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Abstract: Nonalcoholic steatohepatitis represents a significant and rapidly growing unmet medical need. The de-
velopment of novel therapies has been hindered in part, by the limitations of existing preclinical models. There is
a strong need for physiologically relevant in vivo and in vitro liver fibrosis models that are characterized by better
translational predictability. In this study, we used the InSphero 3D InSight™ three-dimensional (3D) human liver mi-
crotissue (3D-hLMT) system prepared by co-culturing primary human hepatocytes with hepatic stellate cells, Kupffer
cells and endothelial cells to develop a model of NASH with a severe fibrotic phenotype. In our model, palmitic acid
(PA) induced a robust proinflammatory and profibrogenic phenotype in the 3D-hLMT. PA significantly increased
several markers of the inflammatory and profibrotic process including gene expression of collagens, a-sma, tis-
sue inhibitor of matrix metalloprotease 1 (timp1) and the stellate cell activation marker pdgfr3 as well as secreted
CXCL8 (IL8) levels. We also observed TGF(3 pathway activation, increase in active collagen synthesis and significant
overall increase in tissue damage in the 3D-hLMTs. Immunohistochemistry analysis demonstrated the upregulation
of collagen, cleaved caspase 3 as well as of the PDGFRf protein. We further validated the model using a phase 3
clinical compound, GS-4997, an apoptosis signal-regulating kinase 1 (ASK-1) inhibitor and showed that GS-4997
significantly decreased PA induced profibrotic and proinflammatory response in the 3D-hLMTs with decreases in
apoptosis and stellate cell activation in the microtissues. Taken together we have established and validated an in
vitro 3D-hLMT NASH model with severe fibrotic phenotype that can be a powerful tool to investigate experimental
compounds for the treatment of NASH.
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Introduction in the development of new therapies for NASH

with fibrosis. In spite of significant progress in

Nonalcoholic steatohepatitis (NASH) is a severe
form of nonalcholic fatty liver disease (NAFLD)
and is characterized by the presence of hepatic
steatosis (accumulation of lipids), hepatocyte
injury and inflammation [1]. NASH can be pro-
gressive and may ultimately result in advanced
fibrosis and cirrhosis characterized by disrupt-
ed hepatic architecture, vascular structure and
aberrant regeneration that can eventually lead
to mortality. Currently NASH is the most com-
mon liver disorder in Western countries and
there are no approved drugs for this debilitating
disease.

Due to the significant unmet medical need,
there has been a lot of interest in recent years

our understanding of the pathogenic mecha-
nisms of liver fibrosis, effective antifibrotic ther-
apies are still lacking. This is, in part, due to the
lack of validated translational models and the
poor predictability of animal models that have
considerably hindered progress [2].

The most widely used 2D human cellular mod-
els fall short due to diminished longevity and
absence of critical hepatocyte-non parenchy-
mal cell interactions [3]. Therefore physiologi-
cally more relevant human NASH models with a
robust fibrotic phenotype are needed that are
characterized by in vitro longevity and contain
the main liver cell types involved in the patho-
physiology. Such in vitro models will be impor-
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Figure 1. 3D human liver microtissue NASH model
with severe fibrotic phenotype. The microtissues
(MTs) were treated with 0.5 mM palmitic acid (PA)
in the presence or absence of 1 uM of Selonsertib
or with Medium+DMSO on day O and day 2. On day
9 all the MTs and supernatants were collected and
analyzed for various endpoints.

tant tools to reliably investigate and develop
transformational drugs to treat NASH with
fibrosis.

