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1. MATERIALS AND METHODS

1.1. LAMPS assays
1.1.1.  The Liver Acinus Microphysiology System (LAMPS) model

Figure S1. The LAMPS is an experimental platform to model liver diseases and assess drug efficacy and safety. Schematic
diagrams of the LAMPS showing the 4 liver cell types (hepatocytes, Liver Sinusoidal Endothelial Cells [LSECs], stellate and
Kupffer cells) organized into a complex, 3D biomimetic of the human liver.
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1.1.2.  LipidTox neutral lipid dye staining

LipidTOX Deep Red Neutral Lipid Stain (# H34477) and Hoechst 33342 (# H3570) were obtained from ThermoFisher.
1:500 LipidTox neutral lipid dye was added into the fixed and Triton-X100 treated devices for overnight incubation at
4°C. The LipidTox dye was aspirated and the devices repetitive washed 3 times for 5 minutes in PBS and then
counterstained with 6 pug/ml Hoechst for 2 hour. The devices were rinsed twice in PBS and imaged.

1.1.3.  Steatosis imaging

Images were collected with a Nikon 20x (0.45 NA) objective using the INCell Analyzer 6000 (GE Healthcare) in
confocal mode using the 405 nm (Hoechst) and 640 nm (LipidTOX) lasers and associated filter sets with the aperture
set to 1.86 airy unit. Images for each device were acquired using the same exposure time and laser power settings. Z-
stacks totaling 64 um distance (2 um spacing between slices) were obtained, reduced to one maximum intensity
projection and then imported into FIJI (Image]) to quantitate steatosis (lipidTox) using interactive selection of a
threshold (default method) followed by analyze particles function used circularity setting at 0.6 -1 used to measure the
total intensity of the steatotic vacuoles. A total of 8 images per device were collected for analysis.



1.1.4. Secretome measurements

Efflux media from LAMPS devices was collected on days 1, 2, 4, 6, 8 and 10 to measure media levels of albumin, blood
urea nitrogen, lactate dehydrogenase. The primary anti human albumin and conjugation antibody for enzyme linked
immunosorbent assay (ELISA) analysis for albumin were purchased from Bethyl Laboratories (Montgomery TX). The
CytoTox 96 for lactate dehydrogenase (LDH) and the urea nitrogen test were purchased from Promega (Madison, WI)
and Stanbio Laboratory (Boerne, TX), respectively. HMGB-1 (Novus Biologics, Littleton, Co).

1.1.5. Multiplex immunoassays.

Efflux media was collected for each media treatment group on days 2, 6, and 10 and the levels of various human
cytokines were assayed for chemokine and cytokines CCL2, IL-1B, IL-6, TNF-a, IL-8 and IL-10 from customized from
previous efforts (Manush publication) using a customized Human XL Cytokine Discovery Panel (6-plex; R&D
systems). Assays were completed according to the manufacturer’s instructions at The University of Pittsburgh Cancer
Proteomics Facility LuminexR Core Laboratory. All multiplex panels were run at the same time to avoid run-to-run
and operator error variability utilizing the XM AP platform licensed by LuminexR and the results reported as pg/mL.
Statistical significance was determined by two-tailed t-test. P values less than 0.05 were considered statistically
significant.

1.1.6. Live Cell Readouts for Bile Efflux and Reactive Oxygen Species (ROS) Generation

Live cell readouts of LAMPS devices under flow for 10 days were used to evaluate treatment related effects on bile
canalicular efflux and generation of ROS. Briefly, control or drug dosing media was aspirated from the devices and a
bolus cocktail of 2 uM CMFDA (5-chloromethylfluorescein diacetate aka Cell Tracker Green, Thermo Fisher,
Waltham, MA) and 5 uM dihydroethidium (DHE, Thermo Fisher, Waltham, MA) in NFM was added into each
device. The chips were incubated 1 hour at 37°C. The devices were then placed on the IN Cell 6000 HCA instrument
for collection of 488/525nm (ex/em) and 520/578 nm (ex/em). To reduce front to back variation during live cell image
collection, 10X and 20X fields for each device were acquired using the same exposure time and laser power settings
and Z-stacks setting totaling 64 um distance (2 um spacing between slices) were obtained, reduction of z-stacks to one
maximum intensity projection which could be then imported into FIJI (Image]) to measure intensity of CMFDA and
ROS fluorescence in the nuclear region of hepatocytes. Interactive thresholding feature in FuJi Image ] was used to
measure the total intensity of the CMFDA activity in the bile canaliculi between the hepatocytes. ROS intensity was
determined by setting circularity to 0.6 -1 which measured just nuclear signal for DHE intensity in the hepatocytes.

1.1.7.  Tocilizumab (TCZ) Binding in Live and Fixed Hepatocytes.

A 50 uL aliquot of hepatocytes at 840,000 hepatocytes/ml were plated into a 96 well clear bottom plate coated with
Collagen Type 1. The hepatocytes were allowed overnight attachment and spreading. The overnight plating media
was decanted and replaced with a 1.5 mg/mL solution of Collagen Type 1 prepared in hepatocyte maintenance media.
The solution was allowed to gel for one hour in an incubator (37°C, 5% CO2). Fresh media was added and the overlay
cultures allowed an overnight stability period. The overnight media was decanted and replaced with media
containing 2.25 pg/mL biotin-anti-tocilizumab for 2-hour incubation. The drug media was decanted and the plate
cultured rinsed 3 times in media to remove unbound conjugated drug. The last media rinse was decanted and
replaced with 1:1000 streptavidin Cy5/6 pug/mL Hoechst nuclear dye in media for 60 minutes. The plate was rinsed 3
Xin media fresh. The final media rinse was not decanted during the live cell image collection on the VTI. Media from
the plate was then decanted and replaced with 4% paraformaldehyde for 30 minutes. The formaldehyde was
decanted, replaced with PBS and the post fixation plate read once more on the VTL

