of compounds associated with rare DILI argua-
bly represents the greatest unmet need for drug development.
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DILIsym applies quantitative systems pharmacology (QSP)
to this toxicology challenge, i.e., quantitative systems toxicology
(QST). DILIsym is an ongoing developmental effort generat-
ing a mechanistic representation of DILI in pre-clinical species
and in humans for prospective predictions and retrospective
analyses. The mechanistic representation includes essential cel-
lular processes in multiple interacting sub-models, ¢.g., physio-
logically based pharmacokinetics (PBPK), oxidative stress, bile
acid-mediated toxicity, mitochondrial dysfunction, lipotoxicity,
hepatocyte life cycle, and macrophage and endothelial cell life
cycles. Interaction amongst sub-models integrates compound
exposure with direct mechanisms of compound toxicity and
elicited immune responses which may mathematically combine
to produce liver injury. Equations describing biochemical rela-
tionships and parameter values for those relationships have
largely been constructed based on data from the published lit-
erature. Parameter values characterizing responses to com-
pounds have been optimized through the inclusion of exemplar
compounds within DILIsym (e.g., APAP, glibenclamide), illus-
trating the application of compounds in model development.
The utility of this approach has been and continues to be
assessed in the analysis of compounds that were not used in
optimization (e.g., AMAP, tolcapone, troglitazone, as well as
many other proprietary compounds currently in development),
generating predictions of hepatotoxicity risk. The reader is
referred to other publications for general descriptions of
DILIsym as well as for simulation-based predictions of hepato-
toxicity by compounds not used in model development'>8.

What follows is a review of model development for an
innate immune response in DILIsym, including key literature,
equations, parameter values, and comparisons between simula-
tion results and experimental data. The inclusion of the innate
response permits the investigation of its contribution to hepa-
totoxicity or recovery, as well as the analysis of how inter-indi-
vidual variability in immune responsiveness may affect the
manifestation of liver injury.

Model Development
General Modelling Approach

DILIsym consists of multiple interacting sub-models (Figure
1). Additions to DILIsym are executed in multiple stages:
scoping, sub-model development, integration, and qualifica-
tion. During the scoping phase, the literature is assessed to
identify key components for inclusion in the sub-model and
to assess the availability of data to support parameter selec-
tion and the availability of comparator data for simulated
behaviours. The approach is to model only to the level of
detail required to reproduce the majority of comparator data.
In sub-model development, the equations are developed and
baseline parameter values are selected. The integration phase
is an iterative process that includes using DILIsym values as
inputs to the sub-model and allowing the new sub-model to
dynamically influence existing sub-models within DILIsym
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Figure 1. Schematic overview of the sub-models and their interactions in
DILIsym.

(e.g., hepatocyte life cycle). In this phase, simulations of
exemplar compounds may be used to further inform param-
eter selection such that simulated results are consistent with
the majority of the comparator data. Finally, in the qualifi-
cation phase, the behaviour of the new sub-model is charac-
terized with different compounds and under different
experimental conditions. In this phase, simulation results
reflect new inputs only, not further parameter changes, and
thus serve to test the new sub-model and by extension, the
overall integrated model.

Scoping Phase

Scoping of immune responses in DILI quickly revealed that,
while there appears to be broad support for the involvement of
immune responses, there are fewer data available than one
might expect. APAP is the dominant compound for which
immune data have been collected, although some data are
available for others, ¢.g., halothane, amodiaquine, isoniazid!?-21.
Further, the vast majority of immune-related data are derived
from mouse models. DILIsym development has taken a step-
by-step approach in starting with an innate immune response,
with an initial focus on the response to APAP in mouse
models.

APAP is the most extensively studied compound with liver
liabilities. Overdose reproducibly induces liver injury in mouse
models and in humans. APAP metabolism and the initial
intra-hepatocyte events that contribute to early intrinsic toxic-
ity are well characterized®. Briefly, APAP can be metabolized
by CYP3A4 and CYP2E1 enzymes to yield a reactive metabo-
lite, NV-acetyl-p-benzoquinone imine (NAPQI). NAPQI can
be neutralized by glutathione (GSH) conjugation. However,
excess NAPQI, as seen in overdose, depletes GSH, leading to
excess reactive oxygen and nitrogen species and oxidative stress.
High levels of oxidative stress induced by APAP overdose
induce hepatocyte necrosis, initiating liver damage®?2.

An immune response has been shown to follow APAP
metabolism and NAPQI-mediated cell death. Hepatocyte
necrosis releases intracellular molecules that can activate
immune cells, known as damage-associated molecular pattern
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(DAMP) molecules or DAMPs. DAMPs have also been
termed danger molecules to reflect their role as indicators of
cell injury and death, mobilizing immune cells to action?.
DAMPs can interact with the same receptors as pathogen
associated molecular patterns (PAMPs) such the toll-like
receptors (TLR), with receptor activation inducing inflamma-
tion in the absence of infection, i.e., sterile inflammation.

High mobility group box 1 (HMGB1) protein is one such
DAMP. HMGB1 is a non-histone nuclear protein that binds
DNA and has activity in transcription and regulation of chro-
mosome structure. The activity of HMGB1 depends on post-
translational modification as well as redox events affecting
three sulfydryl groups at positions 23, 45 and 106?*. Finally,
HMGB1 can be acetylated during the activation of immune
cells. Total circulating HMGB1, as well as the acetylated form,
have been shown to increase in APAP DILI in both mice and
in humans®?6. Interestingly, pharmacologic blockade of
HMGBI or genetic silencing of HMGB1 in hepatocytes has
been shown to reduce the severity of APAP DILI in mice?-3,
emphasizing its apparent contribution to injury. HMGB1 has
been shown to activate macrophages3!-33, and macrophages are
plentiful in the liver, where a resident population, termed
Kupfter cells, accounts for 80% of the whole body tissue mac-
rophage population3*.

Under normal conditions, liver macrophages likely contrib-
ute to the liver’s overall function of detoxification and clearance
by phagocytosing and eliminating dying cells or cellular frag-
ments and by presenting gut-derived antigens to T cells to pro-
mote immune tolerance (and prevent errant immune
response)?*36. Under inflammatory conditions, such as those
associated with hepatocyte necrosis, liver macrophages are not
only activated by DAMPs but also accumulate’”. DAMP-
activated liver macrophages likely participate in the clearance
of dying hepatocytes but also produce cytokines, such as
tumour necrosis factor alpha (TNF-a) that can mediate fur-
ther injury but may also be involved in regeneration3$3°.

Besides macrophages, there are other innate immune cells
that are resident to the liver (e.g., NK cells) or accumulate under
inflammatory conditions (e.g., neutrophils) and may contribute
to APAP DILI. However, it has been difficult to definitively
show the contribution of many of these cell types, in part due
to redundancy within the immune response, where most func-
tions (e.g., phagocytosis, TNF-o production, contact-mediated
cytotoxicity) can be carried out by multiple cell types. This
redundancy makes it difficult to quantify the effects attributed
to the absence of a particular cell type when compensatory
pathways are likely engaged. Additionally, many of the experi-
mental techniques used to deplete or inhibit a cell type have
ancillary effects that complicate the interpretation of results.
For example, pharmacologic depletion or inhibition of NK
cells, NKT cells, and neutrophils has been used to illustrate
their role in APAP DILI*42, However, other studies have
shown that the pharmacologic manipulation independently

modified APAP distribution or metabolism, thus affecting not
only the immune cell of interest but also the APAP-induced
intrinsic injury, and complicating the interpretation®.

