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Impact statement

Metabolic syndrome is a complex disease
that involves multiple organ systems
including the liver. Non-alcoholic fatty liver
disease (NAFLD) is a key expression of the
metabolic syndrome in the liver. There are
no approved therapeutics to halt or reverse
the progression of NAFLD. Human biomi-
metic liver MPS, harnessing fluorescent
protein biosensors (FPBs) to quantify the
temporal-spatial changes in pathophysio-
logical parameters during disease pro-
gression, have the potential to serve as an
important component of an experimental
platform for both drug repurposing and
novel therapeutic development. FPBs can
be applied as biomarkers in key pathways,
and to molecular targets identified from
patient genomic data, to monitor disease
progression and responses to drug treat-
ment. The integration of QSP, human bio-
mimetic MPS with FPBs, and the MPS
database described here offers a powerful
platform for identifying mechanisms and
biomarkers of metabolic disease progres-
sion, as well as identifying new therapeutic
strategies.

Abstract

Metabolic syndrome is a complex disease that involves multiple organ systems including a
critical role for the liver. Non-alcoholic fatty liver disease (NAFLD) is a key component of the
metabolic syndrome and fatty liver is linked to a range of metabolic dysfunctions that occur
in approximately 25% of the population. A panel of experts recently agreed that the acro-
nym, NAFLD, did not properly characterize this heterogeneous disease given the associ-
ated metabolic abnormalities such as type 2 diabetes mellitus (T2D), obesity, and hyper-
tension. Therefore, metabolic dysfunction-associated fatty liver disease (MAFLD) has been
proposed as the new term to cover the heterogeneity identified in the NAFLD patient pop-
ulation. Although many rodent models of NAFLD/NASH have been developed, they do not
recapitulate the full disease spectrum in patients. Therefore, a platform has evolved initially
focused on human biomimetic liver microphysiology systems that integrates fluorescent
protein biosensors along with other key metrics, the microphysiology systems database,
and quantitative systems pharmacology. Quantitative systems pharmacology is being
applied to investigate the mechanisms of NAFLD/MAFLD progression to select molecular
targets for fluorescent protein biosensors, to integrate computational and experimental
methods to predict drugs for repurposing, and to facilitate novel drug development.
Fluorescent protein biosensors are critical components of the platform since they enable
monitoring of the pathophysiology of disease progression by defining and quantifying the
temporal and spatial dynamics of protein functions in the biosensor cells, and serve as

minimally invasive biomarkers of the physiological state of the microphysiology system experimental disease models. Here,

we summarize the progress in developing human microphysiology system disease models of NAFLD/MAFLD from several lab-
oratories, developing fluorescent protein biosensors to monitor and to measure NAFLD/MAFLD disease progression and imple-
mentation of quantitative systems pharmacology with the goal of repurposing drugs and guiding the creation of novel
therapeutics.
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Introduction

This perspective describes the state of the integration of
QSP! human biomimetic liver MPS,>?® FPBs,*° and the
microphysiology systems database (MPS-Db)®” to create a
platform for investigating the temporal-spatial mecha-
nisms of metabolic syndrome disease progression, starting
with the liver. A part of QSP, the iterative computational
and experimental approach to drug discovery and devel-
opment, has been harnessed to characterize NAFLD and
type 2 diabetes (T2D) in patient liver samples by
RNASeq.® Computational and systems biology tools have
then been applied to the patient RNASeq data to predict
pathways, networks, and molecular targets involved in the
progression of NAFLD/T2D in an unbiased approach.’*
This knowledge has been used to computationally predict
drugs/compounds for repurposing and as a starting point
for designing novel therapeutics using human biomimetic
liver MPS disease models.">'® FPBs are a critical compo-
nent of the platform since they can be used to define the
temporal-spatial changes that characterize the progression
of the disease, serve as biomarkers of disease progression,
as well as response to prospective therapeutic treatments in
the human biomimetic liver MPS. The evolution of
this platform will be compared to previous studies harness-
ing human biomimetic MPS experimental models of
NAFLD/NASH.