1.1.8. Mass spectrometry measurements



Hepatocyte maintenance media supplemented with 1 uM terfenadine was perfused through a test device on day 10
and collected for 24 hours. Terfenadine is metabolized through CYP3A4 into the double hydroxylated product,
fexofenadine. The parent drug and metabolite were extracted from collected efflux media by added 2X bolus of
acetonitrile, vigorous vortexing for 30 seconds, 21,000 rpm X 5 minutes in Eppendorf minifudge to pellet insoluble
materials. A 20 pL aliquot of supernatant from acetonitrile extractions was added to 180 uL of 20/80 acetonitrile/H-0O
(v/v) and submitted to the Mass Spectroscopy core at University of Pittsburgh for measurement. The concentration of
terfenadine and fexofenadine was determined using a Waters Acquity UPLC (Milford, MA) using a C18, 1.7 um, 2.1 X
100 mm reversed-phase column. Detection and quantitation were achieved in the positive ion mode with a TSQ
Quantum Ultra Mass Spectrometer (ThermoFisher, Pittsburgh, PA), interfaced via an electrospray ionization (ESI)
probe.

1.1.9. Metabolomics analysis

Sample preparation for metabolomic profiling was carried out at Metabolon Inc. Briefly, individual samples were
subjected to methanol extraction then split into aliquots for analysis by ultrahigh performance liquid
chromatography/mass spectrometry (UHPLC/MS). The global biochemical profiling analysis comprised of four
unique arms consisting of reverse phase chromatography positive ionization methods optimized for hydrophilic
compounds (LC/MS Pos Polar) and hydrophobic compounds (LC/MS Pos Lipid), reverse phase chromatography with
negative ionization conditions (LC/MS Neg), as well as a HILIC chromatography method coupled to negative (LC/MS
Polar) [1]. All of the methods alternated between full scan MS and data dependent MSn scans. The scan range varied
slightly between methods but generally covered 70-1000 m/z.

Metabolites were identified by automated comparison of the ion features in the experimental samples to a reference
library of chemical standard entries that included retention time, molecular weight (m/z), preferred adducts, and in-
source fragments as well as associated MS spectra and curated by visual inspection for quality control using software
developed at Metabolon. Identification of known chemical entities was based on comparison to metabolomic library
entries of purified standards[2].

1.1.10. Statistical Analysis

Standard statistical significance analyses were performed in Jupyter notebook on log-transformed data. For analyses
not standard in Jupyter Notebook, OmicsSoft Studio and the R program (http://cran.r-project.org/) were used.
Following log transformation and imputation of missing values, if any, with the minimum observed value for each
compound, 2-way ANOVA was used as significance test to identify biochemicals that differed significantly (p < 0.05)
between experimental groups. An estimate of the false discovery rate (q-value) was calculated to take into account
the multiple comparisons that normally occur in metabolomic-based studies. For the scaled intensity graphics, each
biochemical in the study (raw peak area count) was rescaled to set the median across all samples equal to 1.

1.2. Development of BIOLOGXsym

BIOLOGXsym is a mechanistic, mathematical model of biologics-induced liver injury (BILI), which is organized into
various sub-models that represent physiological processes involved in BILI (Figure S2A). These sub-models are
mathematically integrated to simulate responses in the intact organism. Key sub-models within BIOLOGXsym are
described in this section.

1.2.1. Oxidative stress sub-model

The balance of reactive nitrogen/oxygen species (RNS/ROS) was represented by zero-order RNS/ROS production and
saturable, first-order clearance (Figure S2B). RNS/ROS production can be further enhanced by xenobiotics, which was
represented as a first-order, non-linear process. All simulated compounds marked as RNS/ROS inducers in the
mechanism selector can increase the amount of RNS/ROS in the liver.
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1.2.2. Bile acid homeostasis sub-model

The bile acid homeostasis sub-model represents the synthesis and metabolism of bile acids in hepatocytes, the
transporter-mediated biliary excretion and basolateral efflux of bile acids, synthesis of secondary bile acids and
deconjugation of conjugated bile acids in the intestinal lumen, reabsorption of bile acids from the intestinal lumen,
transporter-mediated hepatic uptake of bile acids, and the FXR-mediate feedback regulation of bile acid metabolism
and transport (Figure S2C). CDCA, LCA, and respective metabolites were explicitly represented whereas the rest of
bile acids are lumped as “bulk” bile acids. Accumulation of bile acids in hepatocytes can lead to mitochondrial
dysfunction and decline of ATP synthesis. Details about the bile acid homeostasis sub-model were previously
published.[3,4]

1.2.3. Cellular ATP sub-model

Basal ATP turnover was represented with a simple production and utilization balance (Figure S2D). The steady-state
ATP turnover rate was calculated based on the measured whole body basal metabolic rate, the fraction of the basal
metabolic rate from the liver, the mass of the liver, and the weighted average of the energetic cost of synthesizing ATP
from fatty acids, carbohydrates, and amino acids.[5-10] Hepatic accumulation of bile acids and increased ROS/RNS
can lead to reductions in ATP production. Disruptions in ATP synthesis can lead to alterations in other cellular
processes, and necrosis can occur when hepatic ATP levels are significantly reduced.