Three-Dimensional (3D) human liver microtis-
sue models prepared by co-culturing prima-
ry human hepatocytes with non-parenchymal
cells such as hepatic stellate cells, Kupffer
cells and endothelial cells have shown great
promise for in vitro toxicology studies [4]. The
3D-human liver micro-tissues (3D-hLMTs) can
be maintained for over 5 weeks and are well
characterized with respect to adenosine tri-
phosphate level, albumin secretion, native hu-
man liver gene expression, histological assess-
ment and with the expression of the bile salt
export pump (BSEP) and the multidrug resis-
tance protein 2 (MRP2) [4]. 3D-hLTMs have
also been successfully used recently to develop
in vitro models of liver fibrosis using various
inflammatory and profibrotic mediators [5].

High levels of unsaturated free fatty acids play
a crucial role in the development of NASH. The
free fatty acids cause lipid accumulation fol-
lowed by damage to the hepatocytes by lipo-
apoptosis [6], which then cascades into the
activation of Kupffer cells triggering a pro-
inflammatory response and activation of hepat-
ic stellate cells (HSCs). The stellate cells trans-
differentiate into a fibrogenic myofibroblast
phenotype that produce smooth muscle actin
and collagens, particularly type I, lll and VI
causing excessive deposition of extracellular
matrix, which is conducive for the development
of fibrosis during experimental and chronic
human liver injury [7, 8].
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In this study, we used 3D-hLMTs as a tool to
develop a model of NASH with a severe fibrotic
phenotype. To recapitulate liver fibrosis as ob-
served during NASH we explored if treatment of
the 3D-hLMT with high concentrations of pal-
mitic acid would induce a phenotype similar to
that observed in NASH patients with fibrosis.
Our data show that 0.5 mM palmitic acid (PA)
induced a robust pro-inflammatory and fibro-
genic phenotype in the 3D-hLMT. PA significant-
ly induced the expression of several collagen
genes, a-sma (alpha smooth muscle actin), tis-
sue inhibitor of matrix metalloprotease 1 (ti-
mpl) and the stellate cell activation marker
padgfrB (platelet derived growth factor receptor
beta) as shown both by gene expression analy-
sis and imaging as well as secreted CXCLS8 (IL8)
levels. We also observed TGFB (transforming
growth factor beta) pathway activation, in-
crease in active collagen synthesis and signifi-
cant overall increase in tissue damage in the
3D-hLMTs. We then further validated this trans-
lational in vitro model with GS-4997, an apop-
tosis signal-regulating kinase 1 (ASK-1) inhibi-
tor and showed that GS-4997 decreased the
PA induced profibrotic and proinflammatory
response in the 3D-hLMTs with significant de-
crease in apoptosis in the microtissues. Thus,
we have established and validated an in vitro
model that can be used to test experimental
compounds for the treatment of NASH.

Materials and methods
Spheroid culturing

3D InSight™ Human Liver Microtissues (MT-02-
302-05) and Human Liver Maintenance Me-
dium (hLiMM) TOX (CS-07-001a) were pur-
chased from InSphero, Switzerland. Microti-
ssues were incubated with 70 upL of fresh
hLiIMM TOX medium at 37°C in 5% CO, incuba-
tor for 4 days. The medium was changed one
more time 24 hr later-and treated with 0.5 M
Palmitic acid (day O, Figure 1). The same treat-
ment of the hLiMTs was repeated after 2 days
(day 2). The dilutions of GS-4997 stocks in
DMSO and the vehicle controls were aliquoted
and frozen for each dosing. On the day of treat-
ment, aliquots were diluted to working concen-
tration with hLiMM TOX. The final volume of
hLiMM TOX medium for the treatments was 50
ul. The experiment was terminated on day 9
and the supernatants were collected for ELISA
and luminex assays. The liver microtissues
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were lysed in the RNA buffer from the Re-
liaPrep™ RNA Miniprep Systems (Promega) and
stored at -80°C for RNA extraction.

Real-time PCR

Total RNA was extracted from liver microtis-
sues with ReliaPrep™ RNA Miniprep Systems
(Promega). The RNA was reverse transcribed to
cDNA with reverse transcription kit (QuantaBio
gScript cDNA kit 95048-500). The Applied
Biosystems TagMan Gene Expression Assays
and the best coverage primers for each gene
were purchased from ThermoFisher Scientific.
MRNA expression of target genes was calculat-
ed using a comparative Ct (ACt) method and
normalized by geomean of GAPDH, B2M and
RPL30.

