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ABSTRACT: In vitro hepatocyte culture systems have inherent limitations in capturing
known human drug toxicities that arise from complex immune responses. Therefore, we
established and characterized a liver immuno-competent co-culture model and evaluated
diclofenac (DCF) metabolic profiles, in vitro-in vivo clearance correlations, toxicological
responses, and acute phase responses using liquid chromatography tandem mass
spectrometry. DCF biotransformation was assessed after 48 h of culture, and the major
phase I and II metabolites were similar to the in vivo DCF metabolism profile in humans.
Further characterization of secreted bile acids in the medium revealed that a glycine-
conjugated bile acid was a sensitive marker of dose-dependent toxicity in this 3D liver
microphysiological system. Protein markers were significantly elevated in the culture
medium at high puM doses of DCF, which were also observed previously for acute drug
induced toxicity in humans. In this immuno-competent model, lipopolysaccharide treatment
evoked an inflammatory response that resulted in a marked increase in the overall number of
acute phase proteins (APPs). Kupffer cell-mediated cytokine release recapitulated an in vivo
pro-inflammatory response exemplified by a cohort of 11 cytokines differentially regulated
following LPS-induction, e.g., IL-1f3, IL-1Ra, IL-6, IL-8, IP-10, TNF-a, RANTES, G-CSF,
M-CSF, MIP-1B, and IL-5. In summary, our findings indicate that 3D liver
microphysiological systems may serve as a preclinical investigational platforms from the
perspectives of the discovery of a set of clinically relevant biomarkers including potential
reactive metabolites, endogenous bile acids, excreted proteins and cytokines to predict early

drug-induced liver toxicity in humans.

LT0Z ‘2z 1Mdy uo spuinor 13dSY e Bio'seuinofiedse puwp wo. papeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 27, 2017 as DOI: 10.1124/dmd.116.074005
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 74005

INTRODUCTION

In the development of drug candidates, experiments with microsomal proteins, S9
fractions, 2D or suspension hepatocytes may not be physiologically sufficient to predict
effects in patients. Many patients taking medication may experience chronic or acute
inflammation, thus motivating an in vitro model that includes liver non-parenchymal cells,
especially resident macrophages (Kupffer cells) to capture innate immune responses,
including those arising from leaky gut (Roberts et al. 2007). Hepatocytes and Kupffer cells
show relatively rapid functional decline in standard culture (Kegel et al. 2015; Godoy et al.
2013), thus a variety of 3D and microperfused cultures that improve in vitro physiology
have been developed to address complex problems in drug biotransformation,
pharmacokinetics (PK), drug-induced liver toxicity, and drug-drug interactions in the early
stage of drug development (LeCluyse et al. 2012; Dash et al. 2009; Gémez-Lechén et al.
2004; Li 2007; Kegel et al. 2015; Knospel et al. 2016; Long et al. 2016; Ebrahimhkani et a.
2014). We have developed a microreactor, the LiverChip™, that employs a 0.2 mm thick
scaffold to drive formation of 3D tissue-like structures from primary liver cells and an on-
board microfluidic pump to provide controlled perfusion to the array of these 3D liver
tissue-like structures (Domansky et al. 2010). The recirculation of medium directly through
the 3D tissue provides both convective mass transfer of drugs and other molecules to the 3D
tissue and results in an approximately physiological drop in oxygen tension from one side of
the scaffold to the other. Hepatocytes and Kupffer cells can be co-cultured in a highly
functional state in this microreactor for weeks using a culture medium that supports long-

term maintenance of cytochrome P450 activity but is also permissive for examining
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inflammatory responses (Sarkar et al. 2015; Tsamandouras et al. 2016; Long et al. 2016).
The reactor configuration employed here was designed to culture 0.4-0.8 million cells in
1.6-3 mL culture medium, thus providing sufficient sample volume for multiple analyses at
multiple time points in order to gain information that could help predict the fate of drugs and
their potential toxicity.

Herein, the LiverChip™ culture system was used to study the pharmacokinetics
(PK), metabolism, and dose-induced toxicity of diclofenac (DCF), a non-steroidal anti-
inflammatory drug and a widely-used painkiller (Tang 2003; Brogden et al. 1980; Skoutakis
et al. 1988). As noted by Kndspel et al. in their recent study of DCF metabolism in a larger
(1.3 M cells) bioreactor of different configuration (Kndspel et al. 2016), quantitative
analysis and comparison of DCF metabolism across different culture formats is challenging,
due to effects of mixing [or lack of mixing in static cultures, such as the 3D static spheroids
(Messner et al. 2013)] and significant loss of compounds from solution due to adsorption to
system components as they observed in their reactor system. Further, DCF binds to plasma
proteins, further complicating quantitative interpretation of results. The LiverChip™ system
was designed for highly quantitative analysis of exposure and fate, as it is made from
components that exhibit minimal adsorption of hydrophobic compounds so that loss of drug
is insignificant and exposures can be relatively well-controlled (Tsamandourous et al. 2016;
Dash et al. 2009; Long et al. 2016).

DCF metabolism follows two major pathways in humans: (1) phase I: major
oxidative metabolite 4’-hydroxydiclofenac and minor 5’-hydroxydiclofenac, and (2) phase
II: diclofenac-glucuronide and hydroxydiclofenac-glucuronides, which are toxic due to the

formation of reactive electrophilic iso-glucuronides (Bort et al. 1999).
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Polarized and well-differentiated hepatocytes synthesize bile acids including amino
acid conjugated bile acids (Mork et al. 2016). Bile acid synthesis may be limited by
oxidation, further modification of hepatocytes, or bile transporters (Axelson et al. 2000).
They are synthesized from cholesterol by CYP7A1 and, when conjugated, are excreted to
the medium (Mork et al. 2016). Therefore, it is reasonable to speculate that oxidative
damage from DCF may alter bile acid metabolism and transport, and thus to investigate bile
acid concentrations in conditioned medium as a function of DCF treatment.

Additional insights to the effects of DCF, especially induced by lipopolysaccharides
(LPS), can be assessed by both targeted and shotgun proteomics to reveal alterations in
known cytokines and acute phase proteins In this study, we investigated secreted protein
profiles in cultured medium from cryopreserved hepatocytes and Kupffer cells in a co-
culture model.. To investigate whether secreted proteins correlate with toxicity, we exposed
the co-culture to a range of doses of DCF with or without a concurrent inflammatory cue
(LPS) and profiled large molecules as putative markers of toxicity, including both targeted

and shotgun proteomics approaches

MATERIALS AND METHODS

Chemicals and reagents

13C6-DCF and d5-glycocholic acid (GCA), used as internal standards, were obtained
from Fluka and Toronto Research Chemicals, respectively. High-performance liquid
chromatography (HPLC) grade (> 99.9 %) methanol (MeOH, CAS: 67-56-1), acetonitrile
(ACN, CAS: 75-05-8), formic acid (FA, CAS: 64-18-6), molecular biology grade dimethyl

sulfoxide (DMSO, CAS: 67-68-5), DCF (CAS: 15307-86-5), urea (CAS: 57-13-6),
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ammonium bicarbonate (ABC, CAS: 1066-33-7), DL-dithiothreitol (DTT, CAS: 3483-12-
3), and iodoacetamide (IAA, CAS: 144-48-9) were purchased from Sigma Aldrich (St.
Louis, MO, USA). The standard tuning solution used to calibrate the quadrupole time of
flight instrument (QTOF) was acquired from Agilent Technologies (Santa Clara, CA, USA).
Distilled water was prepared in-house with double distillation. Trypsin (Catalog# V5111)
and protease MAX™ Surfactant (Catalog# V2071) were purchased from Promega
(Madison, MI, USA). Albumin depletion kit (Product# 85160) and the top 12 abundant
protein depletion spin columns (Product# 85164) were purchased from Life Technologies
(Carlsbad, CA, USA). iTRAQ® Reagent - 8Plex Multiplex Kit (SKU#: 4390812) and
iTRAQ® Reagent - Multiplex Buffer Kit (SKU# 4381664) were obtained from AB SCIEX
(Framingham, MA, USA). OMIX tips (Product # A57003100) and cleanup C18 pipette tips
(Product# 5188-5239) were purchased from Agilent Technologies. SPE columns were

purchased from Phenomenex (Catalog# 8B-S100-TAK).

Cell Culture

Cryopreserved primary human hepatocytes (Hu8150) and cryopreserved human
Kupffer cells (HK8160) were purchased from Life Technologies (Paisley, UK). All cells
were thawed according to the manufacturer’s instructions. Viability, assessed using trypan
blue exclusion post-thaw, was > 85%. Hepatocyte and Kupffer cell co-cultures were seeded
into LiverChip™ bioreactors (Long et al. 2016; Kostrzewski et al. 2017) simultaneously at a
ratio of 10:1 hepatocytes to Kupffer cells, for a total cell number of 600,000 cells per well,
in a volume of 1.6 mL Advanced Dulbecco’s Modified Eagle Medium (Ad DMEM)

containing thawing and plating supplements (Life Technologies, Paisley, UK), but without
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dexamethasone (DEX) for the first 24 h of culture. Flow was maintained in the downward
direction at 1.0 pL/sec through the scaffold for 8 h post-seeding and then switched to the
upward direction for the duration of culture. From Day 1-3, cultures were maintained in Ad
DMEM with primary hepatocyte maintenance supplements, omitting DEX. On Day 3,
medium was replaced with William’s E Medium (WEM) and maintenance supplements
containing 100 nM hydrocortisone (HC). At each medium change, medium samples were
saved for analysis of liver-produced proteins (albumin, cytokines) and metabolites (urea).
For DCF clearance studies, a complete medium change was performed and DCF (Sigma
Aldrich, Poole, U.K.) in DMSO (final concentration of 0.5% v/v for all doses) was added in
a volume of 2 mL of medium containing 1.25 mg/mL to yield concentrations indicted in the
text. Samples (50 pL each) were removed from duplicate wells at 0, 0.5, 1, 4, 6 24 and 48 h
time points. No additional medium was added to replace sample removed. For DCF toxicity,
biotransformation, inflammation, and proteomic studies, cultures were dosed with DCF
(Sigma Aldrich, Poole, U.K.) in DMSO (final concentration of 0.5% v/v for all doses) on
Day 5 to yield initial concentrations indicated in the text, and media were changed every 48
h. At each medium change, fresh compound was added. To induce inflammation, LPS

(Sigma, Poole, UK) was dosed at 1 pg/mL.