ADIPOSE TISSUE

Metabolic syndrome, NAFLD, and metabolic
dysfunction-associated fatty liver disease

Metabolic syndrome is a complex disease that exhibits
temporal-spatial dynamics within individual organs, such
as the spatial variation of metabolic functions within the
zonated liver acinus.'® Abdominal adipose tissue, pancre-
atic islets, muscle (striated and cardiac), liver, and portal
endothelium are key tissues involved in metabolic syn-
drome® (Figure 1). In a healthy pancreas, insulin produc-
tion and release are regulated by blood glucose. Blood
glucose levels are also influenced by hepatic glucose pro-
duction and peripheral glucose uptake (e.g. by muscle and
adipose tissue). With a sedentary lifestyle and an unhealthy
diet containing high glucose and fatty food, excess fat accu-
mulates in the adipose tissue as well as “ectopically” in
non-adipose tissues, thereby promoting insulin resistance.
During the progression of metabolic syndrome from a pre-
diabetic to a diabetic state, there is an excessive demand for
insulin to overcome the insulin resistance. The failure to
meet this insulin demand results in pancreatic f cell dys-
function and loss that leads to impaired insulin secretion,
hypoinsulinemia, and hyperglycemia. This relative insulin
deficiency reduces insulin’s suppressive effects on adipose
tissue lipases, adipose triglyceride lipase (ATGL), and hor-
mone sensitive lipase (HSL), which lead to increase lipolyt-
ic release of free fatty acids (FFAs). This sequence of events
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Figure 1. An overview of the mechanisms involved in the progression of metabolic syndrome. In a healthy pancreas, insulin production and release are regulated by
blood glucose levels that reflect glucose uptake in muscle and adipose tissue along with uptake and secretion from the liver. As a result of poor diet, sedentary lifestyle,
and/or genetic polymorphisms there is excessive demand for insulin to metabolize glucose. The failure to meet this insulin demand results in pancreatic f cell loss and
impaired insulin production, driving the progression of metabolic syndrome from prediabetes to diabetes state. Low insulin levels in adipose tissue promotes lipolysis
of fat and release of FFAs, triglycerides as well as proinflammatory cytokines and adipokines, that are delivered to the liver through circulation, promoting hepatic
steatosis, reactive oxygen species (ROS) production, fibrosis, increase in glucose output, and insulin resistance. Further, hepatic lipolysis of triglycerides leads to
dyslipidemia, endothelial dysfunction, portal hypertension along with proinflammatory and prothrombic factors in the circulation that contribute to cardiovascular

disease and stroke (Figure adapted from literature®'~2%).
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further increases ectopic lipid storage and insulin resis-
tance in peripheral tissues as well as increased hepatic
secretion of triglyceride-rich lipoproteins. The latter leads
to high serum triglycerides and low HDL-cholesterol,
which is characteristic of the metabolic syndrome. In addi-
tion, proinflammatory cytokines released from adipose
tissue and delivered to the liver through the vasculature
promote inflammation. Together, these processes further
increase de novo lipogenesis, gluconeogenesis, steatosis,
inflammation, reactive oxygen species (ROS), and fibrosis
in the liver. Ultimately, these changes lead to additional
deleterious manifestations of the metabolic syndrome
including endothelial dysfunction, and portal hyperten-
sion, along with an increase in proinflammatory and pro-
thrombic factors in circulation that also contribute to
cardiovascular disease and stroke.

It is estimated that up to 70% of T2D patients have coex-
isting NAFLD.?>"**%-2? [t has been suggested that NAFLD
represents a key liver manifestation of the metabolic syn-
drome in patients.”? Liver insulin resistance is also a
common feature in NAFLD patients, furthering the link
between NAFLD and T2D/metabolic syndrome. NAFLD
consists of a spectrum of disease stages ranging from
simple steatosis, to nonalcoholic steatohepatitis (NASH)
that includes hepatocyte ballooning, inflammation, and
pericellular fibrosis.>***" In some patients, NASH pro-
gresses to cirrhosis, liver failure, and hepatocellular carci-
noma (HCC).***?* Currently, NASH is the most rapidly
growing indication for liver transplantation.*>>*