ELISA and luminex assays

The levels of human ProColl (R&D Systems),
PIINP (Cloud-Clone Corp) and PAI-1 (Thermo-
Fisher Scientific) was measured in the microtis-
sue supernatants collected on day 9. Briefly,
the sups from eight microtissues were com-
bined and appropriate amount of material was
used for the ELISA according to the respective
manufacturer’s instructions. For the ProColl
ELISA the samples were diluted 1:10, undiluted
for PIIINP and for the PAI-1 ELISA the samples
were diluted 1:2. The ELISA plates were read
by measuring absorption as specified in the
respective manufacturer’s protocol. All experi-
ments were performed in triplicates and
repeated at least twice to assess reproducibili-
ty. IL-8 levels in the liver microtissue superna-
tants were measured by Bio-Rad bioplex assays
using the Luminex platform.

Cell cytotoxicity

Cell death and cell lysis were quantified based
on the measurement of lactate dehydrogenase
(LDH) activity released from the cytosol of dam-
aged cells into the supernatant. LDH activity
(Cytotoxicity Detection Kit-Sigma-Aldrich) was
measured in undiluted supernatants and accor-
ding to the manufacturer’s protocol. All experi-
ments were performed in triplicates and re-
peated at least twice to assess reproducibility.

Quantification of PINP

The concentration of PANP fragments in the
supernatants was measured by competitive
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ELISA assay for human N-terminal propeptide
of collagen type 1 (Nordic Bioscience) as de-
scribed previously [9].

GS-4997 and palmitic acid

GS4997 was purchased from Selleckchem and
a stock solution of 10 mM was prepared in
DMSO. A 10 mM stock of Palmitic Acid was pre-
pared following the protocol as describe previ-
ously [10].

Immunofluorescence

Microtissues were collected and processed for
histology following the protocol (TPO0OB) from
InSphero Histology Protocols -(https://insphe-
ro.com/support/protocols-manuals). PDGF Re-
ceptor B (28E1) Rabbit mAb (Cell Signaling Te-
chnology), cleaved caspase 3 antibody (Cell
Signaling) and Goat anti-Rabbit IgG (H+L) High-
ly Cross-Adsorbed Secondary Antibody Alexa
Fluor Plus 555 (Thermo Fisher Scientific) were
used for staining of the 5 uM FFPE sections.

Histology

Microtissues were collected and processed
for histology following the protocol (TPOOG)
-(https://insphero.com/support/protocols-man-
uals) from InSphero Histology Protocols. Ma-
sson’s trichrome (Poly Scientific R&D) staining
was done using standard protocols.

Statistical analysis

The experimental data are expressed as mean
+ SD. One-way ANOVA with Dunnett’s post-test
for multiple comparisons was used to deter-
mine whether sample mean values between
groups were significantly different. P<0.05 was
considered statistically significant.

Results

PA induced tissue damage and a robust fibrot-
ic phenotype in the 3D-hLMTs

Unsaturated free fatty acids play an important
role in the development of NAFLD and NASH.
Oleic acid and palmitic acid are the 2 most
abundant fatty acids in Western diets and both
are likely to be involved in the development of
NASH. However, they have differential effects
on hepatocytes in vitro in that palmitic acid
more robustly induces injury/apoptosis and
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Figure 2. Model characterization-PA induced fibrotic and proinflammatory phenotype with microtissue tissue dam-
age in the 3D-hLMTs. A. Profibrotic gene expression in the MTs quantified by real time PCR. B, C. Total PAI-1 and IL-8
measured by ELISA and Luminex respectively. D, E. The levels of PANP and PIIINP were quantified by ELISA based
methods. F. LDH activity was measured in the supernatants using a substrate-based assay. Data is expressed as
mean + SD and *P<0.05; **P<0.01; ***P<0.001; #P=0.0001.