1.2.4. Hepatocyte life-cycle sub-model

The hepatocyte life-cycle sub-model represents mature, mitotic, and young hepatocytes (Figure S2E). Hepatocytes can
undergo death by apoptosis or necrosis, which is driven by cell stress. The energy state of the hepatocytes is an
important factor that determines the type of cell death. Apoptosis can be initiated by mitochondrial and extra-
mitochondrial signals and requires sufficient cellular energy in the form of ATP. Necrosis can occur when ATP levels
are substantially reduced. An increased level of oxidative species can also lead to hepatocyte necrosis by
compromising the integrity of the plasma membrane. Details about the hepatocyte life-cycle sub-model were
previously published.[11,12]

1.2.5. Biomarker sub-models

Several clinical biomarkers were included in the model including alanine aminotransferase (ALT, Figures S1F),
aspartate aminotransferase (AST), prothrombin time, total plasma bilirubin (Figures S2G), keratin 18, and high
mobility box group 1 protein (HMGB1). Details about the construction of the biomarker sub-model are described in
other publications.[11-14]

1.2.6. IL-6 sub-model

The IL-6 sub-model includes explicit representations of IL-6, sIL-6R, and sIL-6R complex. Formation of the sIL-6R
complex is determined based on the plasma concentrations of free IL-6 and sIL-6R and binding rate data.[15] The
simulated healthy individual has steady state concentrations of 3.76 pg/mL IL-6 and 40000 pg/mL sIL-6R.[16] The
simulated individual with elevated IL-6 levels, representative of IL-6 levels seen in rheumatoid arthritis patients, has
100-fold more IL-6 at steady state than the healthy individual. Production of IL-6, sIL-6R, and the IL6-sIL6R complex
were implemented as follows:



dIL6
T ((IL6prodbase + IL6prody,. * (TotalMacs) + IL6prod;sgc * (TotalLSEC) + IL6prod, .. * (TotalNeuts)
+ IL6prody * (TotalMatureHCs))/Vplasma) — IL6SIL6Rping * (1/SIL6R ) * IL6 * SIL6R ¢ ¢
+ IL6SIL6Ris50c * (IL6pu /(IL6pyy + SIL6Ryy)) * Complexyg_siier — IL6 * (log(2)/IL6, ;)

dsIL6R
dt

= sIL6Rprodygse /Vpiasma — IL6SIL6Rying * (1/I1L6yy,) * IL6 * SIL6Rrr + IL6SILO6R4550¢
* (sIL6RMW/(IL6MW + sIL6RMW)) * Complex; _si6r — SILORff * (log(Z)/sIL6R1/2)

dComplex;;6_si6r
dt

= IL6SIL6Rying * ((IL63yyy + SIL6Ryyy )/ (IL6ygyy * SIL6Ryyy) ) * IL6 * SIL6R,r — IL6SIL6R gis50c

* Complex; 6_si.er — Complexe_siLor * (109(2)/607”1319351/2)
IL6gsr = IL6 * (1 — mIL6Rg;pck)
SIL6R,sf = SIL6R (1 — sIL6Rgock)

where prod indicates a production rate, base indicates the basal level, Mac indicates macrophages, LSEC indicates liver sinusoidal
endothelial cells, neut indicates neutrophils, HC indicates hepatocytes, and Vpasma is the volume of plasma. Formation of the
signaling complex is then characterized by a binding rate (IL6SIL6Rying) and a dissociation rate (IL6SIL6Rissoc). Each species has
a molecular weight (MW) and a half-life (1/2). The effective concentration of sIL-6R is given by SIL6R.

Key effects of IL-6 signaling on hepatocytes and relevant biomarkers were included in the sub-model. Included effects were
determined by availability of data to support IL-6-mediated contributions and parameterization of effect in addition to
consideration of effects most likely to influence liver environment, health, and biomarkers. Signaling via soluble IL-6R drives
upregulation of macrophage recruitment to the liver and hepatocyte regeneration (Figures S2H).[16—22] IL-6 signaling through
both membrane-bound and soluble-IL-6R drives suppression of CYP activity (CYP2E1, CYP3A4) and upregulation of plasma
CRP levels (Figures S2H).[23-29] Parameterization of IL-6 dependent changes in CYP activity was optimized based on LAMPS
and literature data.[27,30] Parameterization of change in CRP production was optimized based on literature data.[24] Effect of IL-
6 signaling on hepatocyte proliferation and macrophage recruitment was optimized to be at a similar magnitude to the other
contributing mediators. Downstream effects of IL-6 signaling are implemented as follows:

CYPgigna = max (0: IL6¢ypcontrib * ((1L6DelayEffect + ComplexnelayEffect)/(1L6NHV0 + ComplexNHVo))>

CYPLyroq = CYP1pmax = (CYPLgmay = CYPLpmin) * (CYPS M) /(CYPL ot 4 CY PG Hi)

signal signal

dCRP
—= ((CRPprodbase + CRPprody * (TotalMatureHCs)) /Vplasma) — CRP * (log(2)/CRP, 1,);

CRPsignal = max (Or IL6CRPCDntrib * ((1L6DelayEffect + ComplexDelayEffect)/(1L6NHVo + ComplexNHVo)) - 1)

CRPprodyc = CRPypqy * (CRPCRP”M)/(CRPKCSPH”I + CRPCRPHill)

signal signal

MaCRecruitSignal = max (0' (((”’100 + IL1OinhibMac)/(IL10DelayEffect + 1L10inhibMac))