The effects of macrophage depletion have been investigated
through the administration of liposome-encapsulated clodro-
nate**8, This methodology does not appear to suffer some of
the drawbacks of other pharmacologic interventions discussed
above, and early results indicate that macrophage depletion
exacerbates APAP DILI, which was interpreted as demon-
strating a net protective or regenerative role of liver mac-
rophages**. However, even in this case where the methodology
is not in question, further investigation has modified the inter-
pretation. Namely, the observed effect of clodronate on injury
has ranged from exacerbation to no effect*, and the inter-
pretation has evolved from a role of macrophages as mediating
an early anti-inflammatory or pro-regenerative effect to mac-
rophages as acting later to speed recovery and regeneration®’.

Finally, there are structural cells in the liver, particularly the
liver sinusoidal endothelial cells (LSECs), which are not
immune cells per se, but may contribute to immune-mediated
injury or regeneration. LSECs line the liver sinusoids, delineat-
ing the physical boundary between hepatocytes and circulating
blood. Contrary to endothelial cells elsewhere in the body,
LSECs form only a loose and highly permeable barrier, with
distinctive fenestrations measuring roughly 100 nm that per-
mit free passage of soluble molecules or cellular protrusions,
e.g., hepatocyte microvilli*4. Nevertheless, LSECs likely regu-
late the accumulation of immune cells via mediator production
and adhesion molecule expression®*. In vitro assays suggest that
APAP can mediate LSEC cytotoxicity, and iz vivo studies in
mice provide microscopic and biochemical evidence for altered
morphology and function following APAP overdose*-1.

As discussed above, the initial immune scoping effort con-
sidered the available data across species, compounds, immune
cell types, and mediators. Based on a review of the literature,
the initial immune sub-model focused primarily on the repre-
sentation of liver macrophages in the APAP response, includ-
ing activation by DAMPs, accumulation, production of
mediators, and effects on injury and regeneration. A minimal
representation of LSECs was also developed. The overall
approach includes maintaining as simple a representation as
possible, while allowing for the possibility of future expansion
and/or refinement.

Sub-Model Development

Liver Macrophage Life Cycle. The liver macrophage life cycle
was loosely based on the pre-existing DILIsym hepatocyte life
cycle. The structure allows for recruitment of precursor cells
(i.e., monocytes) from circulation, maturation from an imma-
ture liver macrophage state to a mature liver macrophage state,
in situ proliferation, and apoptosis (Figure 2). The population
size and characteristics are determined by the following set of
differential equations:
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Figure 2. Schematic of liver macrophage life cycle as represented in
DILIsym. Solid lined boxes delineate the various sub-populations and
movement amongst them. Blood monocytes are derived from a source,
conceptually bone marrow monocytes, but the latter are not quantitatively
tracked as indicated by the dashed line.
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where Mo represents the blood monocytes and I,,,., M,

C,up and 4, . represent the immature, mature, mitotic, and

apoptotic liver macrophage populations, respectively, in liver
zone j, where j is either the periportal (pp), midlobular (ml), or

centrilobular (cl) region. The symbol « reflects the influx of
monocytes from bone marrow to circulation; § is a rate con-
stant representing the non-liver recruitment of macrophages;
Y,ac 18 the rate of mitosis for macrophages; and BV is the blood
macp MR
recruitment, maturation, proliferation, and apoptotic rates,
respectively, in each zone j of the liver. IDR

volume. RR PR, ,and AR, .are the macrophage

mac,p mac,j

-1s the immature

mac,j

. is the mature mac-

mac,

macrophage depletion rate and MDR
rophage depletion rate. The apoptotic clearance time constant
is denoted by CL,,,

Macrophage life cycle parameter values were derived from
the published literature and are listed in Table 1.

LSEC Life Cycle. In this initial representation, LSECs were
designed to play a relatively simple functional role in mediator
production and immune cell recruitment. The associated LSEC
life cycle is simpler than the macrophage life cycle, accounting
only for maturation from an immature state to a mature state, iz
situ proliferation, and apoptosis. The population is determined
by the following set of differential equations:

Immature liver LSECs

dl, .
Bl _ oy, . C

s Isec,j I/sec,j MR/sec (6)
Mature liver LSECs
dM/m /
7] = ‘llsef, J MRl:ec - M/xec, 7 PR/:ec, i Ml:ec, ¥i AR/:@[, ¥ (7)
Mitotic liver LSECs
dc,, .
sec,j _
T - Mlxec, 7 PRZJec, 7 Y bsec C/sec, 7 (8)
Apoptotic liver LSECs
M/_ve[ / logZ
— = M/je[,j ARl:ec,j T Ahee,j Ay (9)
dt CL,,

where [, ., My, Cy.» and 4, ; represent the immature,
mature, mitotic, and apoptotic LSEC populations, respectively,
in liver zone ;. Similar to the parameters defined for the liver
macrophage life cycle, MR, PR,,, ,and AR, are the LSEC
maturation, proliferation, and apoptotic rates. It should be
noted that PR, ; and 4R, ; are zone-dependent while MR,
remains constant throughout the liver. Lastly, y,,. is the mitosis
rate for LSECs and CL,,,,

LSEC life cycle parameter values were derived from the
published literature and are listed in Table 2.

is the apoptotic clearance rate.

Mediator Production, Regulation, and Effects. Initially, a mini-
mal set of mediators has been represented, including TNF-a,
HMGB1, IL-10, and hepatocyte growth factor (HGF). TNF-
o is produced by activated macrophages and LSECs52-54,
Acetylated HMGB1 (acHMGB1) is secreted by activated
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Table 1. Mouse macrophage life cycle parameter values.
PARAMETER DESCRIPTION MOUSE VALUE UNITS SOURCESS
o Influx of monocytes from bone marrow 4.5e-5 109 cells/hr/mL blood 99,100
to circulation
B Rate constant representing non-liver 0.0812 1/hr 100
recruitment of macrophages
Vmac Rate of mitosis for macrophages 0.0416 1/hr 101-104
BV Blood volume 1.225 mL 105
RR a0 (PP/mifC])*t Macrophage recruitment rate 0.0234/0.0105/0.0023 1/hr 100,106,107
MR ac; (PP/mi/cl)* Macrophage maturation rate 0.014/0.014/0.014 1/hr 92
PR a6, (PP/mlifcl)* Macrophage proliferation rate 5.3e-4/5.3e-4/5.3e-4 1/hr 98,106-111
AR a0 (PP/mIfC]) Macrophage apoptotic rate 0.0033/0.0033/0.0033 1/hr Calculated
IDR,c; (PP/mi/C])* * Immature macrophage depletion rate 0/0/0 10° cells/hr -
MDR,,..; (pp/milcl)** Mature macrophage depletion rate 0/0/0 10° cells/hr -
CLpop Apoptotic clearance time constant 1.5 hr Calculated
*indicates dynamic parameters; initial value shownt pp/mi/cl: periportal/midlobular/centrilobular zones of the liver
tindicates parameters that are used in macrophage depletion experiments; parameter values change from listed values to replicate experimental resultsSParameter
values were either taken from literature with references listed, calculated, or set to zero for future model expansion.
Table 2. LSEC life cycle parameter values.
PARAMETER DESCRIPTION MOUSE VALUE UNITS SOURCESS$
MR e LSEC maturation rate 1 1/hr Calculated
PRises; (Pp/mifcl)™t LSEC proliferation rate 2.8e-4/2.8e-4/2.8e-4 1/hr 114-116
ARgecj (PP/mifC])* LSEC apoptotic rate 2.8e-4/2.8e-4/2.8e-4 1/hr Calculated
Visec Rate of mitosis for LSECs 0.042 1/hr "7
*indicates dynamic parameters; initial value showntpp/ml/cl: periportal/midlobular/centrilobular zones of the liver
SParameter values were either taken from literature with references listed, calculated, or set to zero for future model expansion.
macrophages®. It should be noted that while acHMGB1 also Macrophage acetylated HMGB1
acts as a DAMP, it is a distinct molecular entity from the -
HMGB1 released by necrotic hepatocytes because of the post- LIMGBI . = acHMGBI,,, " acHMGB,
translational modification®®. IL-10 is secreted by activated ac prod — ac HMGBZHMGB” +ac HMGB?Z%GB” (12)
macrophages, and HGF is produced by activated LSECs>6°7. ” &
In addition to the activation signal, there is also regulation of Macrophage IL-10
mediators, e.g., IL-10 downregulation of TNF-o synthesis®,
. . . . . 10,
which will be discussed below. Rates of mediator production IL10%% 1110,
are determined by the following set of equations: g 1L10,,,4 = IL;(I)ng 110 (13)
y & ! : IL10, " + IL10 g0
Macrophage TNF-a The LSEC HGF
INE,,,, HGE,
TNF _ TNF‘sigml/ ,matTNFme,mat HGF _ HGFivignal HGFVWW (1 4)
P N TN 1o 7 HGRY®" 1 HGFH,
K, ,mac + signal ymac K, + signal
LSEC TNF-a, . o . .
where the subscripts prod and signa/ indicate a particular medi-
TNE o TN ator’s production and production signal, respectively, and 7,
TNE - signal  sec Vo ¢ Ve and K, are the parameters of the Hill function describing
prod,/xec TNFTNFWJW + TNFTNF"’IM <11)