Characterization of perfused co-cultures in LiverChip™
Quantification of total protein
Cells and scaffolds were washed once in phosphate buffered saline and lysed using

0.5 mL of 0.1 M sodium hydroxide containing 2% sodium dodecyl sulphate. Total cellular

LT0Z ‘2z 1Mdy uo spuinor 13dSY e Bio'seuinofiedse puwp wo. papeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 27, 2017 as DOI: 10.1124/dmd.116.074005
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 74005

protein was then measured using the Pierce BCA protein assay kit (Thermo Fisher,

Loughborough, UK).

Hepatocyte and Kupffer cell phenotyping
Albumin secretion was measured with a human albumin ELISA (Assay Pro, St Charles,
USA). Lactate dehydrogenase (LDH) activity was measured using the CytoTox 96® Non-

Radioactive Cytotoxicity Assay (Promega, Southampton, UK).

DCF biotransformation

Protein precipitation and extraction of metabolites

Internal standard (*Cs-DCF) was added to 25 uL of co-culture medium to give a
final concentration of 20 uM of DCF when at 50-100X Cmax (4.4 uM was Cmax for our
study), and 2 pM with DCF at 1X Cmax of D5-GCA (0.5 uM to 1 uM) was added as an
internal standard prior to sample extraction for bile acid measurements. The choice was
arbitrary. 4.4 is a low value in the range of the physiologic dose, and higher values were
chosen to represent overdosing. MeOH was then added at a 1:4 ratio (v:v; 25 puL:100 uL;
sample:MeOH). Resulting suspensions were maintained at -20 °C for 5 min, vortexed for 20
sec, and subjected to gentle shaking for 5 min on a Fisher Vortex Genie 2 with a vortex
adapter. The samples were then maintained at -20 °C for 5 min and centrifuged at 15,000
rpm for 10 min. The supernatants were then collected carefully (without disturbing the
protein pellet) and dried in a SpeedVac® (Savant Instruments, Holbrook, NY, USA).
Samples were prepared immediately for LC-MS analysis by resuspension in 2% ACN

containing 0.1% FA. Injections of 1-5 pL. were analyzed on an Agilent QTOF 6530 using

10
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parameters described previously (Sarkar et al. 2015).

Metabolite profiling

LC-MS analyses were performed on an Agilent 6530 Accurate-Mass LC-QTOF
mass spectrometer with an Agilent Jet Stream Electrospray lonization (ESI) source and
Mass Hunter workstation (v. B.06). The mass spectrometer was interfaced with an Agilent
1290 UHPLC system. The column was an Agilent Extend-C18 (2.1 X 50 mm, 1.8 pum;
Agilent Technologies, Santa Clara, CA, USA). The column compartment temperature was
set at 40 °C. The QTOF was calibrated daily before runs using the standard tuning solution
from Agilent Technologies. ESI mass spectra were acquired in positive ion mode for total
and free DCF measurements. Mass data were collected between m/z 70 and 1000 either at 2
scans/sec or 4 scans/sec. The ion spray voltage = 3800 V; the heated capillary temperature =
350 °C; drying gas = 8 L/min; nebulizer = 30 psi; sheath gas temp = 380 °C; sheath gas flow
= 12 L/min. Two reference masses (Mm/z 121.0509: CsHs4Ns; m/z  922.0098:
CisH18OsN3P3F24) were infused continuously to allow constant mass correction during the
run. Variation of retention times and m/z values were < 0.2 min and < 5 ppm mass error,
respectively, and the relative standard deviations of peak areas were < 20%. Mobile phases
consisted of double distilled water containing 0.1% FA (A) and ACN containing 0.1% FA

(B). Linear gradients were from 2% to 95% B over 12 minutes at a flow rate of 0.4 mL/min.

Data processing, analysis, and metabolite identification

DCF clearance and GCA were measured by targeted mass spectrometry on the

Agilent QTOF. Data were processed using Agilent Mass Hunter qualitative analysis

11
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software (v. B.06). Peak areas of DCF (m/z 296.0245), 3Cs-DCF, GCA (m/z 466.3169), and
d5-GCA as internal standard were obtained using the extracted ion chromatogram function.
MS/MS spectra of DCF metabolites were analyzed manually with the fragmentor tool in
ChemDraw and with the molecular structure correlator function in Mass Hunter (i.e., all
signals associated with a given analyte, with intensities > 2000 - 5000, were used to profile
metabolites, at a 5 ppm mass accuracy threshold).

Tandem mass spectra (MS/MS) were generated with an Agilent QTOF 6530 mass
spectrometer (Santa Clara, CA, USA) to further confirm the identity of metabolites. For this
analysis, the matched exact masses of parent and fragmented ions (< 5 ppm mass error), and
associated retention times (<20 sec) were used to create a target list. [sotope patterns were

also used to identify Cl-containing DCF metabolites.

DCF pharmacokinetics using a one-compartment model

The PK properties of DCF in the LiverChip™ bioreactor were investigated after
administration of 4.4 uM DCEF to a co-culture of hepatocytes and Kupffer cells (10:1). High
mass accuracy LC-MS/MS was used to follow DCF concentrations over time. PK
parameters were obtained using MATLAB software (Version R2014, MathWorks Inc.,
Natick, MA). Based on the initial observation of DCF concentration profile over time, one-
compartmental PK model was used to estimate the DCF elimination rate (ker) and the
volume of distribution (Vd). Due to sampling from the bioreactor, the V4 was used as the
average of the volumes at t=0 and end point. The following equations were used (Egs. 1 and

2):

12
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dlper _ _
—= = —ke X Cpcr (Eq. 1)
_ Dosepcp
[€perlo=— (Eq.2)

where €per is the DCF concentration, [Cocrla is the initial DCF concentration in the liver
bioreactor and P@#€per is the DCF dose, respectively. The elimination half-life of DCF

(tl{ ) and the clearance (CL) was calculated using equations 3 and 4:

= n(2)
e =%, (Eq. 3)
(L= f‘.’g;l‘(& (Eq. 4)

Modeling of DCF and bovine serum albumin (BSA) equilibrium binding
The binding equilibrium between DCF and BSA (1.25 mg/mL and 25 mg/mL) was

modeled based on the following equation:

[DCF, | = Bailty X[BSAIX[DCFrres] , TaXkaX[BSA]X[DCFyrge]
Bound 1Ky X[DCFrres] 1+ka X[DCFrree] (Eq. 5)

where [BS4] is the total BSA concentration, [PCFgounal and [PCFrres] are bound and free
DCEF concentrations, and 1 and %z are the number of binding sites on BSA for DCF, which
are 2.15 and 12.45, respectively (Dutta et al. 2006). Similarly, 0.88 x 10° M and 0.727 x
10> M™" are the association constants X1 and Kz, respectively. These values were estimated

from the experimental data in Dutta et al.

13
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Protein digestion and peptide fractionation

Prior to digestion, BSA was depleted from the co-culture medium using albumin
depletion columns according to the manufacturer’s instructions. Proteins were then re-
suspended in 15 pL of 8 M urea (dissolved in 50 mM ABC) followed by addition of 20 pL
of 0.2% ProteaseMAX™ (Promega) surfactant, 50 pL of ABC (50 mM), and 2.12 uL of
400 mM DTT. Disulfide bonds were reduced by incubating the samples at 56 °C for 30 min,
and alkylated by addition of 6 pL of 550 mM IAA, followed by incubation for 30 min at
room temperature in the dark. To prevent alkylation of trypsin, excess IAA was inactivated
by the addition of 2.12 pL of DTT and incubated for an additional 30 min in the dark.
Proteins were digested by adding 3.7 pL of 0.5 pg/pL trypsin (1:27 trypsin:protein) and 1
uL of 1% ProteaseMAX™ followed by a 3 h incubation at 37 °C. After digestion, trypsin
was inactivated by addition of 20% trifluoroacetic acid to a final concentration of 0.5%. The
tryptic peptides were concentrated and desalted with OMIX tips from Agilent Technologies
according to the manufacturer’s instructions, and dehydrated to dryness in a SpeedVac®.

To fractionate the peptides by isoelectric focusing, samples were resuspended in 3.6
mL of 1X off-gel buffer and then loaded onto an Agilent off-gel fractionator with IPG strips
(pH 3-11) according to the manufacturer’s instructions. For the first experiment, the 24
fractions were pooled into 20 fractions (i.e., combining 1 and 24, 2 and 23, 3 and 22, 4 and
21, 5 and 20, without combining fractions 6-19). All fractions were dried in a SpeedVac®
prior to resuspension in 20 pL of 98% water, 2% ACN, and 0.1% FA for LC-MS analysis as

described below.