therefore it is likely to be a more effective
inducer of a severe fibrotic phenotype in the
context of a relatively short term model. High
concentrations of palmitic acid are hepatotoxic
and induce lipoapoptosis in the parenchymal
cells of the liver, which in turn can cause inflam-
mation followed by the induction of pro-fibrotic
processes. To recapitulate liver fibrosis as
observed during NASH, we explored if treat-
ment of the 3D human liver microtissues with
high concentrations of palmitic acid would
induce a phenotype similar to that observed in
human NASH patients. During the development
of the model, we optimized the treatment re-
gime with respect to time course, treatment
frequency and concentration (not shown) and
established an optimized protocol as shown in
Figure 1. According to this protocol, we treated
the 3D human liver microtissues with 0.5 mM
of palmitic acid twice on day O and day 2 and
then the MTs and supernatants were collect-
ed for further analysis after 7 days on day 9.
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Palmitic acid significantly increased the expres-
sion of collagen genes, a-sma, fibronectin and
timpl as well as of pdgfrP3, a marker of hepatic
stellate cell activation in the 3D-hLMT (Figure
2A). The expression of the pai-1 gene, a down-
stream target of TGFP as well as PAI-1 protein
levels were increased with palmitic acid treat-
ment indicating the engagement and activation
of the TGF pathway during the fibrotic response
in the microtissues (Figure 2B). IL-8 levels
increased in the supernatant of the microtis-
sues treated with PA, suggesting a proinflam-
matory microenvironment in the 3D system
(Figure 2C). To assess active collagen synthesis
in the 3D model, the levels of PAINP and PIIINP,
products of procollagen 1 and procollagen 3
synthesis, respectively were measured in the
supernatants. Palmitic acid significantly in-
creased the levels of both of these mark-
ers of collagen synthesis in the microtissues
(Figure 2D and 2E). To assess the viability and
functionality of the microtissues upon PA treat-
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Figure 3. GS-4997 decreased collagen gene expression. Gene expression of collal, col3al and col6a3 in the
microtissues was quantified by real time PCR. Data is expressed as mean + SD and **P<0.01; ***P<0.001;

#P=0.0001.

ment we measured LDH, a clinical biochemical
marker of tissue damage. We observed signifi-
cant increase in the levels of LDH (Figure 2F)
suggesting ensuing microtissue damage con-
comitant with the development of the fibrotic
phenotype in response to palmitic acid treat-
ment in the 3D microtissues. Taken together,
palmitic acid induced tissue damage, a proin-
flammatory and a severe fibrotic phenotype in
the 3D human liver microtissues, a phenotype
closely resembling that of human NASH with fi-
brosis. Thus, our model of NASH with severe
fibrotic phenotype in 3D-hLMTs provides us a
translational tool to investigate experimental
compounds for the treatment of NASH.

Anti-fibrotic and anti-inflammatory effects of
GS-4997 in 3D-hLMT

To validate the 3D-hLMT NASH model to sup-
port the investigation of compounds for the
treatment of NASH, we used a Phase 3 clinical
compound, GS-4997 (Selonsertib), an ASK-1
inhibitor that has shown promise for the treat-
ment of NASH in clinical trials. The 3D-mi-
crotissues were treated with palmitic acid (0.5
mM) in the presence or absence of GS-4997 (1
uM) or left untreated as medium only control.
GS-4997 significantly decreased palmitic acid
induced gene expression of collal, col3al
and col6a3 in the microtissues (Figure 3).
Hepatic stellate cell activation is a key feature
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during the development of fibrosis in NASH. In
our model, palmitic acid induced stellate cell
activation was reduced with GS-4997 as indi-
cated by the reduction of pdgfr3 expression.
Furthermore, GS-4997 also decreased the
expression of the proinflammatory cytokine
IL-12 in the 3D-microtissues (Figure 4A and
4B).