K, lsec signal ,Isec

rod, mac

mediator production. The extra subscripts found in TNFP
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Figure 3. Schematic for mediator production by liver macrophages or
liver sinusoidal endothelial cells (LSECs) in DILIsym. Macrophages or
LSECs are activated by damage associated molecular pattern (DAMP)
molecules released by hepatocytes. Mediator production is a function or
a production rate per cell and the total number of activated cells. The
latter allows for changes in the size of the cell population to influence
mediator production. Mediators may regulate mediator production or act
directly on hepatocytes, which may feedback on the instigating DAMP
signal. Solid arrows depict the relatively straightforward path from
initiation. Dashed arrows depict feedback loops.

and TNF,,,,,,. indicate whether the production of TNF-a. is
regulated by macrophages (mac) or LSECS (/sec). In addition
to the regulated rate of production, total mediator output is
also determined by the number of activated cells. This allows
the representation to accommodate increased macrophage
numbers (Figure 3).

In the model, mediator production parameter values were
either derived from the literature or optimized to plasma medi-
ator levels following APAP administration (Table 3).

The aforementioned mediators have effects on the regula-
tion of mediator production, activation of immune cells, and
regulation of the hepatocyte life cycle. More specifically,
HMGBI activates liver macrophages and LSECs*3*°. TNF-a,
an extensively studied pleiotropic molecule, can induce hepato-
cyte necroptosis (i.e., a regulated form of necrosis), apoptosis,
survival, or proliferation®®%. HMGB1 and TNF-a also stimu-
late immune cell recruitment, which is supported by data dem-
onstrating that both upregulate adhesion molecules®306!. In
DILIsym, the cellular response to TNF-a is governed by a
series of checkpoints that consider the energetic state of the
hepatocytes (described in more detail below). TNF-a upregu-
lates its own production, as well as production of IL-10 and
acetylated HMGB162-65. TNF-o also upregulates HGF pro-
duction, which is a simplification. Data suggest that LSEC
HGEF production is positively regulated by vascular endothelial
growth factor (VEGF), where macrophages are a cellular source
of VEGF®¢7. VEGF is not included in the initial representa-
tion but could be added. HMGB1 upregulates the production
of IL-10, TNF-q, and acetylated HMGB1. In contrast, IL-10
downregulates TNF-o and acetylated HMGB1 production®.
HGF and TNF-a stimulate hepatocyte proliferation®-7°.

Mediator effect parameter values were either derived from
the literature or optimized to plasma mediator levels or mac-

rophage mediator levels following APAP administration
(Table 4).

LExamples of Modelling Biological Complexity. HMGB1 and
TNF-o. may be used to illustrate some of the biological

complexity in what is understood of molecules thought to be
involved in the DILI-related innate immune response.

HMGBI. Alternate redox states or post-translational mod-
ifications of HMGB1 have been described, and the detection
of these different forms in the blood may provide information
on underlying cellular processes in DILI. More specifically,
there are three forms of HMGB1 that depend on redox state
of three sulfydryl groups which in turn depends on the state
of the cell from which HMGBI is released: a fully reduced
form having chemoattractant activity, a disulphide form with
a bond between cysteine 23 and 45 having cytokine-inducing
activity, and a sulfonyl form of HMGB1 having neither of
these pro-inflammatory activities, have been described?*. The
lack of pro-inflammatory activity in the sulfonyl form is con-
sistent with studies on apoptosis, demonstrating that caspase-
dependent oxidized HMGB1 contributed to the induction of
tolerance’!. HMGB1 can interact with a number of receptors
including TLR2 and TLR4 as well as receptor for advanced
glycation end-products (RAGE). It can also bind proteins such
as cytokines and chemokines to increase their activity’2.

In DILIsym, hepatocyte necrosis results in the release of a
reduced form of HMGB1, which is characterized by cytokine-
inducing and immune cell recruitment activity; in contrast,
hepatocyte apoptosis results in the release of an oxidized form
of HMGB1, which can be detected but is not active:

Active HMGB1 release from necrotic hepatocytes

d act 2., H 15
=ni-k
dl‘ n act ( )

Inactive HMGB1 release from apoptotic hepatocytes

dH e HHC g,
—E =1 Z p_é _KHinact (16)

dt J=tromcl) I +v,HC,,, ;
where /,, represents the active non-acetylated HMGB1 release

from necrotic hepatocytes and H,,,, the inactive non-acetylated
HMGB1 release from apoptotic hepatocytes. Parameters 7, A,
and « are the hepatocyte necrotic flux, the passive release rate of
HMGBI1 from necrotic cells, and the transfer rate of HMGB1
from liver to serum. Apoptotic parameters p, 4, v, and &; are the
apoptotic flux, the apoptosis rate for young hepatocytes, the
apoptosis rate for mature hepatocytes, and the fraction of apop-
totic hepatocytes undergoing secondary necrosis, respectively, in
zone ; of the liver. The populations of young and mature hepato-
sungg A0d HC,,,..

Beyond redox states, acetylated (or hyper-acetylated)
HMGB1 vs. non-acetylated (or hypo-acetylated) forms have

been characterized, where the former is synthesized and

cytes in each zone is denoted by HC,

secreted by activated macrophages, while the latter is passively
released by necrotic cells®. Acetylated HMGB1 is a putative
biomarker for involvement of the immune response and has
been associated with worse prognosis in APAP overdose
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Table 3. Mediator parameter values.

PARAMETER DESCRIPTION MOUSE VALUE UNITS SOURCESS
TNF, mac Hill parameter for TNF production regulated by macrophages 3 dimensionless Calculated
TNF yax mac V.ax Parameter for TNF production regulated by macrophages 20000 pg/hr/10° cells 78,116-118
TNFym mac K., parameter for TNF production regulated by macrophages 25 dimensionless Calculated
TNF, jsec Hill parameter for TNF production regulated by LSECs 3 dimensionless Calculated
TNF ymax isec V.ax Parameter for TNF production regulated by LSECs 1500 pg/hr/10° cells 52,121
TNFypm isec K., parameter for TNF production regulated by LSECs 25 dimensionless Calculated
acHMGB1, Hill parameter for HMGB1 production 3 dimensionless Calculated
acHMBGT V nax Parameter for HMGB1 production 50 pg/hr/10° cells 25,122,123
acHMGB1y,, K., parameter for HMGB1 production 25 dimensionless Calculated
IL70, Hill parameter for IL-10 production 3 dimensionless Calculated
IL10y,ax V,ax Parameter for I1L-10 production 1500 pg/hr/10° cells 7576
IL10y, K., parameter for IL-10 production 25 dimensionless Calculated
HGF, Hill parameter for HGF production 3 dimensionless Calculated
HGF yax Vhax Parameter for HGF production 900 pg/hr/10° cells 124,125
HGFy., K., parameter for HGF production 25 dimensionless Calculated
SParameter values were either taken from literature with references listed, calculated, or set to zero for future model expansion
Table 4. HMGB1 release parameter values.
PARAMETERS DESCRIPTION MOUSE VALUES UNITS SOURCESS
p; (pp/mifcl)*t Apoptotic flux 3.6e-6/2.1e-6/7.1e-7 10° cells/hr 126
j (pp/mifcl) Apoptosis rate for young HCs 1/hr -
v; (pp/mi/cl) Apoptosis rate for mature HCs 3.5e-5/3.5e-5/3.5e-5 1/hr 28,124-126
& (pp/milcl)* Fraction of apoptotic HCs dimensionless -
undergoing secondary
necrosis*
n* HC necrotic flux 10° cells/hr -
A Passive release of HMGB1 from 11333 ng/109 cells 130,131
necrotic cells
K Transfer rate of HMGB1 from 90000 1/hr Calculated