Protein profiling by LC-MS/MS

14
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These experiments were carried out on the Agilent 6530 QTOF mass spectrometer,
interfaced with an Agilent 1290 series UHPLC (Agilent Technologies, Santa Clara, CA,
USA) containing a binary pump, degasser, well-plate auto-sampler with thermostat, and
temperature-controlled column compartment. Mass spectra were acquired in the 3200 Da
extended dynamic range mode (2 GHz) using the following settings: ESI capillary voltage =
3800 V; fragmentor = 150 V; nebulizer gas = 30 psi; drying gas = 8 L/min; drying
temperature = 380 °C. Data were acquired at 6 MS spectra per sec and 3 MS/MS spectra per
sec in the mass ranges of m/z 1002000 for MS, and 50-2500 for MS/MS, with a maximum
of five precursors per cycle and stored in profile mode. Fragmentation energy was applied at
a slope of 3.0 V/100 Da with a 2.8 offset. Mass accuracy was maintained by continually
spraying internal reference ions in positive ion mode, m/z 121.0509 and 922.0098.

An Agilent ZORBAX 300SB-C18 RRHD column 2.1 x 100 mm, 1.8 um (Agilent
Technologies, Santa Clara, CA, USA) was used for all analyses. The LC parameters were
the following: autosampler temperature = 4 °C; injection volume = 20 uL; column
temperature = 40 °C; mobile phases were 0.1% FA in water (A) and 0.1% FA in ACN (B).
The gradient started at 2% B at 400 pL/min for 1 min, increased to 50% B from 1 to 19 min
with a flow rate of 250 uL/min, then increased to 95% B from 19 to 23 min with an
increased flow rate of 400 pL/min and held up to 27 min at 95% B before decreasing to 2%

B at 27.2 min, ending at 30 min and followed by a 2 min post run at 2% B.

Proteomics data processing

Raw data were extracted and searched with the Spectrum Mill search engine

(B.04.00.127, Agilent Technologies, Palo Alto, CA, USA) using published parameters
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(Ravindra et al. 2015). Protein expression values (spectrum counts) were determined with
Scaffold software using the imported peptide hits from Spectrum Mill. The threshold for
considering a protein identification included a minimum of two distinct peptides with 95%

confidence.

iITRAQ 8plex: protein digestion, labeling, and chromatography

The albumin was depleted prior to processing the samples for iTRAQ labeling. For
these experiments, 100 pg total protein from individual samples was reduced in 2 mM of
tris(2-carboxyethyl)phosphine at 37 °C for 30 min, and the cysteine residues were blocked
in 10 mM methyl methanethiosulfonate at room temperature for 1 h, followed by trypsin
digestion (modified trypsin from Promega) at a protease: protein ratio of 1:40 (w:w) at 37
°C overnight. iTRAQ-8plex labeling reagents were added to the peptide samples, which
were incubated at room temperature for 3 h with the addition of isopropyl alcohol. The
reaction was stopped by the addition of 10 mM monopotassium phosphate, 25% ACN, pH
2.6 (solvent A), followed by centrifugation at 14000 x g for 10 min to remove aggregated
proteins. All individual samples were pooled and purified using SPE columns prior to
fractionation. Then, digested protein samples were separated by using the Agilent 3100
OFFGEL fractionator along 3-11 pH range into 24 fractions based on peptide isoelectric
points. The individual fractions were collected and concentrated in a SpeedVac® before MS
analysis. Individual fractions were further cleaned with CI18 pipette tips. All identified
proteins, as well as their spectral counts and quantitative values, are shown in Table 1 and

Supplemental Table 1.
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Cytokine analysis
Multiplex immunoassays

Determination of 62 unique cytokines, chemokines, growth factors, and matrix
metalloproteinases was performed using the human group 1 27-plex and 40-plex chemokine
panels, as well as select singleplexes of group II 21-plex and inflammation panel 1 37-plex
(Supplemental Fig. 1). Assays were completed according to the manufacturer’s instructions
(BioRad Laboratories, Hercules, CA, USA), with the exception that coupled beads,
biotinylated detection antibodies, and streptavidin-phycoerythrin fluorescent reporters were
diluted 2-fold. All analytes were evaluated in neat, undiluted samples; a total volume of 50
pL sample from co-culture medium was analyzed per multiplex panel. To attain a
measurement for IL-8 within the working range of the assay, samples were diluted 8-fold.
Standard and sample diluents consisted of WEM (Life Technologies, Carlsbad, CA, USA)
in the presence of 0.75% BSA (Sigma-Aldrich, St. Louis, MO, USA) as a final
concentration.

Assays were performed in parallel (unmixed) to avoid antibody cross-reactivity
between groups. Prepared arrays were assessed by the 3D suspension array system (BioRad
Laboratories, Hercules, CA, USA) utilizing xMAP technology licensed by Luminex. Data
were collected with xPONENT for FLEXMAP 3D software, version 4.2 (Luminex
Corporation, Austin, TX, USA) and results were evaluated initially in BioPlex Manager
Software version 6.1 (BioRad Laboratories, Hercules, CA, USA). Median fluorescence
intensity values were converted to absolute concentrations via calibration to fifteen-point
standard series that implemented a 2-fold serial dilution. Assay performance metrics for

each analyte are summarized in Supplemental Table 2.
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Data processing and statistical analyses

To quantify the concentration of each analyte, the five-parameter (SPL) logistic
model was used for the best curve fit of standards. Regression analysis minimized the
weighted sum of squared errors (WSSE). In general, the weights are set equal to the inverse
variance; however, for immunoassays, the high-response end of a curve approaches
saturation of the detector thus variance is approximated more appropriately by a power

function,

variance = A(response)® (Eq. 6)

where A is a function of the magnitudes of the responses and 1.0 < B < 2.0 for
immunoassays (Finney 1987). Curve-fitting techniques were completed in BioPlex Manager
Software version 6.1 (BioRad Laboratories, Hercules, CA, USA). Parameters including
wSSE, residual variance, and fit probability are provided (Supplemental Table 2).
Multivariate statistical techniques, such as unsupervised hierarchical clustering, were

evaluated in MATLAB version 2012b (Mathworks Inc, Natick, MA, USA).

Bioinformatics

GO and KEGG pathway enrichment analyses (P > 0.05) were performed by using
the functional annotation tool DAVID (Huang et al. 2009). A professional software
ClueGO, Cytoscape plug-in (Bindea et al. 2009), was used to facilitate identification of the

functional and pathway analyses for DCF and LPS treated hepatocyte culture medium.
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RESULTS
Concentration-depending binding equilibrium of DCF and BSA

DCF in plasma exists in equilibrium between free and albumin-bound forms, with
the free form available for metabolism (Dutta et al. 2006; Zhang et al. 2015). Albumin
contains multiple different binding sites for lipophilic compounds hence equilibrium binding
can be a complex function of concentration with multiple molecules of drug bound to the
same albumin molecule in sites of different affinities, competing with other lipophilic
molecules like steroid hormones (Dutta et al. 2006). DCF equilibrium with albumin has
been fit to a model comprising 2 high affinity and 12 low-affinity sites (Dutta et al. 2006;
see Methods). Chemically-defined liver cell culture media often contain BSA or other
albumin sources as carriers of lipophilic nutrients. Although the normal human plasma
concentration of albumin is 35-55 gm/L (530 uM), lower albumin concentrations, in the
range of 1 -10 gm/L (15-150 uM) are typically used in cell culture. Even at these lower
concentrations, the presence of albumin can influence the free concentration of drugs
present, affecting the PK properties. We thus assessed these equilibria experimentally across
our dose range in order to build appropriate PK models of our experimental clearance and
metabolism data using our culture media, which contains other albumin-binding lipophilic
molecules including cortisol. We first built a binding landscape from published data (Zhang
et al. 2015) (Fig. 1A), illustrating the non-linear nature of binding to two sites on albumin.
We then experimentally determined the DCF-albumin binding equilibria in the culture
medium used for the clearance and metabolism studies in this work and found that measured

outcomes were in agreement with the literature for the 1.25 gm/L BSA concentration used
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in these studies and total DCF concentrations up to 100 uM (Fig. 1B). Hence, the binding

curve described in Methods was used for further PK analysis.

Baseline DCF clearance and metabolism in the LiverChip™

Duplicate wells of co-cultured hepatocytes and Kupffer cells in standard media
containing 1.25 gm/L. BSA were examined for two doses of DCF. Medium samples were
collected and analyzed as described in Methods. We first confirmed that DCF exhibited no
detectable binding to the LiverChip™ components by dosing LiverChip™ wells in the
absence of cells and monitoring the concentration over 24 h (data not shown). This finding
is in concordance with previous reports that the LiverChip™ exhibits low drug-binding
(Tsamandouras et al. 2016).

Drug clearance was quantified after dosing with a pharmacological 4.4 UM dose and
a suprapharmacological 440 UM dose of DCF in medium containing 1.25 gm/L BSA (Fig. 2
A-B, and Supplemental Table 3. Clearance parameters were calculated from the
concentration profiles of total DCF as a function of time, taking into account the reactor

mixing properties and albumin binding, using a PK model as described in Methods. The ¥1/2

of DCF at a pharmacological dose of was estimated to be 14.6 h in the LiverChip™
bioreactor. Clearance was also investigated at a higher dose, 440 uM (Fig. 2B) as this

condition was used to assess metabolite production in addition to clearance.
Extrapolation of in vitro DCF clearance data to predict intrinsic clearance

In vivo-in vitro correlation (IVIVC) provides valuable information for the first in

human dosing. Here, the retrospective IVIVC analysis of the DCF clearance using ti2 and
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Vi to calculate intrinsic clearance (CLint) by accounting for the scaling factors detailed in

Eq. 7 (Davies and Morris 1993; Obach et al. 1997; Obach et al. 1999; Sarkar et al. 2015):

- Eni liver weaight ¥
GLW Fuie % standard bedy weight  hepafeoytesiwell % ﬁ@pﬂi‘ﬂ'i‘:}’fﬂs fg,: itver (Eq_7)

Values of scaling parameters and intrinsic clearance are found in Supplemental
Table 3. The predicted €kawas 0.55 mL/min/kg, which is < 7-fold underpredicted than in
vivo plasma clearance (3.8 mL/min/kg) (data also available at www.capkr.man.ac.uk).
Although predicted CLn is generally underpredicted for DCF, and the contribution of gut
and other organs need to be considered to get better predicted plasma clearance in human

(Hallifax et al. 2010; Brown et al. 2007).