* ((TNFDelayEffect/TNFO - 1) + (DAMPSDelayEffect/DAMPSo - 1) + ComplexcontribMac

* (Complex; g1 6r/Complexyyy, — 1))))

HCProlifSignal = max (0! HGFProlifCoeff * (HGFDelayEffect/HGEJ - 1) + TNFProlifCoeff * (TNFDelayEffect/TNFo - 1)
+ IL6SIL6RProlifCoeff * (ComplexDelayEffect/ComplexNHVo - 1))

where CYPgignal represents the signal received by IL-6 signaling, CYPContrib represents the scale of the effect IL-6 has on CYP
signaling, DelayEffect indicates the concentration of the species including a delay between initial signal and response for
membrane- and soluble- IL-6R signaling, and NHVo indicates the healthy baseline concentration for that species. The CYP
production rate for a given CYP (e.g., CYP1prq) is then determined as a hill function with the signal as input and CYP-specific
parameters CYP1gmax, CYP1gmin, CYP1hin, and CYP1gcso representing the max expression, the minimum expression, the hill
number, and the EC50 for that CYP respectively.



Plasma CRP levels include basal production, production by hepatocytes controlled by IL-6 signaling, and a half-life, with terms
defined as above.

The recruitment signal for macrophages includes IL-6 signaling via sIL-6R only. The contribution of IL-6 signaling to the
recruitment signal relative to the other mediators (IL-10, TNF-0, and DAMPs) is given by CompleXcontribmac. Macrophage
recruitment rate is then calculated as a hill function of the signal, as described previously.[31]

Based on the supporting literature, only IL-6 signaling through the soluble IL-6R is included as contributing to the hepatocyte
proliferation signal (HCprolifsignat). This is in addition to signals from HGF and TNF-o, with relative contribution of IL-6 signaling
defined by IL6SIL6Rproiifcocrr. The hepatocyte proliferation rate is then calculated as a hill function of the signal as described
previously.[11,12]

Tocilizumab inhibits IL-6 signaling by binding to both the membrane-bound and soluble IL-6 receptor. This mechanism is
included in BIOLOGXsym as follows:

— sIL6RpockadeHill SIL6RplockadeHill SIL6RplockadeHill
SIL6Rpjockadertfect = SILORplockadevmax * (plasma'rcz /(SIL6RblgckadeKm + plasmaTCZ

mIL6RblockadeEffect
= mIL6Ryjockadevmax

; i1 A MIL6RplockadeHill MIL6RpockadeHill ; i4i A 1MUL6RplockadeHill
* (leerlnterstltlalTCZ / (mIL6RblO ckaderm + LiverInterstitial ..,

SILGReff = SIL6R * (1 - 51L6RblockadeEffect)
IL6eff = IL6 * (1 - m1L6RblockadeEffect)

where the effect of TCZ on sI16R and mIL6R signaling (SIL6RpiockadeEsfect, MILORplockadeEfrect TESPECtively) is represented by hill
equations with the concentration of plasma TCZ and liver interstitial TCZ as inputs respectively. Inhibition of signaling via sIL-
6R is represented as a decrease in the concentration of free sIL-6R (sIL6R.) available to form IL6-sIL6R complex. Inhibition of
signaling via membrane-bound IL-6R is represented implicitly as a reduction in the concentration of effective IL-6 (IL6c)
controlling membrane-bound receptor signaling targets including CRP levels and CYP activity.

Impact of biologics on hepatic transporter function

The impact of biologics on hepatic transport of bile acid and bilirubin is represented as indirect effects based on hepatic interstitial
exposure of biologics as follows:

dDelay1, BiolPathwaygapiiig; yy1 pp

dt
= Tau, BiolPathwayg, gyy; * (InterstialBiolg;, y; pp — Delayl, BiolPathwayg, pitic, 1y pp)

dDelay?, BiolPathwaygapiiic; yy1 pp

dt
= Tau, BiolPathwayg, py; * (Delayl, BiolPathwayg, gui,, 4, pp — Delay2, BiolPathwaypa pitic; vy pp)

dDelay3, BiolPathwayg pitic; . pp

dt
= Tau, BiolPathwayp pii; * (Delay2, BiolPathwaypy piiig,; \, pp — Delay3, BiolPathwayp, pitic; . pp)

. . Hill,BiolPathway ili
Vinax BiolPathwayg, piy; * Delay3, BiolPathwayg, p. - BaBil

Hill,BiolPathwayp pili

Signal, BiolPathwayg, piic; yppp = 1 +

. Hill,BiolPathway ili
K,,, BiolPathway BBl

BA,Bili + Delay3, BiolPathway

BABilicL,mL,PP

ModulatedPathwayg piiic; ypp = Stgnal, BiolPathwayg, pitic; vy pp * BaSAlPathwayga piic; i pp

in which BiolPathwayg, g;;; = a bile acid- or bilirubin-related disposition pathway impacted by biologic present in the hepatic

. .. dDelay1-3
interstitium; i A

CL, ML, PP = centrilobular (CL), midlobular (ML) or periportal (PP) zones of the liver; Tau = delay parameter; InterstialBiol =

concentration of biologic in the hepatic interstitium; Signal = a transcriptional signal mediated by biologic in the hepatic

interstitium; V4, = the maximum velocity in a Michaelis-Menten-type relationship ranging from -1 to o to generate the

transcriptional signal; Hill = the hill coefficient in a Michaelis-Menten-type relationship to generate the transcriptional signal; K,

= the concentration in delay compartment 3 that yields half of the maximum velocity in a Michaelis-Menten-type relationship to
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generate the transcriptional signal; ModulatedPathway = the transcriptionally modulated bile acid- or bilirubin-related
disposition pathway; BasalPathway = the basal bile acid- or bilirubin-related disposition pathway.