liver to serum

*indicates dynamic parameters; initial value shown
tpp/mi/cl: periportal/midlobular/centrilobular zones of the liver

tapoptotic cells are assumed to be efficiently cleared, i.e., no secondary necrosis, under homeostatic conditionsSParameter values were either taken from literature with

references listed, calculated, or set to zero for future model expansion.

patients?®. In DILIsym, non-acetylated HMGB1 is produced
by dying hepatocytes, while acetylated HMGB1 is produced by
activated macrophages (see equation 12).

TNF-o. TNF-a is a well-established pleiotropic cytokine,
with effects ranging from cell proliferation and survival to
apoptosis to necroptosis®®. Despite the broad acceptance of
these divergent behaviours, there is no common data set in
which all of these behaviours have been characterized. Thus,
there is a need to synthesize data and mechanistic interpreta-

tion across multiple data sets to arrive at a cohesive represen-
tation.

For DILIsym, the addition of detailed signalling pathways
would result in more parameters than could be reasonably con-
strained with the available data, and the decision was made to
seek a proxy. Data were identified that revealed intracellular
ATP as a regulator in the cell fate decision to undergo apopto-
sis vs. necrosis’3. More specifically, Leist et al. simultaneously
measured intracellular ATP, apoptosis, and necrosis in cells
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Figure 4. Schematic for the regulation of alternate hepatocyte responses
to TNF-a in DILIsym. Adenosine triphosphate (ATP) levels are used as a
proxy for cell health or stress. In ATP-replete hepatocytes or with a
modest decrement, TNF-a induces a survival signal (dashed line) or
proliferative signal (dotted line). In moderately stressed hepatocytes,
TNF-a can initiate a caspase-mediated apoptotic pathway (double line). In
more severely stressed hepatocytes, TNF-a can induce programmed
necrosis or necro-apoptosis (solid line).

cultured with various pharmacologic agents that deplete ATP
or induce cell death. Their time and dose-dependent data illus-
trate that ATP depletion switches the mode of cell death from
apoptosis to necrosis. Their data are based on T cells (not
hepatocytes) and Fas signalling (not TNF-a receptor signal-
ling), but the relationship was hypothesized to be generalizable
to other cell types and other death receptors. The general rela-
tionship has been included and extended within DILIsym to
establish regimes of TNF-a response, where ATP-replete cells
will survive or proliferate; modestly ATP-depleted cells will
undergo apoptosis; more severely ATP-depleted cells will
undergo necroptosis; and at extreme levels of ATP depletion,
necrosis proceeds without need for additional signalling by

TNF-a or other inducers of cell death (Figure 4).

Integration

Once the immune equations were generated and populated
with steady-state parameter values, the sub-model was inte-
grated to accept DILIsym input values. Particularly, APAP-
induced hepatocyte necrosis elevates simulated HMGB1,
which is the key input for initial activation of immune cells.
Fortunately, there are detailed kinetic studies of HMGB1 ele-
vation following APAP overdose in mice?*. Notably, HMGB1
levels were elevated for at least 15 hours following APAP
administration, suggesting a similar duration of hepatocyte
necrosis. While it’s likely that early hepatocyte necrosis is due
to intrinsic drug-related toxicity, it’s possible that later necrosis
might include a contribution from immune cells. This hypoth-
esis is supported by the observation that acetylated HMGB1
levels are elevated as early as five hours following APAP
administration®, supporting a putative role for macrophage
activation in the overall response.

The integration phase also accommodates the dynamic
calculation of immune effects on hepatocytes. Optimization
during the integration phase includes the refinement of
parameter values to provide an integrated mouse APAP
response aligned with the majority of available data. More
specifically, simulated APAP overdose leads to elevations in
HMGB1 that are comparable to measured data, including
both total HMGB1 which largely reflects hepatocyte death
and acetylated HMGB1 reflecting macrophage activation
(Figure 5a and b). Activation of liver macrophages and LSECs
by HMGB1 leads to cellular activation and production of
TNF-a (Figure 5c¢). IL-10 generally acts as a regulatory or
inhibitory cytokine, and is generally produced later than
TNF-a74. Interestingly, the available IL-10 data did not
clearly indicate a delayed dynamic, but this might be due to a
relatively sparse data set’>76. Since IL-10 inhibits TNF-a
production, we postulated that peak IL-10 production activ-
ity occurs later, which is permissive for early elevations in
TNF-a (Figure 5d). The inflammatory mediators also stimu-
late monocyte recruitment, which leads to expansion of the
simulated macrophage population, where macrophage accu-
mulation follows the zonal pattern of damage, i.e., preferen-
tial accumulation in the centrilobular zone (Figure Se). Finally,
several reports on the effects of TNF-a on DILI were com-
bined to consider the relationship between APAP dose and
TNF-o. The response was generally aligned to no or minimal
response below 300 mg/kg and response at doses greater than
or equal to 300 mg/kg (Figure 5f). Notably, measurement
timing influences the level of TNF-o. This is particularly evi-
dent for simulation of 450 mg/kg, where death of the simu-
lated mouse limits the degree of inflammation achieved.

Overall, the mouse APAP simulations include an innate
immune response that remains consistent with more liver-cen-
tric data comparisons, e.g., ALT, liver mass, ATP, glutathione
(Supplement 1).

Species Translation of Parameter Values. As previously men-
tioned, the availability of mouse immune data, including time
course data, was much greater than data for rats or humans and
accounted for the decision to start with a mouse representation.
With a mouse representation that aligned with the majority of
the measured data as described above, corresponding rat and
human parameter values could be derived.

Some rat and human data (e.g., circulating monocyte con-
centrations) were available to guide the selection of rat and
human parameter values. Where no species-specific data were
available to guide parameter changes, parameter values
remained identical to mouse parameter values. Rat and human
simulations were then conducted and compared against meas-
ured data. In some instances, additional parameter value refine-
ment was required based on mediator levels, time courses, and
effects. To facilitate the identification of species differences, the
refinements were designated as scalar multipliers. The resultant
rat and human parameter values are listed in Tables 5 and 6,
respectively.
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Figure 5. Comparison between measured data (mean + SD or mean fold change + normalized error) and simulation results from mice administered a
single dose of APAP. In the measured data, samples were collected at various time points after APAP administration and measured for various analytes:
a) non-acetylated HMGB125, b) acetylated HMGB125, c) TNF-a75118-120_ d) [L-107576. In e) the change in centrilobular (CL) and periportal (PP) liver
macrophages 48 hours post-APAP was determined from CD11b staining in liver sections®”. In f) measured data and simulation results for TNF-
75.85,87,118-120,153,154 gre compared from mice administered different doses of APAP. Notably, published studies also vary by mouse strain and time of
sample collection. Simulation results reflect the published APAP dose and time of sample collection, but no parameter value changes were made to

accommodate potential differences in mouse strain.