Assessment of toxicity of DCF in the LiverChip™

The toxicity of DCF in the LiverChip™ was assessed using a 5-point dose response
with three times 48 h doses given starting at Day 5 (i.e., dosed on Day 5, 7, and 9). Cell
viability was assessed using WST-1 reagent 48 h after the third dose (Fig. 3A) resulting in
an IC50 for the primary hepatocyte-Kupffer cell co-cultures in LiverChip™of 227 uM. This
is comparable to the IC50 for DCF generated from spheroid culture of primary hepatocytes
and non-parenchymal cells (Messner et al. 2013). To evaluate the temporal reduction in
function and cell death over the multiple DCF doses, LDH (Fig. 3B) and albumin (Fig. 3C)
were measured 48 h after each dose. Throughout the culture period, vehicles controls (0.1%

v/v DMSO) showed sustained levels of albumin secretion indicating that hepatocytes in the
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co-cultures remained functional. At high DCF concentrations (> 50X) albumin secretion
declined after a single dose, while LDH release became more pronounced after the second
dose. Co-dosing of LPS resulted in the production of pro-inflammatory cytokines TNFa and
IL-6 (data not shown) but that result does not significantly change the toxicity profile of

DCEF as assessed by gross markers of functionality and cell death.

DCF biotransformation by phase I and Il metabolism under basal and inflamed
conditions

Accurate masses, MS/MS, and available standards corresponding to major DCF
metabolites from liver co-culture system were used to elucidate structures. Extracted ion
chromatograms (EIC)% values of metabolites were only used to understand the relative
amounts formed in this co-culture system.

We observed 4-hydroxy-DCF and 5-hydroxy DCF as major, and minor phase I
metabolites, respectively; and acylglucuronides of DCF, hydroxy-DCF, and DCF-sulfate as
major phase II metabolites (Fig. 4). UGT and SULT activities were confirmed to be stable in
this human liver model as measured by DCF phase II metabolites. Under the culture
conditions, three glucuronides of DCF and hydroxylated DCF were observed which might
be a result of isomeric acylglucuronides.

As assessed by the production of 4-hydroxy-DCF, CYP2C9 activity on Day 5 was
found to be 1.5-fold greater than Day 7. A minor methoxylated hydroxy DCF metabolite
was detected and found to be approximately 2.8-fold higher when the LiverChip™ when

treated with drug and LPS in combination. Using our LC-MS method, we did not observe

22

LT0Z ‘2z 1Mdy uo spuinor 13dSY e Bio'seuinofiedse puwp wo. papeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 27, 2017 as DOI: 10.1124/dmd.116.074005
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 74005

GSH-DCF related adducts in the culture medium. Minor metabolites were putatively
predicted by < 5 ppm mass accuracy and chlorine isotopic signature.

Co-treatment with LPS down-regulated 2-fold the CYP450-dependent formation of
4-hydroxy-DCF, 1.5-fold up-regulated UGT-dependent formation of total DCF-
acylglucuronides, 2.4-fold of total hydroxylated-DCF acyl glucuronides, and no significant
changes in sulphonated product was observed (data not shown). The assignment of human
P450 enzymes to the formation of phase I and II DCF metabolites in this liver MPS is based

on previous work by Boelsterli et al. 2003 and Tand et al. 2003.

Endogenous glycocholic acid (GCA) as a model bile acid marker of DCF induced
toxicity

The liquid chromatography/mass spectrometry methods developed for the analyses
of HC and DCF capture data for all compounds in the solutions that are present in detectable
amounts. Analysis of this data with software allows untargeted searches and extracts
molecular weights for detectable compounds in the media, and highlights those, which
change with various experimental conditions. The molecular weights for compounds in
these subsets can then be searched against databases that suggest possible structures, and
some of these can be identified by interpreting the mass spectra from these compounds. In
this instance, a prominent compound that decreased with drug treatment was identified as
the bile acid GCA. This in turn suggested a targeted search - of the same data sets - for other
bile acids, several of which were detected and putatively identified based on mass accuracy
(< 5-10 ppm), and some available standards (Fig. 5). These also declined in concentrations

following treatment with DCF at various levels, and due to the unavailable reference
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standards, the formation of other detected bile acids were determined by accurate mass
spectrometry area units. GCA was considered as a model bile acid in this 3D liver culture.
Peak intensity (EIC%) relative values were for guidance only. They do not represent
absolute amounts present in these experiments. GCA peak area was considered as 100 and
the relative EIC without DCF, and DCF were listed for other detected bile acids (Table 2).
The extracellular concentration of GCA in the absence of DCF was found to be 3- 4 uM,
and there is a constant level in the system for up to two weeks. No GCA was detected in the
starting medium at zero time point, indicating that GCA was synthesized by the 3D
LiverChip™ system. The Cmax for the recommended dose of DCF in humans is 4.4 pM
and experiments were carried out up to 100 Cmax. Over a wide range of concentration, there
is a continuous dose-response relationship for DCF induced toxicity as assessed by
suppression of GCA production (Fig. 6A). Figure 6B demonstrates the effect of LPS alone
and together with DCF, showing that there is a synergistic effect of inflammation on drug
toxicity. This effect provides subtle early indications of impaired liver function that

precedes cell death.

Secreted proteins as toxicity markers

In most of our study we focused on high dose (440 uM) DCF-treated culture
medium. Prior to processing the samples, albumin was depleted from culture medium, then
analyzed by shotgun proteomics and quantified by spectral counting. Here, we refer to
albumin as BSA provided within commercial medium. All detectable proteins from culture
medium were searched against the NCBInr human proteome database using Agilent

Spectrum Mill. Proteins identified are listed in Supplemental Table 1.
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Spectral counting of experimental data indicated a significant difference between
samples treated with 440 uM DCF and assessed on Day 5 compared to Day 7 (Fig. 7A and
B). Fifty-four proteins were common between the control and the DCF culture medium on
Day 5, while only 13 proteins were different between the control and DCF treated samples
(Fig. 7A). In contrast, the Venn diagram in Fig. 7B illustrates that 52 proteins are common
between the control and DCF treated samples on Day 7. Notably, the high dose of DCF
treatment elevated an additional 68 proteins, which are not identified in the control.
However, between Day 5 and 7 of dosed culture medium, nearly 53 proteins were common
and nearly 67 proteins were highly elevated in Day 7 (Fig. 7C).

The pie chart in Fig. 7D shows that nearly 66% of the proteins were released into the
medium, most of which are regulated by the intrinsic apoptotic-signaling pathway in
response to oxidative stress. Another 24% are from the cellular aldehyde metabolic process.
Of the 120 hepatic proteins identified in culture medium, 45% were intracellular or
membrane proteins, 21% were plasma proteins, 12% were ECM proteins, and 22% were

identified as miscellaneous (Fig. 7E).

Functional analysis by assessing secreted proteins under inflammatory conditions
Secreted proteins under LPS-induced inflammation were identified and quantified
using iTRAQ-based LC-MS/MS (Supplemental Table 4). The selected positive and negative
APPs are listed in Table 1. Figure 8 A-C shows the Venn diagrams of the major APPs (19
selected proteins) compared among three different conditions at Day 7. Sixteen APPs are
common between control and LPS, with only 3 additional proteins evoked during LPS

treatment (Fig. 8A). Between control and the drug treatment only 7 APPs are common
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between the two sets (Fig. 8B), but the high concentration of drug completely suppressed
the secretion of APPs. In comparison between LPS and LPS with DCF, only 8 APPs are
common to the two treatments, another 12 are present in only LPS-treated conditioned
medium.

The selected APPs quantitative values are listed in Table 1. The drug and LPS
treatment samples were normalized to control samples. The LPS with drug treatment
samples were normalized to only LPS treated conditioned medium. The treatment of LPS
increases the production of all the APPs, but most of the APPs secretion were decreased by
the addition of drug. Of the identified proteins in LPS-treated conditioned medium
approximately 50% are secreted into the medium due to the acute phase response following
LPS treatment. Another 23% were associated with high-density lipoprotein particle
clearance. The GO cellular component analysis indicates that these proteins are derived

from the extracellular matrix and region, membrane, and organelle compartment of the cells.