Effect of GS-4997 on markers of collagen syn-
thesis

Excessive collagen synthesis is an integral part
of the development of fibrosis. The synthesis of
collagen can be measured by quantifying the
amount of pro-collagen released into the super-
natant following a fibrotic insult to the microtis-
sues. During the synthesis of collagens these
proteins undergo proteolytic maturation during
which the precursor proteins, the pro-colla-
gens, are cleaved by different proteases releas-
ing N- and C-terminal pro-peptides thus creat-
ing the mature collagen proteins that organize
into fibrils and form the mature collagen. These
cleaved fragments of the processed procolla-
gens are indicators of active collagen synthesis
during fibrosis. To investigate the effect of
GS-4997 on collagen 1 and collagen 3 synthe-
sis in our 3D-hLMT model of NASH, the micro-
tissues were treated with palimitic acid in the
presence or absence of GS-4997. GS-4997 sig-
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Figure 4. GS-4997 decreased expression of stellate cell activation and in-
flammation marker. (A) Stellate cell activation marker-pdgfr3 and (B) proin-
flammatory il12a gene expression in the microtissues was measured by real
time PCR. Data is expressed as mean + SD and *P<0.05; #P=0.0001.

nificantly decreased palmitic acid mediated
increase in proColl (procollagen 1) (Figure 5A),
PANP (N-terminal pro-peptide of pro-collagen
1) (Figure 5B) and PIIINP (N-terminal pro-pep-
tide of pro-collagen 3) (Figure 5C). The data
suggest that GS-4997 reduced the active syn-
thesis of collagen 1 and 3 in the 3D-hLMT
NASH model. Collagen levels were also mea-
sured by trichrome staining of the 3D-micro-
tissues. As shown in Figure 6, palmitic acid sig-
nificantly increased the collagen levels (orange
arrows on the blue stain) compared to the
medium only group. Based on the image, the
collagen deposition appears to resemble bridg-
ing fibrosis, a phenomenon seen in patients
with NASH and severe fibrosis. In addition, pal-
mitic acid induced a characteristic morphologi-
cal change in the microtissues, suggestive of
diminished tissue integrity, causing an overall
reduction in the size of the microtissue. GS-
4997 treatment decreased the collagen levels
and reversed the morphological changes in the
liver microtissues indicating an overall recovery
of palmitic acid induced injury of the liver
microtissues.

GS-4997 decreased apoptosis and stellate cell
activation in 3D-hLMT

To investigate the mechanism of the recovery
from palmitic acid induced tissue injury of the
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il12a
4

*

liver microtissues that result-
ed in overall reduction in the
size of the tissue and reduc-
tion in the fibrotic response,
we stained for cleaved cas-
pase 3, which is a marker of
apoptosis and PDGFRp, the
marker for hepatic stellate cell
activation, respectively. We
hypothesized that the inhibi-
tion of ASK-1 with GS-4997
will decrease cellular apopto-
sis and stellate cell activation
and thereby reverse the pal-
A mitic acid induced tissue inju-
ry and fibrotic response. We
observed significant increase
in apoptosis with palmitic acid
indicated by yellow punctate
staining of cleaved caspase 3
distributed across the micro-
tissue parenchyma (Figure
7A) and there was complete
inhibition of the cleaved cas-
pase 3 staining with GS-4997. These data sug-
gest that GS-4997 inhibits hepatocyte apopto-
sis in the 3D-hLMT. Furthermore, GS-4997 de-
creased PA induced hepatic stellate cell activa-
tion as shown in Figure 7B, thereby decreasing
the fibrotic response in the microtissues. Re-
duced cleaved caspase 3 and PDGFRp levels
with GS-4997 indicate an impact on both hepa-
tocytes and hepatic stellate cells and may ex-
plain the reversal of the palmitic acid induced
tissue injury.