The few reports of plasma TNF-a levels following APAP
administration in rats show widely disparate degrees of eleva-
tion, likely reflecting both differences in methodology and
natural variation””78. Varying the simulated APAP dose illus-
trates that simulated TNF-o can cover a range of response
though not as extensive as that reported in rats treated with
APAP (Figure 6). Expanding the comparator data set to
include TNF-o data from other rat liver inflammation experi-
mental models suggests the range of simulated TNF-o. is con-
sistent with the majority of data sets (Supplement 2). Other rat
data comparisons rely entirely on non-APAP data and are
shown in Supplement 2.

Several papers have reported circulating mediator levels in
patients with liver injury (predominantly due to APAP

overdose) or disease’83. Thus, data comparisons were possible
for TNF-o and IL-10 (Figure 7a and b). Additionally, biopsy
data could be leveraged to compare simulated macrophage accu-
mulation against measured data (Figure 7¢). Simulated mediator
levels and cellular accumulation results across a range of APAP
doses were generally consistent with the measured data. Within
the human data set, there were also time course total and acety-
lated HMGB1 data from a small number of APAP overdose
patients?. Interestingly, this study identified an association
between higher acetylated HMGB1 levels and poorer patient
outcomes (i.c., death or liver transplant). In DILIsym, this may
be evaluated by simulating lower overdoses that result in survival
and higher overdoses causing severe liver injury that could result
in death. A comparison of simulation results and the HMGB1
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Table 5. Rat parameter values.

PARAMETER

DESCRIPTION

Macrophage life cycle parameters

[24

Ymac

BV

RR .0 (PPIMICI)*t
MR ac; (PP/mli/c])*
PR a6, (PP/mli/cl)*
AR j (PP/MIfC])*

IDR o j (PP/mi/C])* ¥
MDR,,..; (pp/milcl)**
CL

apop

Influx of monocytes from bone marrow to

circulation

Rate constant representing non-liver
recruitment of macrophages

Rate of mitosis for macrophages
Blood volume

Macrophage recruitment rate
Macrophage maturation rate
Macrophage proliferation rate

Macrophage apoptotic rate

Immature macrophage depletion rate
Mature macrophage depletion rate

Apoptotic clearance time constant

LSEC life cycle parameters

MRisec

PRisec,

ARigec,

Yisec

Mediator parameters

TNF,

n,mac

TN F Vmax,mac
TN F Km,mac

TNF,

n,lsec

TNFVmax, Isec
TN F Km,lsec

acHMGB1,
acHMBGT1 .,
acHMGB1y,,
IL10,

IL10yax
IL104,,

HGF,

HGFVmax

LSEC maturation rate
LSEC proliferation rate
LSEC apoptotic rate

Rate of mitosis for LSECs

Hill parameter for TNF production
regulated by macrophages

Vnax Parameter for TNF production
regulated by macrophages

K., parameter for TNF production
regulated by macrophages

Hill parameter for TNF production
regulated by LSECs

Vnax Parameter for TNF production
regulated by LSECs

K., parameter for TNF production
regulated by LSECs

Hill parameter for HMGB1 production
Vhax Parameter for HMGB1 production
K., parameter for HMGB1 production
Hill parameter for IL-10 production
Vax Parameter for IL-10 production
K., parameter for IL-10 production

Hill parameter for HGF production

V .ax Parameter for HGF production

RAT VALUE

1.1e-5

0.0125

0.0416

18.5
0.0097/0.0044/9.7e-4
0.008/0.008/0.008
3.6e-4/3.6e-4/3.6e-4

0.0014/0.0014/0.0014

0/0/0
0/0/0

1.5

1

9.3e-5/9.3e-5/9.3e-5

9.3e-5/9.3e-5/9.3e-5

0.042

670000

25

50000

25

25

10000

25

16000

UNITS

10° cells/hr/mL blood

1/hr

1/hr
mL

1/hr
1/hr
1/hr

1/hr

10° cells/hr
10° cells/hr

hr

1/hr
1/hr
1/hr

1/hr

dimensionless

pg/hr/10° cells

dimensionless

dimensionless

pg/hr/10° cells

dimensionless

dimensionless
pg/hr/10° cells
dimensionless
dimensionless
pg/hr/10° cells
dimensionless
dimensionless

pg/hr/10° cells

SOURCESS

132

100(p19)

101-104
105
100,106,107
92

98,106—-111

Calculated

Calculated

Calculated

114-116

Calculated

17

Calculated

80,81,127,128

Calculated

Calculated

52,121

Calculated

Calculated
135-141
Calculated
Calculated
134,142
Calculated

Calculated

143-145
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Table 5. (Continued)
PARAMETER DESCRIPTION RAT VALUE UNITS SOURCESS
HGFy, K., parameter for HGF production 25 dimensionless Calculated

HMGBH1 release parameters

p; (pp/mifcl)* Apoptotic flux 2.1e-4/1.2e-3/4.1e-5 109 cells/hr 126

; (pp/mi/cl) Apoptosis rate for young HCs 0/0/0 1/hr -

v; (pp/mi/cl) Apoptosis rate for mature HCs 3.5e-5/3.5e-4/3.5e-4 1/hr 28,124-126

& (pp/milcl)* Fraction of apoptotic HCs undergoing 0/0/0 dimensionless -
secondary necrosis

n* HC necrotic flux 0 109 cells/hr -

A Passive release of HMGB1 from necrotic 10000 ng/10° cells 130,131
cells

K Transfer rate of HMGB1 from liver to 90000 1/hr Calculated
serum

*indicates dynamic parameters; initial value shownt pp/mi/cl: periportal/midlobular/centrilobular zones of the liver
tindicates parameters that are used in macrophage depletion experiments; parameter values change from listed values to replicate experimental resultsSParameter
values were either taken from literature with references listed, calculated, or set to zero for future model expansion.

Table 6. Human parameter values.
PARAMETER DESCRIPTION HUMAN VALUE UNITS SOURCES$

Macrophage life cycle parameters

o Influx of monocytes from bone marrow 8.1e-6 109 cells/hr/mL blood 146
to circulation

B Rate constant representing non-liver 0.014 1/hr 100(p19)
recruitment of macrophages

Vmac Rate of mitosis for macrophages 0.0416 1/hr 101-104

BV Blood volume 4881 mL 105

RR a0 (PPIMIfCI)*t Macrophage recruitment rate 0.004/0.0018/4.0e-4 1/hr 100,106,107

MR ac; (PP/ml/cl)* Macrophage maturation rate 0.008/0.008/0.008 1/hr 92

PR a6, (PP/mlifc])* Macrophage proliferation rate 3.4e-4/3.4e-4/3.4e-4 1/hr 98,106-1M1

AR a0 (PP/mIfC])* Macrophage apoptotic rate 0.0011/0.0011/0.0011 1/hr Calculated

IDR,, ; (PP/mi/cl)*™* Immature macrophage depletion rate 0/0/0 10° cells/hr -

MDR,,,.; (pp/milcl) ** Mature macrophage depletion rate 0/0/0 109 cells/hr -

CLp0p Apoptotic clearance time constant 1.5 hr Calculated

LSEC life cycle parameters

MR sec LSEC maturation rate 1 1/hr Calculated
PRisec LSEC proliferation rate 6.3e-5/6.3e-5/6.3e-5 1/hr 114-116
ARjges LSEC apoptotic rate 6.3e-5/6.3e-5/6.3e-5 1/hr Calculated
Visec Rate of mitosis for LSECs 0.042 1/hr "7

Mediator parameters

TNF,

n,mac

Hill parameter for TNF production 3 dimensionless Calculated
regulated by macrophages

(Continued)
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Table 6. (Continued)