LPS-mediated cytokines profiles in hepatocyte: Kupffer cell co-cultures

By incorporating components of the innate immune system, i.e., Kupffer cells, we
determined cytokine profiles of LPS-induced inflammation using an in vitro model that is
more physiologically relevant than hepatocyte monocultures. To investigate the coherent
“signature” of inflammation due to this specific stimulus, multiplexed bead-based
immunoassays enabled the assessment of 62 unique cytokines, chemokines, growth factors,
and metalloproteinases; 31 secreted factors were greater than the limit of detection
(Supplemental Table 2). In the absence of LPS stimulation, fewer cytokines, chemokines,

and growth factors were detectable in the culture medium and therefore eliminated for
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further analyses (Supplemental Table 2). For proteins detectable in all conditions,
concentrations (pg/mL) were normalized by total protein to account for well-to-well
variability on the LiverChip™; experiments (+ 1 pg/mL LPS) were carried out in duplicate.
Multivariate analysis identified a cohort of 11 pro-inflammatory cytokines (TNF-a,
RANTES, G-CSF, IL-8, IL-6, M-CSF, IL-1B, MIP-1pB, IP-10, IL-5, and IL-1Ra) that
correlate to LPS-induced inflammation. Unsupervised hierarchical clustering distinguishes
these secreted factors while emphasizing reproducibility between experimental replicates
(Fig. 9A). Consistent with recent findings, the treatment of co-cultures (10:1,
hepatocytes:Kupffer) with LPS for 24 h resulted in substantially higher release of
proinflammatory cytokines (TNF-a, IL-8, IL-6, and IL-1p) into culture medium compared
with untreated co-cultures (Fig. 9B) (Nguyen et al. 2015). We further identified significant
increases in secretion of RANTES, G-CSF, and Eotaxin-3, and to a lesser degree, MIP-1a,
M-CSF, MIP-18, IL-5, and IP-10 (Fig. 9B and C). This in-depth characterization of
molecular signatures differentiated a distinct cytokine profile associated with decreased
levels of select analytes that was reproducible among experimental replicates (Fig. 9D).
Figure 9E shows the fold-change values for each analyte based on the LPS-stimulated or un-

stimulated results.

DISCUSSION

As previously observed for this bioreactor (Long et al. 2016; Wheeler et al. 2014),
albumin, CYP3A, total protein, glucose, and urea production were stable in LiverChip™
cultures, indicating viability, survival, and preservation of the hepatic CYP3A4 isoforms

were previously shown to be active on Days 7-10 in co-cultures (Sarkar et al. 2015). Since
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drug-plasma protein binding is a major factor influencing bioavailability of this drug the
binding kinetics between DCF and albumin from media were measured, revealing
significant effects on DCF half-life in the range of 1.25 mg/mL to 25 mg/mL BSA.

We also confirmed that there was insignificant loss of DCF due to adsorption to the
bioreactor components, in contrast to what was observed in a recent bioreactor study of
DCF fate (Knospel et al. 2016). This enabled quantitative analysis of DCF fate when
measurements are combined with detailed models of plasma protein binding. As we and
others have reviewed comprehensively elsewhere (Ebrahamkhani et al. 2014; LeClusyse et
al. 2012; Gody et al. 2013), the added complexity and expense of bioreactor culture make it
desirable for relatively challenging problems where long-term function and co-cultures are
required to illuminate responses. An earlier study of hepatocyte — Kupffer cell interactions
in DCF toxicity, using standard 2D culture, illustrated the rapid decline in function of
primary cells, and limited the ability to carry out co-exposures and to examine the
comprehensive range of responses we were able to study here (Messmer et al. 2013).

DCF metabolites including 4-hydroxy and 5-hydroxy DCF as major and minor phase
I metabolites, respectively; and acylglucuronides of DCF, hydroxy-DCF, and DCF-sulfate as
major phase Il metabolites, were observed (Fig. 4). These metabolites were accounted for by
CYP2C9, CYP2CS8, and UGT2B7 metabolism, although under our assay conditions four
glucuronide isomers of DCF and hydroxy-DCF were observed which may suggest the
potential involvement of other isoform phase II enzymes.The formation of 4-hydroxy-DCF
is mediated by CYP2C9; both DCF and its oxidative metabolites undergo glucuronidation
and sulfation (Boelsterli et al., 2003 and Tand et al., 2003).

LPS can alter gene expression, while combinations of LPS with DCF may further
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regulate concentrations of proinflammatory cytokines and markers of cell death Under our
conditions, DCF plus LPS exhibited a lower half-life, supporting the hypothesis that stress
can induce oxidative stress-mediated pathways, which are independent of the formation of
electrophilic metabolites, and play a role in drug metabolism.

While polarized and well-differentiated hepatocytes can synthesize physiologically
relevant conjugated bile acids; their synthesis could be limited by oxidation and stress. Bile
acids are synthesized primarily from cholesterol by CYP7Al, and all bile acids are
conjugated and actively excreted (Schwartz et al. 2001). These conjugated bile acids can be
up taken by hepatocytes as part of bile acid transport in a physiologically-relevant in vitro
model (Mork et al. 2016). We characterized the level of bile acids as a function of DCF
treatment-and a glycine-conjugated bile acid, GCA, was found to be a marker for DCF dose-
dependent early toxicity. The decrease of bile acid synthesis correlated with the suppression
of cholesterol 7 alpha-hydroxylase (CYP7A1).

To achieve a greater depth in characterizing these models we took a quantitative
mass spectrometry approach and used several methods to reduce the inherent complexity of
the conditioned medium before processing the samples for proteomic analysis. Two high-
abundant proteins (albumin and IgG) were removed prior to sample processing. Within the
networks of closely associated proteins, differentially expressed genes were explored using
cytoscape analysis, ClueGO; especially those associated with toxicity and acute phase
response. The number of proteins identified at 100 Cmax (Cmax = 4.4 uM for this study) in
the early stage of drug treatment is relatively small (Fig. 7A). At Day 7, however, increased
numbers of proteins were identified in the DCF treated samples (Fig. 7B and C;

Supplemental Table 1).
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This indicates a delay of the toxic response from Day 5 to Day 7 as measured by
protein leakage. A toxic concentration of DCF caused significant cell death accompanied by
leakage of numerous cytoplasmic proteins. Gene Ontology annotation revealed that these
proteins were distributed across different cellular components and were secreted due to
oxidative stress (Fig. 7D and E) and that few of them are involved in the metabolic process.
Known markers of hepatotoxicity, e.g., alcohol dehydrogenase 4 [ADHA4], aspartate
aminotransferase [AST], aldo-keto reductases, and Cu/Zn-superoxide dismutase were
detected at Day 7 with higher doses of DCF. Some metabolic enzymes such as carbonic
anhydrase, glucose-6-phosphate isomerase, glutathione-s-transferase, and protein disulfide
isomerase were also identified on Day 7. Our data also suggest that the hepatocytes are
actively remodeling their environment, since we identified several structural extracellular
matrix proteins as well as some proteins known to be secreted during liver regeneration.

LPS was added to the circulating media in order to elicit an inflammatory response
resulting in increased protein levels of many acute-phase proteins. These proteins were
initially confirmed by shotgun proteomics and then quantitated using iTRAQ
labeling. Identified proteins belong to the medium-to-high abundance APPs and were used
to compare protein synthesis in different experiments. iTRAQ analysis of co-culture
conditioned medium revealed the major reduction in overall APPs synthesis by the addition
of DCF (Fig. 8B, 8C, and Table 1) with the exception of amyloid beta A4 protein isoform b.
Interestingly, there is significant difference between the LPS and drug treatment on the
expression of the APPs (Table 1). We expected that the DCF exposure to the hepatocytes
would increase the expression of APPs; but that was not the case. For example, exposure of

carbon tetrachloride to rats decreases the expression of a2-macroglobulin (Fountoulakis et
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al. 2002) suggesting that a decrease in APP could be a marker of toxicity. It is possible that
DCF causes toxicity through the down-regulation of these proteins by leading to
uncontrolled breakdown of liver tissue. That may be reason the genetic deficiency in al-
antitrypsin is one of the risk factor in development of hepatocellular carcinoma (Blum
2002). Drug-treated cells did not resume production of these proteins even after exposure to
LPS, supporting the results from other studies using proteomic based measurements, where
drug treatment affects the APPs synthesis in hepatocytes cultured in collagen sandwiches.
Nearly 50% of proteins released into the medium at Day 7 are involved in the LPS-related
acute phase response. The other half are involved in the high density lipoprotein particle
clearance, negative regulation of endopeptidase and oxidoreductase activity, kariocyte
differentiation, retinol homeostasis, and protein stabilization. Subcellular localization
analyses revealed that most proteins are localized in the membrane and nucleus.

Pro-inflammatory cytokines such as TNF-a., interleukin 1 beta (1L-1f), and IL-6 can
induce acute and chronic liver damage. Following high drug dose or long term repeated
therapeutic dose, TNF-a, 1L-1P3, and IL-6 are released into the bloodstream from liver
during drug induced hepatic injury. We evaluated differential regulation of cytokine
secretion in the culture media due to high dose of drug-induced injury and whether these
profiles were potential biomarkers of in vivo human liver drug induced toxicity.

In the presence of Kupffer cells, we detected 31 of 62 cytokines whose profiles were
assessed in the absence or presence of LPS at 24 h. Eleven pro-inflammatory cytokines
[TNF-0, RANTES, G-CSF, IL-8, IL-6, M-CSF, IL-1B, MIP-1B, IP-10, IL-5, and IL-1Ra]

correlate to LPS-induced inflammation. We also identified increases in the secretion of
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RANTES, G-CSF, and Eotaxin-3, and to a lesser degree: MIP-1a, M-CSF, MIP-1p, IL-5,
and IP-10.

The pro-inflammatory effect of IL-1p is likely due to its synergism with toll-like
receptor (TLR) signaling, which markedly amplifies inflammation via LPS-inducible
cytokines (Szabo et al. 2015). LPS signals through TLR4, and appears to be the initial signal
that induces IL-1P expression (Petrasek et al. 2012; Miura et al. 2010). The secretion of IL-
1B is specific to Kupffer cells (Petrasek et al. 2012), and mediates cytokines and chemokines
including TNF-a and MCP-1 (Mandrekar et al. 2011; Granowitz et al. 1992; Dinarello
2009), respectively, and recruits inflammatory cells to the liver during disease progression
(Mehal 2010). In addition to IL-1pB, elevated signals produced by Kupffer cells were
observed for MIP-1p and IL-8. Taken together, cytokine release data confirmed that Kupffer
cells are present and functional at Day 7, i.e., 24 h following LPS induction.