*

Discussion

There is a growing interest in the use of organ
specific and physiologically relevant 3D multi-
cellular spheroids in academic research and in
the pharmaceutical industry. The 3D spheroids
overcome many of the limitations of the mono-
cultures or 2D culture systems in vitro by pro-
viding longevity to the cellular system, signifi-
cant parenchymal-non parenchymal cell-to-cell
interactions and enhanced normal tissue phe-
notype. Currently the most frequently used
mono cultures for liver specific models or re-
sponses, are i) the hepatocyte culture system
in which primary hepatocytes are plated on 2D
collagen coated dishes [11-13]; ii) hepatic stel-
late cell cultures in various matrices with vary-
ing tensile strength and iii) Kupffer cell cultures
for the measurement of inflammatory respons-

Am J Transl Res 2019;11(3):1531-1540
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Figure 5. ECM markers of collagen 1 and collagen 3 synthesis decreased with GS-4997. (A) Soluble proColl, (B)
N-terminal peptide of proColl (PANP) and (C) N-terminal peptide of proCol3 were measured by ELISA in the super-
natants of the MTs. Data is expressed as mean + SD and *P<0.05; ***P<0.001; #P=0.0001.

Medium + DMSO

PA + DMSO

PA + GS5-4997

Figure 6. Reduction in collagen levels with GS-4997. Collagen levels in the microtissues were determined by tri-
chrome staining. The orange arrows indicate collagen deposition (blue) in the microtissues.

es. The currently used 2D co-culture systems
include i) co-cultures of hepatocytes with stro-
mal fibroblasts [14] and ii) Kupffer cells co-
cultured with stellate cells. These cellular mod-
els, however, lose liver-specific functionality
and responses within days [11, 15] hampering
long-term and repeated dosing studies. On the
other hand, the 3D spheroid culture systems in
the recent past have emerged as promising
tools to assess the mechanisms of hepatotox-
icity due to their enhanced resemblance of the
liver structure and phenotype, metabolic activ-
ity and stability in culture. Due to their proven
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functionality and close resemblance of many
aspects of liver physiology, the 3D human
multi-cellular spheroids seemed and ideal sys-
tem for the development of organ specific dis-
ease models of human NASH.

In order to recapitulate human liver disease in
vitro, it is necessary to culture all the main liver
specific cells in proportions similar to that of
the native liver to enable complex autocrine
and paracrine cell-cell and cell-matrix interac-
tions. The 3D-hLMTs provides such a multicel-
lular system and seemed ideal to develop a

Am J Transl Res 2019;11(3):1531-1540
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Figure 7. GS-4997 decreased PA induced apoptosis and stellate cell activation in microtissues were observed by
immune-fluorescent confocal microscopy. A. Cleaved caspase 3 (yellow stain), a marker of apoptosis; B. PDGFRf

(red stain), a marker of stellate cell activation.

NASH model with severe fibrotic phenotype.
There are several physiologically relevant he-
patic in vitro models in development including
3D bioprinted liver tissues comprising several
hepatic cell types [16] and 3D spheroid cul-
tures with hepatic non-parenchymal cells
(NPC) [17, 18]. However, we believe that the
extensive characterization of the 3D-hLMTs
used in this study with respect to their long
term stability without detectable necrosis or
loss of viability [4, 17] together with a complex
liver specific microenvironment offers distinct
advantages for the development of in vitro
human NASH models.

Indeed, Prestigiacomo et al. have recently de-
scribed [5] the characterization of a 3D multi-
cellular model of liver fibrosis utilizing the same
InSphero technology to create the microtissues
as we have in our current study. However, they
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have used various profibrotic and proinflamma-
tory mediators, including TGF-B1, LPS and
TNF-a as well as other non-specific profibrotic
chemicals such as methotrexate (MTX) and
thioacetamide (TAA) and showed strong fibrotic
phenotypes in their studies. While their model
is undoubtedly robust and is well suited for
studying anti-fibrotic compounds and mecha-
nisms, our aim was to establish a model that
more specifically relates to the etiology of
NASH. Furthermore, we set out to validate our
model using a clinical phase NASH antagonist
compound.