PARAMETER DESCRIPTION

TNF ymax mac Vnhax Parameter for TNF production
regulated by macrophages

TNF i mac K., parameter for TNF production
regulated by macrophages

TNF, jsec Hill parameter for TNF production

regulated by LSECs

TNF ymax isec Vnax Parameter for TNF production

regulated by LSECs

TNFypm isec K., parameter for TNF production
regulated by LSECs
acHMGB1, Hill parameter for HMGB1 production
acHMBGT Vmax Parameter for HMGB1 production
acHMGB1y,, K., parameter for HMGB1 production
IL70, Hill parameter for IL-10 production
IL10y,,ax Vnax Parameter for IL-10 production
IL10y, K., parameter for IL-10 production
HGF, Hill parameter for HGF production
HGF yax Vax Parameter for HGF production
HGF,, K., parameter for HGF production

HMGB1 release parameters
p; (pp/mifcl)* Apoptotic flux
j (pp/mi/cl) Apoptosis rate for young HCs

v; (pp/mi/cl)

& (pp/milcl)*

Apoptosis rate for mature HCs

Fraction of apoptotic HCs undergoing
secondary necrosis

1 HC necrotic flux

A Passive release of HMGB1 from
necrotic cells

K Transfer rate of HMGB1 from liver to
serum

HUMAN VALUE UNITS SOURCESS$
110000 pg/hr/10° cells 79-83

25 dimensionless Calculated
3 dimensionless Calculated
8200 pg/hr/10° cells 52121

25 dimensionless Calculated
3 dimensionless Calculated
60 pg/hr/10° cells 26,147-149

25 dimensionless Calculated
3 dimensionless Calculated
10000 pg/hr/10° cells [79-83]

25 dimensionless Calculated
3 dimensionless Calculated
1100 pg/hr/10° cells 150(p1)151,152]
25 dimensionless Calculated
0.019/0.011/0.0037 10° cells/hr 126

0/0/0 1/hr -
1.7e-4/1.7e-4/1.7e-4 1/hr 28,124-126
0/0/0 dimensionless -

0 10° cells/hr -

11500 ng/10° cells 130,131

0.03 1/hr Calculated

*indicates dynamic parameters; initial value shownt pp/mi/cl: periportal/midlobular/centrilobular zones of the liver
*indicates parameters that can be used in macrophage depletion experiments; such experiments would be exploratory as not corresponding data have been identified
SParameter values were either taken from literature with references listed, calculated, or set to zero for future model expansion.

data suggests that, in DILIsym, acetylated HMGB1 also associ-
ates with poor outcomes (Figure 8). It should be noted that,
while these data comparisons are technically considered part of
optimization because they are done with APAP overdose, the
results are emergent results based on “humanizing” the mouse
parameter values. No additional refinement of parameter values
was required to reproduce these data.

Qualification

In the qualification phase, compounds can be added or new
experimental manipulations can be attempted to characterize

and test the behaviours as simulated for innate immune
responses in the context of DILI.

Immune-relevant Interventions in Combination with APAP The
simulated innate immune response is by design, generally con-
sistent with the measured data for APAP overdose in mice.
Interventions combined with APAP overdose have been inves-
tigated experimentally and in DILIsym, including pharmaco-
logic blockade of HMGB1 and TNF-a and pharmacologic
depletion of macrophages. Because none of these are DILI
compounds, they are represented simply in DILIsym and with-
out detailed pharmacokinetics.
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Pharmacologic blockade of HMGBI effects. The role of
HMGB1 as an initiator of immune responses in APAP
DILI has been studied via pharmacologic and genetic inter-
vention. The administration of blocking antibodies specific
tor HMGB1 has the effect of mitigating elevations in pro-
inflammatory cytokine levels and ALLI, with a correspond-
ing reduction in hepatocyte necrosis?’?’. Genetic ablation of
HMGB1 specifically in hepatocytes has also been shown to
be protective®®. In DILIsym, blockade of hepatocyte HMGB1
is represented as an inhibitory multiplier of plasma HMGB1
concentrations to yield an effective HMGB1 concentration.
Level and duration of inhibition can be specified. The simula-
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Figure 6. Comparison between TNF-a measured data (mean fold
change + normalized error) and simulation results from rats administered
a single dose of APAP. Measured data reflect maximum elevation in
TNF-a following APAP doses of 1000 or 1500 mg/kg’”78. Simulation
results reflect maximum elevation in TNF-a across doses ranging from
900 to 1500 mg/kg. Supplement 2 includes this comparison and
additional data from non-APAP liver inflammation models that provide a
broader perspective on experimentally observed TNF-a elevations.
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tion results are qualitatively consistent with the net protec-
tive effect observed experimentally when abrogating the effect
of HMGB1 (Figure 9). Parameter values were not further
optimized to obtain this result, suggesting that the represen-
tation of HMGB1 as an initiator of an innate response that
contributes to injury progression is generally consistent with
the system-level behaviour.

Pharmacologic blockade of TNF-a. effects. The role of TNF-a
has been studied via pharmacologic and genetic intervention
for its contributions to APAP DILI. The administration of
blocking antibodies specific for TNF-a mitigated elevations
in TNF-o and circulating transaminases, with corresponding
reduction in hepatocyte necrosis®-8, although one report was
unable to replicate this finding®’ . Genetic ablation of TNF-a
receptor 1 subunit was also found to be protective®? . Separate
efforts targeting tumour necrosis factor receptor 1 (TNFR1)
or TNF-o and lymphotoxin (LT) found the opposite effect
of exaggerated APAP DILI®*® Given the pleiotropic nature
of TNF-a, it is perhaps not surprising that different methods
and different laboratories could yield different but still plausi-
ble results. In DILIsym, TNF-a blockade is represented as an
inhibitory multiplier of plasma TNF-o concentrations to yield
an effective TNF-o concentration. As with the blockade of
HMGB], duration and degree of inhibition are specified. Sim-
ulations are generally consistent with the net protective effect
observed with pharmacologic inhibition, although greater pro-
tection was sometimes observed in the measured data (Figure
10). As no parameter values were modified, this analysis sug-
gested the TNF-o representation was consistent with meas-
ured data suggesting TNF-a contributes to injury.
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Figure 7. Comparison between measured data (mean fold change + normalized error) and simulation results from APAP overdose in humans for a)
TNF-a79-83, b) |L-107°-81, and c) liver macrophages®. Measured data reflect a range of response in overdose patients. Simulation results reflect maximum

responses to 30-55g APAP overdose.




14

Gene Regulation and Systems Biology

100
| |
i
= 10 +  Total HMGB1, AALF-NS1
£ x & Total HMGB1, AALF-NS2
) X .. . A B Tolal HMGB1, AALF-NS3
£ 1 % +* . Total HMGE1, AALF-NS Sims
= * 4 L X 2cHMGB1, AALF-NS1
] K *  acHMGB1, AALF-NS2
= i + acHMGB1. AALF-NS3
T 01 T —— 2cHMGB1, AALF-NS Sims
""" b8 KK
0.01
A 0 2 4 6 8 110 12
Time (days)
100
.
— = ‘
5 10 i\gn m  Tolal HMGEA, AALF-S1
E - s Tolal HMGB1, AALF-52
) N E\A A, aa ® Total HMGB1, AALF-53
= 1 § N_‘ Total HMGBA, AALF-S Sims.
E ¥ F x + b 4 X X acHMGB1, AALF-31
(L] * * X X ®  acHMGBA, AALF-52
E 0.1 X % % + acHMGBA, AALF-S3
<sssenr ACHMGBA, AALF-S Sims
0.01
B 0 2 4 6 8 10 12

Time (days)