Figure S2. Diagrams of key sub-models within BIOLOGXsym. A) Diagram of the overall structure of BIOLOGXsym. B) Oxidative
stress sub-model. C) Bile acid homeostasis sub-model. D) Cellular ATP sub-model. E) Hepatocyte life-cycle sub-model. F) ALT sub-
model. G) Bilirubin sub-model. H) IL-6 sub-model.
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1.3. Physiologically-based pharmacokinetic (PBPK) modeling of tocilizumab (TCZ)

A PBPK model of TCZ was developed using the biologics module of GastroPlus® 9.8. The model included clearance of
TCZ through membrane-bound IL-6 receptor (mIL-6R). It was assumed that the concentration of TCZ is significantly

greater than the concentration of soluble IL-6 receptor (sIL-6R) in the plasma. This assumption was supported by data
indicating that sIL-6R is more than 95% bound for the duration of TCZ exposure and that the relative molarity of TCZ
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and sIL-6R indicated a TCZ concentration approximately 10-fold higher than sIL-6R concentration [32]. Based on the
relative concentration of TCZ and sIL-6R, it was assumed that sIL-6R did not significantly affect the concentration of
free TCZ.

To parameterize the model, available data from the literature for TCZ binding to sIL-6R [33], TCZ binding to FcRn
[34], and TCZ-mIL6R internalization [34] were used. It was assumed that the binding rate of TCZ to mIL-6R was
similar to binding sIL-6R. Relative antigen expression levels across organs were obtained from a published literature
[34] and absolute expression levels were scaled to match plasma TCZ clearance. The degradation rate of free TCZ was
optimized to fit plasma TCZ data. The PBPK model was optimized to a single dose of 81 mg and 162 mg intravenous
and subcutaneous data in normal healthy volunteers [35]. Model was validated on repeat dosing data for 162 mg
subcutaneous TCZ dosed once per week or twice per week in rheumatoid arthritis patients [36]. This model was used
to predict the hepatic interstitial concentration of free TCZ for a healthy 91 kg male with BMI of 29 kg/m? (to match
the average body weight for the BIOLOGXsym SimCohorts) administered 8 mg/kg IV TCZ Q4W for twelve weeks.
Drug-specific parameters, attained from the literature or estimated using available plasma TCZ concentration versus
time data, are listed in Table S1.

Table S1. Key TCZ parameters used in GastroPlus simulations.

Parameter Value Units Source

Molecular Weight 145000 g/mol [37]

TCZ-mIL-6R Kon 19008 1/uM/d [33]

TCZ-mIL-6R Koff 95.04 1/day [33]

TCZ-mIL-6R Kint, TMD 96.048 1/day [34]

mlL-6R Kdeg 6.6528 1/day [34]

Fvv 0.01 dimensionless Optimized to clinical

exposure data

Lung Ag expression 2.1e-6 umol/g tissue  Adapted from [34]
Liver Ag expression 3.07e-6 umol/g tissue  Adapted from [34]
Heart Ag expression 4.38e-6 pmol/g tissue  Adapted from [34]
Kidney Ag expression 9e-7 umol/g tissue  Adapted from [34]
Spleen Ag expression 6.1e-5 pumol/g tissue  Adapted from [34]
Muscle Ag expression 5e-6 pmol/g tissue  Adapted from [34]
Skin Ag expression 3.33e-4 pumol/g tissue  Adapted from [34]
Vascular reflection coeff 0.95 dimensionless GastroPlus default
Lymphatic reflection coeff 0.2 dimensionless GastroPlus default
Exog endosomal uptake 6 1/day Optimized to clinical
rate exposure data
Recycle rate 12 1/day GastroPlus default
Vascular rate fraction 0.72 dimensionless GastroPlus default
Kon, FcRn(7.4) 0 1/uM/d [34]

Kon, FcRn (6.0) 1.901e4 1/uM/d [34]

Koff, FcRn (7.4) 0 1/day [34]
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Koff, FcRn (6.0) 3974.4 1/day [34]

Kdeg 10 1/day Optimized to clinical
exposure data

1.4. PBPK modeling of GGF2

To simulate in vivo exposure of GGF2, a PBPK model of GGF2 was developed using the biologics module within
GastroPlus 9.8. Since naturally occurring neuregulin (NRG)-1[3 binds to erythroblastic leukemia viral oncogene (ErbB)
receptors 3 and 4, which homodimerize and/or heterodimerize with the ErbB2 receptor [38,39], these receptors were
considered for describing the non-linear target-mediated drug disposition of recombinant NRG-1 (i.e., GGF2).
Internalization rate constants for GGF2-bound ErbB3 and ErbB4 in the model were estimated based on the reported
constant for antibody-bound epidermal growth factor receptor (EGFR/ErbB1) [34], and the receptor half-lives of EGF-
bound EGFR, and EGF-bound EGFR/ErbB-3 and EGFR/ErbB-4 chimeras [40]. Degradation rate constants for free
ErbB3 and ErbB4 were derived from the same study [40]. Interstitial tissue concentrations of EGFR [34] in conjunction
with organ- and cell type-specific protein expression data of EGFR and ErbB3-4 from the Human Protein Atlas
(immunohistochemically annotated as “not detected”, “low”, “medium” or “high”) were used to estimate interstitial
tissue concentrations of ErbB3-4 in heart, liver, lung, spleen, kidney, skin, and muscle. Furthermore, since the GGF2
glycoprotein is a relatively small biologic (52.6 kDa), parameters governing convection- and diffusion-related
processes were optimized in GastroPlusbased on preclinical and clinical data of GGF2 [38,39,41]. Drug-specific
parameters, attained from the literature or estimated using available plasma GGF2 concentration data, are listed in
Table S2.