Collectively, functional analyses in a non-invasive way such as LDH release, total
protein per well, albumin secretion, phase I and II biotransformation, cytokine profiling and
proteomics based toxicity results demonstrated that this system is capable of recapitulating
DCF metabolism, and escalated dose induced toxicity in the human liver. This platform can
be a valuable tool in the different phases of the drug development processes (fit for purpose
utility) to predict in vivo drug biotransformation, PK, and drug-induced hepatotoxicity (i.e.,
adverse effects). Each small molecule, however, may behave differently in vivo from the
perspectives of pharmacokinetics, pharmacodynamics, and types of diseases. Additional
experimental optimizations, based on low to moderate to high clearance compounds, are
consequently needed to develop a more accurate and predictive human-cell-based in vitro

MPS.
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FIGURE LEGENDS

Figure 1. Binding equilibrium between DCF and BSA: (A) Literature values of DCF-
albumin equilibrium constants were used to predict a landscape of bound:free values for the
interaction between DCF and BSA. Free DCF fraction was calculated with respect to BCA
and DCF concentrations using the Scatchard equation (Dutta et al. 2006). (B) Free DCF
concentrations were quantified in the cell culture medium with 1.25 mg/mL (20 uM) BSA,
the concentration used for metabolism studies in this work. The experimental data agreed
well with the literature-based predictions. Data correspond to mean values of two technical

replicates.

Figure 2. DCF pharmacokinetics in the LiverChip™: (A) A 4.4 uM pharmacological
dose of DCF and (B) a 440 uM suprapharmacological dose of DCF, were administered to
separate wells of LiverChip™, in duplicate wells for each dose. Data for total DCF
concentrations as a function of time are plotted for each dose (circles), and were used to
generate a PK model taking into account both mixing and equilibrium binding to BSA (solid
line). Each well was sampled twice in order to evaluate technical variation; individual
samples-were assessed two times consecutively in positive ion mode using RP-UHPLC-

TOF-MS.

Figure 3. Toxicity of DCF in LiverChip™ under basal and inflamed conditions: DCF
was administered to primary human hepatocyte and Kupffer cell co-cultures in LiverChip™
and the response of the assayed using (A) WST-1, (B) LDH release, and (C) albumin

secretion. Data correspond to mean values of two replicates for A and standard deviation

43

LT0Z ‘2z 1Mdy uo spuinor 13dSY e Bio'seuinofiedse puwp wo. papeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 27, 2017 as DOI: 10.1124/dmd.116.074005
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 74005

was based on n =3 for B and C.

Figure 4. DCF biotrasformation: DCF metabolites from liver co-culture system were
observed and included 4-hydroxy-DCF and 5-hydroxy DCF as major and minor phase I
metabolites, respectively; and acylglucuronides of DCF, hydroxy-DCF as the major phase II
metabolites. These metabolites were accounted for by CYP2C9, CYP2CS8, and UGT2B7

metabolism in humans as well.

Figure 5. Bile acid synthesis: Bile acid synthesis and biotransformation in this LiverChip™
model may primarily stem from cholesterol metabolism by CYP7A1. Cholic, glycocholic,
taurocholic, and glycochinodeoxycholic acids were detected by UHPLC-MS in the medium.
A glycine-conjugated e.g., GCA was the most abundant bile acid identified, and
characterized as a biomarker in this co-culture system. Each well was sampled twice in

order to evaluate technical variation.

Figure 6. DCF induced toxicity and the effect of LPS: (A) The MPS was treated with
different doses of DCF (0, 44, 110, 220, and 440 uM) and analyzed by the LC-MS/MS
method with d5-GCA as internal standard. GCA was found to be the most prevalent and
sensitive small molecule markers, and may be a candidate early-indicator biomarker of liver
toxicity. (2B) Untargeted metabolomics revealed changes in bile-acid production when the
liver MPS was treated with LPS alone, DCF, and LPS + DCF only. Data correspond to

mean values of two technical replicates.
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Figure 7. Venn diagrams summarizing proteins identified in the liver bioreactor: (A-C)
The overlap of proteins identified and compared between two different days with DCF
treatment. Overview of location and function of proteins identified secreted proteins in
hepatocyte medium by DCF treatment. (D) Classification of identified proteins based on
relevant functional processes (gene ontology terms). (E) Cellular distribution of captured

proteins.

Figure 8. Venn diagrams summarizing selected APPs (only 19 shown in Table 1)
identified in the liver bioreactor on Day 7: (A-C) The overlap of proteins identified and
compared between two different treatments. Proteins were identified with minimum of 2

peptides and 95% confidence.

Figure 9. LPS-induced inflammation profiles of secreted factors in co-cultures
KC:Heps, 1:10 (A) Unsupervised hierarchical clustering of cytokines, chemokines, and
growth factors assessed at 24 h (Day 7) in the presence or absence of 1 pg/mL LPS.
Cultured medium of two replicates were sampled (rows) for 31 signaling factors (columns)
detected above background levels. Secreted factor concentrations were mean-centered for
comparison. This analysis confirmed elevated cytokine levels corresponding to LPS
induction (red intensity values and dendrogram) and further identified a distinct profile
associated with decreased levels of select analytes (blue intensity values and dendrogram)
reproduced between replicates. (B) Secreted factors strongly elevated by LPS-induced
inflammation (15.8 > fold-change > 6.2) due to LPS-induced inflammation. (C) Secreted

factors mildly elevated by LPS-induced inflammation (2.7 > fold-change > 2.0). (D)
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Secreted factors decreased by LPS-induced inflammation (0.6 > fold-change > 0.3). (E)
Fold-change presented for all 31 signaling factors detected. Full set of changes are shown in

Supplementary Figure S1.

46

/T0Z ‘/2 1udy uo Sfeuinor 1343V e fio'seulnofisdse puup wouy pepeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 27, 2017 as DOI: 10.1124/dmd.116.074005
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 74005

Table 1. The In2 quantitative iTRAQ values of APPs from Day 7. The drug and LPS treated
samples were normalized to untreated sample (Control). The LPS and LPS along with drug
treatment samples are normalized to LPS samples. As the values indicate the treatment of

drug (DCF 440 uM) suppresses the synthesis of APPs.

Drug/Control LPS/Control [LPS+Drug]/LPS Proteins
1 1.4 3.0 -1.2 Transferrin
2 1.1 4.2 -1.9 Alpha-1-antitrypsin
3 1.0 4.2 -2.0 Alpha-1 antiproteinase
4 0.5 3.8 -1.3 Haptoglobin
5 3.4 3.9 0.1 Serum albumin
6 3.4 3.9 0.1 Hypothetical protein
7 -0.8 21 -1.0 Vitamin D-binding protein
8 1.2 3.8 -0.9 Ceruloplasmin
9 1.7 2.4 0.0 Liver carboxylesterase 1 isoform a
10 2.3 3.7 -1.2 Angiotensinogen
11 3.6 7.0 -1.3 Alpha-1-acid glycoprotein 1
12 -1.6 5.0 -15 Alpha-1-acid glycoprotein 2
13 0.3 15 -1.0 Alpha2-HS glycoprotein
14 -1.0 3.3 2.0 Alpha 2 macroglobulin
15 2.7 5.0 -1.9 Retinol binding protein 4
16 18 5.1 -1.7 Complement component C3
17 1.2 1.3 -0.9 Transthyretin
18 15 2.8 -0.5 Leucine-rich alpha-2-glycoprotein
19 2.3 -1.7 8.5 Amyloid beta A4 protein isoform b
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Table 2. Levels of GCA detected after 48 h. DCF concentrations of 440 uM and 110 uM
reduced the relative amounts of bile acids at earliest time point. At Day 5 cholic acid,
taurocholic acid, glycochenodeoxycholic acids and GCA were detected as the major bile
acids. GCA was the most abundant bile acid identified in this 3D liver culture. Peak
intensity (EIC%) relative values were for guidance only. They do not represent absolute
amounts present in these experiments. Bile acids peak areas were compared to GCA peak
area and found to be lower. GCA production was relatively stable over several days (data

not shown).

% levels of detected bile acids after 48 h
Bile acids; (ratio provided compared to GCA DCF;0uM  DCF; 110 uM | DCF; 440 uM

signal)
Cholic acid; 1 100% 66% 12%
Taurocholic acid; 2 100% 77% 10%
Glycocholic acid (GCA); 100 100% 57% 2%
Glycochenodeoxycholic acid; 10 100% 50% 15%
Glycochenodeoxycholic acid 3-glucuronide; 0.2 100% 69% 14%
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Supplemental Fig. S1. Multiplex assay sensitivity: Evaluation of the samples (- LPS, white; +
LPS, grey) above background levels. Concentrations are shown as the mean of two replicates and
error bars depict the minimum and maximum values. The limit of detection (LoD, black) is
defined for culture medium as the mean in addition to two standard deviations. 62 unique
cytokines, chemokines, growth factors, and matrix metalloproteinases were assessed; 31 secreted
factors were greater than the LoD for = LPS (1 ug/mL, 1:10 KC:Heps) experimental conditions.
(NR Draper & H Smith. Applied Regression Analysis. John Wiley & Sons, 1981. Bates and
Watts, 1986; DM Bates & DG Watts. Nonlinear Regression Analysis and Its Applications. John
Wiley & Sons, 1988.)