Figure 8. Comparison between measured data and simulation results for
HMGB1 from APAP overdose in humans. Total and acetylated HMGB1
were measured in individual patients that were classified as a) non-
survivors (i.e., required liver transplant or died) or b) survivors?® (filled
shape symbols for total HMGB1, line symbols for acetylated HMGB1); For
comparison, simulations were conducted with a) 52g overdose, and b)
42g overdose (solid red line for total HMGB1, dashed red line for
acetylated HMGB1).
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Figure 9. Comparison between measured data?’-2° and simulation
results for the effect of HMGB1 neutralization on APAP-induced ALT in
mice. In the measured data, mice received an acute dose of APAP, in the
absence or presence of neutralizing antibodies to HMGB1. The studies
varied with respect to mouse strain, APAP dose, neutralizing antibody,
time of antibody administration, and time of sample collection. The
fractional changes in the measured ALT response depending on the
presence of neutralizing antibody were compared against the fractional
changes in simulated maximum ALT response based on blocking
simulated HMGBH1, using a range of APAP doses (250-400 mg/kg) across
the same experimental time interval (6-24 hr).
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Figure 10. Comparison between measured data®+8¢ and simulation
results for the effect of TNF-a neutralization on APAP-induced ALT in
mice. In the measured data, mice received an acute dose of APAP, in the
absence or presence of neutralizing antibodies to TNF-a. The studies
varied with respect to mouse strain, APAP dose, neutralizing antibody,
time of antibody administration, and time of sample collection. The
fractional changes in the measured ALT response depending on the
presence of neutralizing antibody were compared against the fractional
changes in simulated maximum ALT response based on blocking
simulated TNF-a, using a range of APAP doses (250-400 mg/kg) across
the same experimental time interval (4-24 hr).

relatively well-accepted method to investigate the role of mac-
rophages, although other phagocytic cells (e.g., monocytes) are
also depleted®!. In mice and rats, liposome-encapsulated clo-
dronate has been used to investigate liver macrophage popula-
tion dynamics®>%3, and this technique was used in an influential
study demonstrating that liver macrophages have a net pro-
tective effect in APAP DILI*. More specifically, measured
alanine aminotransferase (ALT’) and histopathology indicated
more severe APAP injury following treatment with liposome-
encapsulated clodronate. These data have been instrumental in
highlighting the potential for ongoing regulatory or regenera-
tive activities, even during acute injury.

The potential role of macrophages in liver injury has evolved
with ongoing investigation. Subsequent studies using clodro-
nate indicated the ALT elevation was more prolonged than the
clear histopathological differences® or ALT elevations existed
in the absence of histopathological differences*. Finally, the use
of liposome-encapsulated clodronate in CCR2-/- mice,
intended to ablate the contribution of both resident and infil-
trating macrophages, demonstrated no clodronate-related dif-
ference in APAP-induced ALT or histopathological severity
relative to liposomal controls*’. No effect of clodronate on ALT
has also been observed in other mouse models*. Altogether,
these studies suggest that macrophages may not be pivotal in
mitigating acute injury, as originally suggested. Instead, the pre-
ponderance of data now suggests the absence of macrophages
lengthens recovery time, and this may be due to effects of mac-
rophages on the vasculature?’. Thus, the putative role of mac-
rophages has shifted from an early role in hepatocyte protection
through the production of regulatory or pro-regenerative fac-
tors to an indirect role in later recovery via vascular effects.
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Figure 11. Effects of macrophage depletion. In a) simulation results are compared with mouse measured data for effects of macrophage depletion on
APAP-induced ALT#4-48.155 _ |n the measured data, mice were pre-treated with empty or clodronate-encapsulated liposomes, and then administered an
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simulated cellular responsiveness of hepatocytes following APAP overdose (300 mg/kg).

In DILIsym, the effect of clodronate on macrophages is
represented by increasing macrophage apoptosis, where the
absence of macrophages will abrogate the APAP-induced
increases in TNF-o and IL-10. The net simulated effect is
slightly milder injury, which is not consistent with the majority
of the data (Figure 11a). This is not surprising given that, dur-
ing early stages of acute APAP overdose, many simulated
hepatocytes are ATP-depleted and will undergo cell death in
response to TNF-a; later, more simulated hepatocytes will
have sufficient ATP to proliferate during the hepatocyte recov-
ery phase (Figure 11b). With macrophage depletion, simulated
injury is less, which pre-disposes the system towards less pro-
liferation. This illustrates an instance where DILIsym did not
reproduce the measured data but points to scenarios that could
explain the discrepancy.

One hypothetical explanation is that macrophage depletion
may itself exacerbate APAP DILI. An alternative hypothetical
explanation is that the current contribution of simulated mac-
rophages to injury progression may be largely due to another
cell type, which would allow macrophages to have a greater
contribution to regeneration. There are data to support both
hypotheses. For the former, a direct effect of macrophage
depletion on exacerbation is implicated by the observation of
mild liver enzyme elevations following treatment with lipo-
some-encapsulated clodronate alone®*. For the potential con-
tribution of other cell types, the protection afforded by
hepatocyte-specific genetic ablation of HMGB1 has been
shown to be associated with neutrophil infiltration’°. While
neutrophils are observed in the liver following toxic doses of
APAP, their significance has been controversial, with reports
indicating a role in injury progression, while others have shown
no effect*>*%. The controversy argued against inclusion of
neutrophils in DILIsym initially, but these new genetic abla-
tion data do not suffer some of the weaknesses of earlier data-
sets and appear to renew the possibility of a neutrophil
contribution. Efforts are currently underway to add neutrophils

to DILIsym, leveraging the new data, and with the aim of
investigating the putative role of neutrophils in injury
progression.

Carbon Tetrachloride (CCL,). Although not a drug, CCl, is
commonly used to induce acute or chronic liver injury and
study potential treatments for DILI%. Acute injury results
from a single high dose, while chronic injury results from lower
and repeated doses. There are similarities to APAP in that
CCly is metabolized by P450 enzymes, generates a reactive
metabolite, and is thought to induce oxidative stress, although
toxicity may also involve mitochondrial dysfunction®”8. Addi-
tionally, a CCl4-associated innate immune response has been
partially characterized in mice and rats.

Acute CCl, toxicity has been represented in DILIsym in
order to compare simulation results and published data on
plasma TNF-a, macrophage accumulation, and response to
blocking TNF-a. Simulated CCl, comparisons for other
measured data (e.g., PK, ALT, ROS) were generally consistent
with published reports (Supplement 3), by design. The results
demonstrate that simulations are consistent with the range of
reported elevations in plasma TNF-o and liver macrophages
but that blocking TNF-a results in only modest protection
which is quantitatively at odds with the dramatic protection
observed experimentally (Figure 12a and b).

It is surprising that simulations are consistent with the
degree of inflammation, as defined by TNF-a and mac-
rophages, but inconsistent with the degree of protection
afforded by blocking TNF-q,, particularly when similar experi-
ments were consistent with protection in APAP hepatotoxicity
(Figure 10). The discrepancy stems from a difference in dose-
sensitivity. Using mice as an example, APAP hepatotoxicity
generally occurs with 200-300 mg/kg dosing. In fact, the
majority of publications use 300 mg/kg, and it’s relatively rare
to find reports where doses greater than 500 mg/kg are admin-
istered. In contrast, CCl, hepatotoxicity is induced at doses
ranging from 10-500 mg/kg. With over an order of magnitude
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Figure 12. Comparison of mouse measured data and simulation results for CCl,-induced TNF-a (a,c)?71%6-16" and the effects of TNF-a neutralization on
CCl,-induced ALT elevations (b, d)'62. In the measured data for a) and c), mice were treated with CCl,, plasma samples were collected and analyzed for
TNF-a. In the measured data for b) and d), mice were treated with CCl, in the absence or presence of neutralizing antibodies to TNF-a; serum samples
were analyzed for ALT. The studies varied with respect to mouse strain, CCl, dose, neutralizing antibody, time of antibody administration, and time of
sample collection. For a) and c), elevated TNF-a following CCl, administration is compared between measured data (mean fold change + normalized
error) and simulation results (fold change). For b) and d), the fractional changes in the measured ALT response based on the presence of neutralizing
antibody were compared against the fractional changes in simulated maximum ALT response based on blocking simulated TNF-a. Simulations use a
range of CCl, doses (1-1000 mg/kg) across an experimental time interval consistent with the published data (24 hr for plasma TNF-a, 48 hr for TNF-a
neutralization). Results in a) and b) show the initial comparison, while c) and d) show the comparison after further refining DILIsym.

dose range, much of the simulated injury was occurring with-
out need for immune amplification. The immune contribution
appears at relatively high doses and marginally impacted the
degree of injury.