We used palmitic acid to challenge the 3D-
hLMTs as a surrogate for high fat diet induced
liver damage, and were able to demonstrate a
robust fibrogenic and proinflammatory res-
ponse in the microtissues. Palmitic acid in-
duced significant apoptosis in the parenchymal

Am J Transl Res 2019;11(3):1531-1540



In vitro 3D NASH model

cells and activated the stellate cells. Further
activation of the TGFB pathway is the corner-
stone of a classical fibrotic response and PAI-1,
a downstream target of the TGF(3 pathway was
increased significantly with palmitic acid in the
microtissues. This led us to hypothesize that
the fibrotic responses in the 3D-hLMTs with pal-
mitic acid is due to the activation of the hepatic
stellate cells and activation of the TGFp path-
way that led to increased synthesis of collagen
1 and collagen 3. In addition to increased
expression of the collagen genes, there was a
significant increase in the levels of PANP and
PIIINP indicating ongoing active synthesis of
the collagens in the microtissues. We also
observed that the collagen deposition in the tis-
sue was reminiscent to that of bridging fibrosis,
which is a much-advanced stage in the fibrotic
process in patients with NASH. Moreover in the
3D-hLMT model we were able to capture multi-
ple and robust cell type specific responses of
liver damage and fibrosis, a response more
akin to a damaged human liver that has many
different types of cells and that are not possi-
ble to generate in mono or 2D culture systems.
The responses were a combination of the
effects on multiple cell types that are in contact
to each other and were able to cascade the
responses to injury caused by palmitic acid
treatment.

Next, we further validated this fibrotic NASH
model with GS-4997, an ASK-1 inhibitor com-
pound in Phase 3 trials for the treatment of
NASH. Using GS-4997 we were able to show
that palmitic acid induced proinflammatory and
fibrotic responses in the 3D-hLMTs were signifi-
cantly decreased. GS-4997 decreased profi-
brotic gene expression and active synthesis of
collagen 1 and 3. The reduction in collagen syn-
thesis is likely to be due to the combined effect
of GS-4997 on parenchymal hepatocytes and
hepatic stellate cells. In hepatocytes, it de-
creases PA induced apoptosis thereby limiting
further injury that would otherwise trigger
inflammatory and profibrotic responses in ch-
ronic liver disease. In hepatic stellate cells
GS-4997 decreased HSC activation implicating
the involvement of the stress kinase pathways
in that process. The inhibition of the TGF( path-
way, as demonstrated by the reduction of PAI-1
expression is also directly contributing to the
reduction of collagen synthesis. If this effect is
a direct effect on hepatic stellate cells or if
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TGFB synthesis is inhibited in hepatocytes or
Kupffer cells in this complex model remains to
be investigated.

Although we were able to develop and validate
a novel in vitro 3D model for NASH with a severe
fibrotic phenotype, the system has several limi-
tations. Importantly, while the model comprises
the key liver cell types it lacks recruited circulat-
ing cells which can also play critical roles in
inflammation and fibrogenesis. Therefore this
model is not suitable to study mechanisms
where infiltrating cells play a prominent role.
From a practical perspective, another limitation
is that the 3D-hLMT system is currently not a
high throughput screening platform. However,
we believe that appropriate utilization of the
model to evaluate the mechanism of action and
efficacy of experimental drugs to complement
in vivo efficacy studies will result in higher qual-
ity compounds with greater translatability to
the clinic. In addition, the model holds great
promise to investigate target engagement, de-
velop pharmacodynamic biomarkers, differenti-
ate compound specific responses and can also
be a valuable tool for the validation of clinical
biomarkers.
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