Supplemental Table S1. Identified proteins in the control and DCF (440 uM) treated samples in Day5 and Day?7. Identification based on

the minimum 2 peptides and total spectral count of 1 in Scaffold.
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Identified Proteins (116) Day5S Control | DayS Drug | Day7 Control | Day7 Drug

1 Serotransferrin 544 380 405 296

2 Haptoglobin 152 63 142 11

3 Serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, | 279 71 294 6
antitrypsin), member 1

4 Vitamin D-binding protein 56 6 73

5 Carboxylesterase 1 (monocyte/macrophage serine esterase | 47 32 51 36
1)

6 Alpha-1-acid glycoprotein 1 68 38 115 18

7 Angiotensinogen 29 4 30

8 Transthyretin 15 2 30 3

9 Protein AMBP preproprotein 27 27

10 Alpha-1-B glycoprotein 13 25

11 Alpha-2-macroglobulin 6 32
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12 Leucine-rich alpha-2-glycoprotein 9 20

13 Zinc-alpha2-glycoprotein 21 28 1
14 Triosephosphate isomerase isoform 2 2 48
15 Alpha-1-acid glycoprotein 2 23 25 6
16 Aldo-keto reductase family 1 member C3 isoform 1 49
17 Aldo-keto reductase family 1 member C2-like isoform 1 23
18 Aldo-keto reductase family 1 member C1 20
19 Fatty acid-binding protein 1 42
20 Insulin 1 13 11
21 Alcohol dehydrogenase 4 (class 1I) 23
22 Superoxide dismutase [Cu-Zn] 9 24
23 Alpha-2-HS-glycoprotein 8 16

24 Apolipoprotein E 7

25 Serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin) 4

26 Protein disulfide-isomerase 2 2 8
27 Immunoglobulin heavy chain 9 9 6
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28 Probable E3 ubiquitin-protein ligase MYCBP2 1 1
29 Ceruloplasmin (ferroxidase) 4

30 Parathyroid hormone-responsive B1 3 6
31 YWHAZ protein 3 43
32 Serum amyloid A-1 protein 17

33 Apolipoprotein J 14

34 Calreticulin 2 3
35 Proactivator polypeptide isoform b preproprotein 6 4
36 Aspartate aminotransferase 17
37 Proapolipoprotein 7

38 Coiled-coil domain-containing protein 25 2 1
39 Hemopexin 5

40 Immunoglobulin variable region VH gamma domain 1 1
41 Protein DJ-1 15
42 Retinal dehydrogenase 1 15
43 Tetraspanin-14 isoform 1 2 4
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44 Cathepsin D preproprotein 3

45 Cyclin-I

46 Thioredoxin isoform 1 2 6
47 Alpha-enolase isoform 1 11
48 Retinol-binding protein 4 12

49 Nucleobindin-1 5

50 Beta-2-microglobulin 7

51 Profilin-1 4
52 Apolipoprotein C-III precursor variant 1 11

53 Ferritin, light polypeptide 18
54 Putative uncharacterized protein C13o0rf35 1 1
55 Inter-alpha (globulin) inhibitor H3 2

56 Glutathione S-transferase alpha 3 3
57 L-3-hydroxyacyl-Coenzyme A dehydrogenasE 1
58 Keratin 18 9
59 Glucose-6-phosphate isomerase isoform 2 7
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60 Nuclear receptor coactivator 6 interacting protein 2
61 Hornerin 2
62 Alpha-actinin-1 isoform a 20
63 Hypothetical protein

64 Dynein, axonemal, heavy polypeptide 8 1
65 Carbonic anhydrase 2 4
66 Putative espin 2
67 Acyl-CoA-binding protein isoform 1 5
68 Apolipoprotein A-IV

69 Glyceraldehyde-3-phosphate dehydrogenase isoform 1

70 T-complex protein 11-like protein 1 1
71 Apolipoprotein C-II

72 Carabin isoform 1 2
73 TALDOI protein 3
74 Aldo-keto reductase family 1 2
75 Homocysteine methyltransferase 4
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76 Selenium-binding protein 1 isoform 1

77 4-hydroxyphenylpyruvate dioxygenase isoform 2
78 KIAA1893 protein

79 Peroxiredoxin 3, isoform CRA a

80 Transmembrane and coiled-coil domain family 1
81 actin, beta

82 Glucan (1,4-alpha-), branching enzyme 1

83 Fibromodulin

84 Heat shock 70kDa protein 5

85 Corticosteroid-binding globulin

86 PRSS3 protein

87 Syndecan 1

88 Myosin light polypeptide 6 isoform 1

89 Lysosome-associated membrane glycoprotein 2 isoform C
90 Collagen alpha-1(II) chain isoform 2

91 Biotin--protein ligase
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92 S-adenosylhomocysteine hydrolase

93 Hcg23783

94 DNF1552 protein

95 Argininosuccinate lyase (EC 4.3.2.1)

96 Cystatin-B

97 Calmodulin 3 (phosphorylase kinase, delta)

98 Thioredoxin domain-containing protein 17

99 1-acyl-sn-glycerol-3-phosphate acyltransferase alpha
100 JUP protein

101 NAD(P)H dehydrogenase, quinone 2

102 Putative ubiquitin-conjugating enzyme E2 N-like
103 80K-H protein

104 Cytochrome b5 isoform 3

105 T-cell receptor beta chain

106 Vitronectin

107 HBxAg transactivated protein 1
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108 Paired box protein Pax-5

109 Xaa-Pro dipeptidase

110 Rho-associated, coiled-coil containing protein kinase 2
111 Hcg2029799

112 Dermcidin isoform 2

113 KIAA1940 protein

114 Hypothetical protein FLJ25778

115 Aldehyde dehydrogenase

116 Chromosome 18 open reading frame 8
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Supplemental Table S2. Assay performance characteristics and curve fit statistics using 5 parameter logistic (5 PL) regression of standards.

Assay
Assay Working Range 5 PL Curve Fit Statistics
Sensitivity
Alternate | Bead LLoQ ULoQ LoD Residual Fit Degrees of
Analytes wSSE
Names | Region (pg/mL) (pg/mL) Variance Probability Freedom
Human group I, 27-plex panel
IL-1PB 39 0.5 518 0.3 0.55 0.74 5 2.75
IL-1Ra 25 5.0 4,557 4.5 0.14 0.98 5 0.68
IL-2 38 0.9 1,041 1.2 0.48 0.79 5 241
IL-4 52 0.3 279 0.1* 0.63 0.64 4 2.52
IL-5 33 1.5 1,441 1.9 0.70 0.59 4 2.80
IL-6 19 2.4 2,168 1.2 0.78 0.54 4 3.13
IL-7 74 0.8 996 0.5 1.20 0.31 4 4.82
IL-8 54 2.8 2,442 0.7 0.82 0.53 5 4.12
IL-9 77 1.2 1,537 1.5 0.61 0.65 4 2.45
IL-10 56 2.2 2,232 1.4 0.57 0.68 4 2.29
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IL-12p70 75 2.6 2,585 24 0.23 0.95 1.16
IL-13 51 0.5 482 0.4 0.60 0.73 3.62
IL-15 73 1.5 293 1.7 0.35 0.91 2.12
IL-17A 76 4.0 1,838 4.0 1.01 0.41 5.04
Eotaxin 43 7.0 1,667 3.5 1.61 0.19 4.82
Basic FGF 44 8.2 1,038 3.8 0.63 0.70 3.79
G-CSF 57 2.5 2,328 0.9 0.65 0.63 2.60
GM-CSF 34 2.9 753 3.0 0.45 0.84 2.71
IFN-y 21 4.0 1,899 5.5 1.08 0.37 6.48
IP-10 48 9.0 2,185 7.1 1.85 0.12 7.38
MCP-1 MCAF 53 1.5 1,532 3.1 0.40 0.88 243
MIP-1a 55 0.0 61 0.1 0.40 0.88 2.39
MIP-1p3 18 1.3 577 0.7 0.30 0.93 1.83
PDGF-BB 47 19.6 1,602 24 1.85 0.12 7.38
RANTES 37 0.7 1,041 24 0.45 0.84 2.73
TNF-a 36 4.0 3,945 2.7 1.33 0.25 6.64
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VEGF-A 45 1.8 1,950 2.6 0.21 0.93 0.84
Chemokines, 40-plex panel
6Ckine CCL21 12 101.4 9,849 53.7 1.81 0.08 12.65
BCA-1 CXCL13 74 0.5 1,438 0.5 1.22 0.29 8.56
CTACK CCL27 72 8.7 4,754 4.0 1.08 0.37 7.58
Eotaxin CCL11 43 8.3 542 7.7 4.03 0.00 20.13
Eotaxin-2 | CCL24 30 9.1 1,555 28.0 0.94 0.45 4.71
Eotaxin-3 | CCL26 65 11.2 1,031 8.1 0.79 0.56 3.95
Fractalkine | CX3CL1 77 14.1 11,432 5.0 1.79 0.10 10.76
GCP-2 CXCL6 15 6.1 2,409 11.4 1.23 0.28 8.61
GM-CSF 34 18.2 2,113 9.9 1.78 0.31 10.67
Gro-a. CXCL1 61 30.1 1,772 20.5 1.32 0.25 6.60
Gro-f CXCL2 78 12.4 4,659 232 1.02 0.41 7.17
1-309 CCL1 20 40.7 2,289 16.3 2.09 0.05 12.55
IFN-y 21 8.8 927 5.1 1.92 0.12 5.77
IL-1P 39 4.8 585 0.1%* 2.41 0.03 14.44
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IL-2 38 5.6 3,445 3.8 086 0.53 6.04
IL-4 52 19.6 608 19.7 0.77 0.51 231
IL-6 19 0.9 2,246 0.9 0.89 0.51 6.25
IL-8 CXCL8 54 0.6 525 0.4 0.91 0.49 5.46
IL-10 56 6.0 3,826 23 1.88 0.08 11.29
IL-16 27 16.7 8,824 9.6 1.05 0.39 7.37
IP-10 CXCL10 48 5.8 5,040 3.6 1.21 0.30 7.25
I-TAC CXCL11 25 1.1 227 0.3 1.03 0.41 7.22
MCP-1 CCL2 53 0.3 256 0.0 0.99 0.43 5.95
MCP-2 CCLS8 57 0.3 1,162 0.2 1.38 0.21 9.65
MCP-3 CCL7 26 16.8 2,345 20.1 1.26 0.27 8.79
MCP-4 CCL13 28 1.4 214 2.8 0.84 0.54 5.01
MDC CCL22 29 10.0 740 9.3 4.26 0.00 17.02
MIF 35 143.6 97,939 54.0 0.88 0.51 5.30
MIG CXCL9 14 12.6 1,567 5.4 0.11 1.73 0.65
MIP-1a CCL3 55 3.1 371 0.5 2.99 0.01 17.94
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MIP-18 CCL15 66 35.0 1,223 8.4 1.74 0.11 10.45
MIP-3a CCL20 62 3.9 1,739 0.9 0.52 0.82 3.63
MIP-38 CCL19 76 29.9 3,054 11.0 3.32 0.01 13.28
MPIF-1 CCL23 37 8.7 5,097 3.2 0.92 0.49 6.46
SCYB16 | CXCLI16 64 14.0 1,607 3.6 1.39 0.20 9.76
SDF-1a+f | CXCL12 22 42.8 2,342 28.6 1.03 0.40 7.24
TARC CCL17 67 10.3 4,638 11.5 3.17 0.01 15.83
TECK CCL25 46 70.9 32,589 14.1 1.00 0.43 6.97
TNF-a 36 6.3 3,114 1.1 0.89 0.51 6.26
Human group 11, 23-plex (singleplexes)
IL-1a 63 1.3 12,129 22 0.35 0.85 1.39
IL-3 64 6.0 22,462 18.6 0.43 0.83 2.17
M-CSF 67 11.7 15,322 1.1 0.59 0.62 1.78
B-NGF 46 2.0 6,819 4.1 0.48 0.75 1.92
Inflammation panel 1, 37-plex (singleplexes)
gpl130 sIL-6Ra 14 11.2 22,676 0.1* 1.44 0.21 7.21
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LIGHT TNFSF14 51 28.9 1,070 3.1 4.50 0.00 13.49
MMP-1 43 7,197.3 219,571 866.8 0.39 0.93 3.10
MMP-2 26 1,987.4 227,157 145.2 0.47 0.88 3.76
MMP-3 45 1,366.0 304,562 86.9 0.41 0.87 2.45