Although there is widespread support within the scientific
community for a potential contribution of innate immune
responses to DILI, quantitative data characterizing the response
are relatively sparse. To improve the DILIsym representation,
the initial CCl, simulation results have been used to inform
changes to parameter values and model structure characterizing

the relationship between DAMPs and immune cell activation.
Initially, the equations for the production of mediators (eqs.
10-14 above) also included an additional logical value termed
the inflammation state, which was modulated with specific
threshold levels of DAMPs or TNF-o (DILIsym v2A). The
CCl, representation demonstrated that mediator production
should be a continuous function controlled by mediator levels,
without the additional on/off control element. Parameter value
changes also accompanied the structure changes (Table 7).
With the updated parameter values and equation design,
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Table 7. Parameter values changed with CCl, re-optimization.

PARAMETER DESCRIPTION SPECIES ORIGINAL VALUE FINAL VALUE UNITS

TNF yax mac V.ax Parameter for TNF production Mouse 710000 20000 pg/hr/10° cells
regulated by macrophages

TNF ymax mac Vax Parameter for TNF production Human 85800 110000 pg/hr/10° cells
regulated by macrophages

TNF ymaxisec V,,ax Parameter for TNF production Mouse 12000 1500 pg/hr/10° cells
regulated by LSECs

TNF yax isec Vax Parameter for TNF production Human 6400 8200 pg/hr/10° cells
regulated by LSECs

IL10y, a5 V ax Parameter for IL-10 production Mouse 1833 1500 pg/hr/10° cells

IL10yax V ax Parameter for IL-10 production Human 30000 10000 pg/hr/10° cells

IL10yax V ax Parameter for IL-10 production Rat 16800 10000 pg/hr/10° cells

immune cell activation and injury amplification occurs at lower
levels of injury. CCl,-induced elevations in TNF-a still cover
much of the reported range, but blocking TNF-a is more effec-
tive and better aligned with the experimental data (Figure 12¢
and d). Some measured responses are still greater than the sim-
ulated responses; and this may be due to as yet unrepresented
activity of TNF-a although specific supporting data have not
been identified. Finally, the parameter changes made in Table 7
did not substantively alter the other model behaviours.

Thus, the exercise in adding CCl, to test the representation
successfully reproduced innate immune indicators in injury and
uncovered a quantitative discrepancy in the contribution to
injury which was not apparent when evaluating APAP alone.
The exercise highlights the need for additional compounds to
turther test the representation.

Discussion

A mechanistic representation of an innate immune response,
activated by DAMPs, and largely mediated by macrophages,
has been developed and integrated in DILIsym. By design, the
simulated response to toxic doses of APAP in mice is consist-
ent with the majority of published data. The parameter values
optimized to the available mouse literature have been trans-
lated and compared with the available rat and human data, and
these are also consistent with the majority of the published
data. The equations, parameter values, and associated docu-
mentation for the innate immune sub-model gathers the pub-
licly available data and understanding of this biology into a
common (and extensible) framework that can be used to test
hypotheses on the innate immune response in DILI.

The contribution of the innate immune response to APAP
DILI has been investigated in DILIsym with the relatively
simple representation of reducing the amount of HMGB1
available, reducing the amount of TNF-o available, or by
inducing apoptosis in hepatic macrophages. Blocking HMGB1
or TNF-a were found to reduce inflammation and the severity
of liver injury, qualitatively consistent with the measured data.

Macrophage depletion was also found to reduce inflammation
and liver injury, which is not consistent with the majority of the
measured data. Interestingly though, the interpretation of mac-
rophage activity based on the measured data has evolved from
the initial findings and is now more in line with a pro-regener-
ative function in DILIsym macrophages. More specifically,
early measured data seemed to suggest that macrophage pro-
tective function could manifest early, offsetting the severity of
injury. In DILIsym, this would require TNF-a protective func-
tion or HGF proliferative activity when hepatocytes are ATP-
depleted, which would be difficult to reconcile with the current
representation. In contrast, more recent and accumulating
measured data seem to suggest that the absence of macrophages
minimally alters or does not alter the severity of injury; rather,
macrophages influence recovery. During the recovery phase,
hepatocyte ATP levels are much improved, which would be
consistent with the timing of protective macrophage function
as present in DILIsym.

The simulated innate immune response is dynamically inte-
grated within DILIsym, such that, if DAMPs are produced, an
immune response can result in a compound-independent man-
ner. Thus, compounds that induce hepatocyte necrosis via reac-
tive metabolite, oxidative stress, bile acid accumulation, and/or
mitochondrial dysfunction, all have the potential to induce an
innate immune response. The successful simulation of hepato-
toxicity due to compounds not used to optimize immune
parameters™?!8 provides indirect support that the immune sys-
tem representation is reasonable within the whole DILI con-
text. These other compounds also provide the opportunity to
design experiments to test for the predicted innate immune
response. Consideration of these studies is underway.

Although the modelled innate immune response is consistent
with much of the data, there are areas for improvement besides
the representation of the effects of macrophage depletion. One
area would be to gather additional time course data on circulat-
ing levels of TNF-q, IL-10, and HGF to improve confidence in
our understanding of the true dynamic profile. A related pursuit
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might be to gather time course data on other mediators of inter-
est. Many functions are controlled by multiple mediators, which
provide a measure of redundancy, but also flexibility as mediators
may vary by cellular source, regulation of synthesis, and/or recep-
tor distribution. Other immune cell populations, e.g., neutro-
phils, NK cells, dendritic cells, could be added. For neutrophils
and NK cells, there are some data describing these cells in mouse
APAP DILI, but it might also be prudent to add other DILI
compounds for which theyve been described. Even for the cur-
rent representation, adding compounds for further testing and
characterization would be desirable. Finally, the current repre-
sentation sets the stage for, but does not yet address, the pressing
problem of DILI mediated by the adaptive immune response.
Compound-mediated hepatocellular stress, DAMP  release,
DAMP-activated immune cells, and pro-inflammatory, as well
as regulatory, mediator production are all likely contributors to
an adaptive immune response. It can be argued that the addition
of T cells to the model, including their differentiation, regula-
tion, and effector activity, would be required to realize the true
value of an immune representation in DILIsym.

In summary, DILI remains a significant concern in drug
development and utilization. We have described DILIsym, a
mechanistic mathematical model which simulates the effects
of in vivo drug exposure on putative mechanisms of hepatotox-
icity, thus providing biological context for the prediction of
DILI. Inflammation is widely believed to contribute to DILI
events, although relatively little mechanistic data are available.
The QST modelling approach adopted by DILIsym provides a
means to systematically investigate immune responses, identify
data gaps, and prioritize research. As a starting point, DILIsym
has incorporated an innate immune response and, in so doing,
has gathered the available data into a common framework that
extends across pre-clinical species and to humans. Comparison
of simulation results and measured data indicate many places
where this relatively simple representation is consistent and a
tew places where mismatches argue for additional refinement.
We present DILIsym as an important new tool for the assess-
ment of compound liver safety and for the investigation of con-
tributions by an innate immune response, and with the potential
to extend to the challenge of adaptive immune mediated DILI.
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