Table S2. Key GGF2 parameters used in GastroPlus simulations.

Parameter Value Units Source

Molecular weight 52600 g/mol Parry 2017

Vascular reflection 0.5 dimensionless Optimized to preclinical and clinical

coeff data[38,39,41]

Lympbhatic 0.5 dimensionless Optimized to preclinical and clinical

reflection coeff data[38,39,41]

Endosomal uptake 12 1/day Optimized to preclinical and clinical

rate data[38,39,41]

Recycle rate 12 1/day Optimized to preclinical and clinical
data[38,39,41]

Vascular Rate 0.72 dimensionless Optimized to preclinical and clinical

Fraction data[38,39,41]

Kon,FcRn(7.4) 0 1/uM/day No association between FcRn and GGF2
assumed

Kon,FcRn(6.0) 0 1/uM/day No association between FcRn and GGF2
assumed

Koff,FcRn(7.4) 3.0E+4 1/day Default value, but no association

between FcRn and GGF2 assumed

Koff,FcRn(6.0) 500 1/day Default value, but no association
between FcRn and GGF2 assumed

Kdeg 1.0E+4 1/day Default value
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ErbB3 Kdeg 4.75 1/day Estimated using literature data[34,40]

ErbB4 Kdeg 2.77 1/day Estimated using literature data[34,40]

ErbB3 Kon 1000 1/uM/day Optimized to preclinical and clinical
data[38,39,41]

ErbB3 Koff 10 1/day Optimized to preclinical and clinical
data[38,39,41]

ErbB3 Kint, TMD 103.68 1/day Estimated using literature data[34,40]

ErbB4 Kon 1000 1/uM/day Optimized to preclinical and clinical
data[38,39,41]

ErbB4 Koff 10 1/day Optimized to preclinical and clinical
data[38,39,41]

ErbB4 Kint, TMD 56.55 1/day Estimated using literature data[34,40]

Liver ErbB3 1.23E-4 pumol/g tissue Adapted from literature data[34] and the

expression Human Protein Atlas

Liver ErbB4 6.13E-5 umol/g tissue Adapted from literature data[34] and the

expression Human Protein Atlas

Lung ErbB3 1.71E-3 pumol/g tissue Adapted from literature data[34] and the

expression Human Protein Atlas

Lung ErbB4 1.71E-3 pumol/g tissue Adapted from literature data[34] and the

expression Human Protein Atlas

Spleen ErbB3 4.46E-5 pumol/g tissue Adapted from literature data[34] and the

expression Human Protein Atlas

Muscle ErbB3 2.02E-4 umol/g tissue Adapted from literature data[34] and the

expression Human Protein Atlas

Heart ErbB3 2.63E-4 pumol/g tissue Adapted from literature data[34] and the

expression Human Protein Atlas

Kidney ErbB3 1.86E-4 pumol/g tissue Adapted from literature data[34] and the

expression Human Protein Atlas

Kidney ErbB4 6.20E-5 pumol/g tissue Adapted from literature data[34] and the

expression Human Protein Atlas

Skin ErbB3 9.98E-3 umol/g tissue Adapted from literature data[34] and the

expression Human Protein Atlas

Skin ErbB4 6.65E-3 pumol/g tissue Adapted from literature data[34] and the

expression Human Protein Atlas

Organ-specific 100 (% of plasma flow) Optimized to preclinical and clinical

lymph flow

data[38,39,41], to account for other
potential diffusion processes
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2. RESULTS

2.1. Evaluation of TCZ and GGF?2 in LAMPS

Albumin and urea responses were measured in LAMPS models treated with TCZ (232 pg/mL and 725
pg/mL), IL-6 (3 ng/mL), combination of TCZ (232 pg/mL) and IL-6 (3 ng/mL), or GGF2 (10, 100, and 382
ng/mL) (Figure S3). Albumin and urea responses were not significantly different from controls for 232
pg/mL and 725 pg/mL Tocilizumab, 3 ng/mL IL-6, or combination of TCZ (232 ug/mL) and IL-6 (3
ng/mL) (Figure S3A, C). Albumin and urea responses were not significantly different from controls for 10,
100, and 382 ng/mL GGEF2 groups (Figure S3B, D). Efflux of glycochenodeoxycholic acid (GCDCA) and
taurocholic acid (TCA) was not altered by tocilizumab (232 ug/mL and 725 ug/mL) (Figure S4).