LLoQ and ULoQ are the lower and upper limits of quantification where measurements are both accurate and precise. LoD, the limit of
detection, is determined by adding two standard deviations to background MFI (Median Fluorescence Intensity) then extrapolating its
concentration from the standard curve. Curve fit statistics of standards were calculated using the 5 parameter logistic regression model.
Curve fits adjust parameters to minimize weighted sum of squared errors, i.e., wSSE. Initial assessments of curve-fitting include the residual
variance, as defined by wSSE divided by the number of degrees of freedom accounted for within the immunoassay. The number of degrees
of freedom is calculated as the number of data points in the standard curve minus the number of parameters in the curve model, i.e., 5 PL
regression model equates to five parameters. As the wSSE has been shown to obey a chi-square distribution with the number of degrees
present in an assay, fit probability is a metric that evaluates the curve fit;1 is indicative of a perfect fit and 0 denotes a lack thereof.

Supplemental Table S3. Pharmacokinetic parameters and scaling factors.




Parameter Value Units

tin 14.6 h

V4 2.2 mL

ket 0.048 h'!

CL 1.05x 10* | L.h'

Liver weight 1.8x 10° g

Std. body weight | 70 kg
Number of cells 600000 cells
Cells/g liver 120 x 10° | cells/g
CLh,in vivo 4.0 mL/min/kg
Qn 20 mL/min/kg
fub 0.014 N/A

fub int 0.22 N/A

CLy 0.56 mL/min/kg

DMD 74005

Supplemental Table S4. Protein list identified by shotgun proteomics in Day5 and Day7 in the LPS treated conditioned medium.
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Identified Proteins (115) Day5 LPS Day7 LPS
1 Serotransferrin 811 424
2 Haptoglobin 272 218
3 Serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), | 532 404

member 1
4 Vitamin D-binding protein 100 85
5 Carboxylesterase 1 (monocyte/macrophage serine esterase 1) 172 49
6 Alpha-1-acid glycoprotein 1 163 147
7 Angiotensinogen 65 37
8 Transthyretin 35 25
9 Protein AMBP preproprotein 25 36
10 Alpha-1-B glycoprotein 22 36
11 Alpha-2-macroglobulin 33 33
12 Leucine-rich alpha-2-glycoprotein 54 31
13 Zinc-alpha2-glycoprotein 21 31
14 Triosephosphate isomerase isoform 2 2 3
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15 Alpha-1-acid glycoprotein 2 45 40
16 Fatty acid-binding protein 1 5
17 Insulin 8 6
18 Superoxide dismutase [Cu-Zn] 5 8
19 Alpha-2-HS-glycoprotein 11 10
20 Apolipoprotein E 7 21
21 Hypothetical protein 1
22 Serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin) 46 48
23 Protein disulfide-isomerase 18 2
24 Immunoglobulin heavy chain 15 12
25 Probable E3 ubiquitin-protein ligase MYCBP2 1 2
26 Ceruloplasmin (ferroxidase) 29 13
27 Complement component 4A 19 23
28 Hypothetical protein 12

29 Parathyroid hormone-responsive B1 5 2
30 YWHAZ protein 3 3
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31 Serum amyloid A-1 protein 48 62
32 Apolipoprotein J 10 13
33 Calreticulin 6 2
34 Proactivator polypeptide isoform b preproprotein 12 8
35 Proapolipoprotein 20 4
36 Coiled-coil domain-containing protein 25 1
37 Hemopexin 15 6
38 Immunoglobulin variable region VH gamma domain 3 2
39 Protein DJ-1 2

40 Tetraspanin-14 isoform 1 4 2
41 Cathepsin D preproprotein 21 2
42 Cyclin-I 1
43 Complement C3 8 10
44 Thioredoxin isoform 1 1
45 Retinol-binding protein 4 6 9
46 Amphoterin-induced protein 3 1
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47 Nucleobindin-1 7 11
48 Beta-2-microglobulin 5 9
49 Apolipoprotein C-III precursor variant 1 5 7
50 Ferritin, light polypeptide 6

51 Complement C2 isoform 1 preproprotein 30 8
52 Putative uncharacterized protein C130rf35 1
53 Inter-alpha (globulin) inhibitor H3 5 7
54 L-3-hydroxyacyl-Coenzyme A dehydrogenasE 8

55 Nuclear receptor coactivator 6 interacting protein 1

56 Hornerin 3 4
58 Hypothetical protein 1 1
60 MyoD 1

61 Dual specificity mitogen-activated protein kinase 1 7

63 Apolipoprotein A-IV 5 2
64 Glyceraldehyde-3-phosphate dehydrogenase isoform 1 1 2
65 T-complex protein 11-like protein 1 2 1
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66 Seven transmembrane helix receptor 1
67 Apolipoprotein C-II 3
68 Alpha-2-antiplasmin isoform a 12
69 NADH dehydrogenase [ubiquinone] iron-sulfur protein 6 3
70 Immunoglobulin heavy variable

71 C-reactive protein 2
72 Apolipoprotein 7
73 Peroxiredoxin 3, isoform CRA_a 4
74 Transmembrane and coiled-coil domain family 1

75 actin, beta 8
76 Fibromodulin

77 Immunoglobulin epsilon heavy chain

78 Heat shock 70kDa protein 5 1
79 Corticosteroid-binding globulin 1
80 PRSS3 protein 2
81 Syndecan 1 2
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82 Myosin light polypeptide 6 isoform 1

83 Lysosome-associated membrane glycoprotein 2 isoform C
84 Origin recognition complex subunit 1 isoform 1

85 Protocadherin gamma-B3 isoform 2

87 Hcg23783

88 Leucine-rich repeat-containing protein 8A

89 Apolipoprotein B-100

90 Fibrinogen gamma chain

91 1-acyl-sn-glycerol-3-phosphate acyltransferase alpha
92 JUP protein

94 3-ketoacyl-CoA thiolase

95 60 kDa heat shock protein

96 CGI-96 protein

99 Tropomyosin alpha-1 chain isoform 2

100 80K-H protein

101 Enoyl-CoA delta isomerase 1
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102 Cytochrome b5 isoform 3

103 T-cell receptor beta chain

104 Tyrosine kinase

105 Niemann-Pick disease, type C2
106 Hemoglobin subunit delta

107 Dermcidin isoform 2

108 Vitamin K-dependent protein S preproprotein
109 Immunoglobulin J chain

110 4-aminobutyrate aminotransferase
111 Protein S100-A8

112 hCG2002436

113 hCG1642212

114 proline-rich acidic protein

115 Adrenergic, beta, receptor kinase 1




DMD 74005