Figure S3. Albumin (A, C) and urea (B, D) measurements on day 10 in LAMPS chips treated with 1.6 uM (232
pg/mL) or 5 uM (725 pg/mL) TCZ, IL-6 (3 ng/mL), combination of TCZ (232 ug/mL) and IL-6 (3 ng/mL), or GGF2 (10,
100, and 382 ng/mL). N=15,9, 3, 6, 6, 4, 4, 3 chips for control, 232 pg/mL TCZ, 725 ug/ml TCZ IL-6, IL-6 + TCZ, 10
ng/mL GGF2, 100 ng/mL GGF2, and 382 ng/mL GGF2 groups, respectively. Values presented as mean + SEM.
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Figure S4. Efflux of glycochenodeoxycholic acid (GCDCA) and taurocholic acid (TCA) was not altered by
tocilizumab.
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2.2. PBPK modeling of TCZ

Simulated plasma TCZ exposure was generally in agreement with the reported clinical pharmacokinetic
data (Figure S5). For the datasets used for model optimization, simulated AUCo4sonr and Cmax for 81 mg
and 162 mg TCZ administered intravenously and subcutaneously were within 0.79-2.1-fold and 0.8-1.3-
fold of the observed data respectively (Figure S5) [35]. For the datasets used for model validation, the first
dose and steady state AUC and Cmax for 162 mg TCZ administered subcutaneously once per week or once
per two weeks for 24 weeks were within 0.8-2.1-fold and 0.8-1.3-fold of the observed data respectively
(Figure S6)[36]. The final model was used to predict plasma and liver interstitial TCZ concentrations for 8
mg/kg TCZ administered intravenously every four weeks to a 91 kg healthy male (Figure S7). The twelve-
week plasma AUC and Cmax were 80799 ug*h/mL and 177.6 ug/mL respectively. The twelve-week liver
interstitial TCZ AUC and Cmax were 16355 ug*h/mL and 36.4 ug/mL respectively. The simulated plasma
and liver interstitial concentration-vs-time profiles for were then used in BIOLOGXsym to drive TCZ-
mediated effects on the liver.
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Figure S5. PBPK model of TCZ vs clinical data used for optimization. Simulated concentration of TCZ in the plasma
after a single dose of (A) 81 mg IV, (B) 162 mg IV, (C) 81 mg sc, and (D) 162 mg sc (blue solid line) compared to
clinical data (blue squares[35]). (E) Summary descriptors (AUC, Cmax, tmax) for observed and simulated PBPK profiles
and ratio of simulated to observed for each descriptor. Observed values for AUC, Cmax represent arithmetic mean +
standard deviation. Observed values for tmax represent median (range).
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Figure S6. PBPK model of TCZ vs clinical data used for validation. Simulated concentration of TCZ in the plasma

after 162 mg sc (A) Q2W and (B) QW for 24 weeks (blue solid line) compared to clinical data (blue squares[36]). (C)
Summary descriptors (AUC, Cmax, Ctrough) for first dosing interval and steady state dosing interval for observed and
simulated PBPK profiles and ratio of simulated to observed for each descriptor. Observed values represent mean +
standard deviation.
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Figure S7. Predictions from PBPK model of TCZ. Simulated concentration of TCZ in the plasma (blue) and liver
interstitium (brown) for 8 mg/kg IV TCZ Q4W for twelve weeks in a 91 kg healthy adult male.
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2.3. Representation of TCZ effects on IL-6 signaling

A sub-model representing IL-6 production, clearance, and binding to membrane and soluble IL-6
receptors via classic and trans-signaling pathways, respectively, were developed within BIOLOGXsym.
IL-6 cross-regulation of mediators and immune cells were evaluated and added where supported by
literature, including a trans-IL-6-signaling dependent increase in macrophage recruitment to the liver.
Key IL-6 interactions with hepatocytes such as CRP production, hepatocyte CYP3A4 expression, and
hepatocyte turn-over have been represented. LAMPS data demonstrated reduced CYP3A4 activity with
increased IL-6 levels. This activity returned to baseline with added TCZ exposure. These data, along with
data from the literature, were used to quantify and parameterize the change in CYP3A4 and CYP2E1
production by hepatocytes in response to changes in IL-6 signaling. An in vitro-like setup within
BIOLOGXsym mimicking the LAMPS experiments was able to reproduce dose-dependent reduction in
CYP3A4 activity in response to IL-6 increases, consistent with vLAMPS experiments and literature [30]
(Figure S8A). Simulated patients with elevated IL-6 exhibited reduced expression of CYP3A4 and
CYP2E1, and administration of TCZ (8 mg/kg every 4 weeks) recovered activity of these CYP isozymes
(Figure S8B).
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Figure S8. Effects of IL-6 and TCZ on CYP activity. A) IL-6 effects on CYP3A4 activity in simulations mimicking in
vitro IL-6 exposure (red symbols) compared to experimental data (black symbols). The error bar on the observed data
represents standard deviation. B) Simulated production of CYP3A4 and CYP2E1 in patients with elevated IL-6 and
effects of TCZ administration. NHV: normal healthy volunteer.
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2.4. PBPK modeling of GGF2

Simulated plasma GGF2 exposure was generally in agreement with the reported clinical pharmacokinetic
data. The reported, observed Cmax in patients administered a 20-to-30-min 1.5 mg/kg intravenous bolus
infusion was 0.6 pg/mL [41], but apart from “more frequent sampling on the first day” it is unclear when
blood sampling for pharmacokinetic analysis was performed [38]. If no sample was taken immediately at
the end of the infusion, the reported Cmax may have been underestimated. The simulated Cmax
immediately after a 30-min infusion was 5.5 pg/mL, and plasma concentrations were predicted to reach
0.6 pg/mL in a matter of minutes (Figure S9), relatively consistent with the short half-life of GGF2
reported in rats [39]. At this dose level, the PBPK model predicted a maximum GGF2 concentration of 12
pg/mL in the hepatic interstitium. The simulated concentration-vs.-time profile of GGF2 in the hepatic
interstitium was integrated in BIOLOGXsym to drive the pathophysiological effects on the liver.
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Figure S9. Clinical GGF2 exposure in plasma (solid blue curve) and the hepatic interstitium (dotted maroon curve)
was simulated by physiologically based pharmacokinetic modeling using GastroPlus. The red box indicates the
potential timeframe post-infusion accounting for the apparent discrepancy between predicted vs. observed Cmax, the
latter of which is represented by the red, horizontal, dotted line. Cmax, maximum plasma concentration; IV,
intravenous administration

GGF2

[P ——Cp-Venous Retun-GGF2 ¥

-
o

Dose: 1.5 mg/kg (30 min IV):

Predicted C,.y (~5.5 ug/mL)

>

Concentration (ug/mL)

“. Observed Cyqy (~0.6 ug/mL)

© =2 N W A OO N ® ©

- S B R
Simulation Time (h)

2.5. Determination of TCZ mechanistic toxicity parameters

Table S3. Mechanistic toxicity parameter values for TCZ.

Name Units TCZ
Liver RNS/ROS production rate Vmax 4 1/hour 0.03964
Liver RNS/ROS production rate Km 4 umol/L 0.2
Liver RNS/ROS production rate Hill 4 dimensionless 5
duration of VLDL release inhibition 1 hours 2500
magnitude of VLDL release inhibition 1 dimensionless 0.75
Compound Y molecular weight g/mol 145000
mlIL-6R depletion Vmax in response to CompY ug/mL 1
mlL-6R depletion Km in response to CompY ug/mL 1
mlL-6R depletion Hill in response to CompY dimensionless 1
sIL-6R depletion Vmax in response to CompY ug/mL 1
sIL-6R depletion Km in response to CompY ug/mL 0.5
sIL-6R depletion Hill in response to CompY dimensionless 5
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2.6. Determination of GGF2 mechanistic toxicity parameters

Table S4. Mechanistic toxicity parameter values for GGF2. In addition to a Vmax value, each of the Michaelis-Menten
equations for the regulatory bile acid and bilirubin disposition mechanisms has Km and Hill values, which were set to
values of 102 ug/mL and 1, respectively, for all mechanisms. Furthermore, each pathway had a (transcription-like)
delay parameter set to 0.25 hr.

Name Units GGEF2
Compound W molecular weight g/mol 52600
Biologics-based LCA amidation impact Vmax for Compound W dimensionless -0.468
Biologics-based CDCA amidation impact Vmax for Compound W dimensionless -0.468
Biologics-based BA uptake impact Vmax for Compound W dimensionless -0.3466
Biologics-based BA basolateral efflux impact Vmax for Compound dimensionless -0.68/ -
W 0.89*
Biologics-based BA biliary efflux impact Vmax for Compound W dimensionless -0.39

Biologics-based OATP1B1/1B3-dependent unconjugated bilirubin dimensionless -0.55
uptake impact Vmax for Compound W

Biologics-based conjugated bilirubin uptake impact Vmax for dimensionless -0.55
Compound W

Biologics-based conjugated bilirubin basolateral efflux impact Vmax  dimensionless 0.21
for Compound W

*A parameter value of -0.68 was able to reproduce the LAMPS data under in vitro-like conditions, while
this value was further optimized to -0.89 to recapitulate the GGF2 clinical data.

2.7. Simulations of TCZ-mediated hepatotoxicity in BIOLOGXsym

Figure S10. Simulated fraction viable hepatocytes vs. time profiles in the SimCohorts (n=4) administered TCZ alone.
Simulations were performed with all mechanisms (ROS, steatosis, and explicit IL-6R effects, A), TCZ effects on IL-6R
only (B), or TCZ effects on ROS and steatosis only (C). Each line represents each simulated individual.
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2.8. Tissue and Extracellular Matrix Remodeling

Metabolomics analysis of effluent revealed strong signatures of increased protein turnover following low
dose TCZ treatment (232 pg/ml) such as free amino acids (arginine, leucine, isoleucine, valine, etc.), their
post-translational derivatives (including N2-diacetyllysine, N2,N6-diacetyllysine, N6-methyllysine, N6,
N6,N6-trimethyllysine, N-acetyl-histidine, dimethylarginine (SDMA + ADMA)), and dipeptides
(glycylleucine, phenylalanylalanine, and valylleucine) (Figure S11). 3-methyl histidine, a marker of tissue
protein breakdown[42] did not change significantly with low TCZ dose. However, higher TCZ dose
showed significant decrease at day 10, indicating tissue decay in response to TCZ toxicity. Monoclonal
antibodies like TCZ, are catabolized into amino acids and small peptides to facilitate their elimination
from the body. Therefore, marked increases in many amino acid derivatives and dipeptides could be a
cumulative result of TCZ catabolism, in addition to TCZ-induced change in tissue protein turnover.

Moreover, changes in constituents of glycosaminoglycans, a major component of extracellular matrix
(ECM) were observed following TCZ treatment including N-acetylneuraminate and N-
glycolylneuraminate alongside other sugars such as erythronate and glucuronate. It is noted that these
changes were more pronounced with high dose TCZ (725 pg/ml). Another important signature associated
with changes in ECM is increased levels of N6-carboxymethyllysine, an advanced glycation end product
(AGE), with low dose TCZ treatment (Figure S11). AGEs are glycated proteins or lipids. Elevated levels of
AGEs have been shown to be positively associated with the severity of NAFLD-associated steatosis[43].
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Figure S11. Statistical heat map, pathway diagram, and boxplots of select metabolites associated with tissue
remodeling within the spent media from the LAMPS models. Within the heatmap, trending (0.05 < p <0.10) and
significant (p < 0.05) elevations are indicated by pink and red, respectively, while trending and significant reductions
are represented by light blue and dark blue, respectively.
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