Fatty liver linked to a range of metabolic dysfunctions
occurs in approximately 25% of the population. Recently, a
panel of experts agreed that the acronym, NAFLD, did not
properly characterize this heterogeneous disease that can
include metabolic dysfunctions such as T2D, obesity, and
hypertension that are components of the metabolic syn-
drome.* Therefore, metabolic dysfunction-associated
fatty liver disease (MAFLD) has been proposed as the
new term to cover the heterogeneity identified in the
NAFLD patient population. Unfortunately, there are still
no approved drugs to halt or reverse the progression of
NAFLD,* now MAFLD*. The complexity and heterogene-
ity of NAFLD/MAFLD in patients, variability in the rate of
disease progression to advanced fibrosis/cirrhosis over
several decades in some patients and rapid progression in
other patients (ca. 20%), along with the coupled comorbid-
ity with T2D, probably account for the present failure to
develop effective therapies.” In addition, it is now under-
stood that convergent factors beyond the range of comor-
bidities, including genetic risk factors, environment,
microbiome and metabolism, play important roles in the
disease heterogeneity.*>

Chronic progression of fatty liver disease in the liver has
been demonstrated in animal models and some in vitro
experimental disease models by a variety of measured
characteristics including increased steatosis, oxidative
stress, ER stress, apoptosis, autophagy, insulin resistance,
and fibrogenesis™ > *~*! (Figure 1). Despite years of efforts
studying the progression of human NAFLD in animals, an
optimal in vivo model suitable for all types of studies does
not exist. For example, the traditional genetic mouse

models of NAFLD (leptin deficient ob/ob or leptin receptor
deficient db/db mouse models) will progress to liver steato-
sis but not to NASH without additional challenges from
LPS or specialized diets.***> The nutrient deficient
models, such as the methionine and choline deficient diet
in the mouse, will lead to hepatic steatosis, liver inflamma-
tion, injury, and fibrosis but also induce weight loss and
increase insulin sensitivity resulting in lower glucose,
both of which are metabolic changes contrary to the clinical
progression in NAFLD/MAFLD.* High-fat diet rodent
models of liver diseases lead to obesity, insulin resistance,
liver inflammation, and fibrosis but suffer from high vari-
ability between animals and require treatments for one year
or longer.*> However, the addition of high fructose to a high
fat diet has been found to shorten the treatment time
required to mimic human NASH with fibrosis to four to
six months.*® In recent years, studies of the effects of met-
abolic syndrome on the liver are increasingly incorporating
metabolic and transcriptomic analyses to correlate changes
in the profiles with histopathology changes in human dis-
ease.’? However, animal models that mimic the histopa-
thology of human liver diseases often do not exhibit the
changes in genes, pathways, and networks associated
with human disease progression, suggesting the molecular
mechanisms are different from humans,*” emphasizing the
need for patient-derived MPS (see below).

In addition, genetic factors have been identified that con-
tribute to NAFLD development and progression.*”** Most
of these genetic variants are related to regulation of lipid
biology including PNPLA3, MBOAT7, TM6SF2, and
GCKR*. Tt is well known that subsets of the overall popu-
lation of patients with NAFLD/MAFLD carry specific gene
variants that enhance or reduce disease risk, as demonstrat-
ed by association studies.*’ For instance, the PNPLA3
I148M variant carriers evaluated by non-invasive imaging
and gene expression methods showed lower de novo lipo-
genesis and a higher content of polyunsaturated fatty acids
than non-carriers.”® Most of these genetic variants are dif-
ficult to study in animal models of NAFLD/MAFLD.

Computational analyses of differences in genomic data
(e.g. RNASeq) between normal and diseased patient liver
biopsies reveal changes in gene signatures within pathways
that are either up or down regulated as part of the disease
progression®®!#1#16-18 (Figure S1). Molecular targets
within the most significant pathways (a few examples are
shown in Figure S1) could be harnessed by constructing
fluorescent protein biosensors (FPBs) that would be used
to monitor the disease progression over time and space
using human MPS. Selected pathways shown here, which
were determined by identifying key biomarkers in the dis-
ease spectrum from early NAFLD to T2D in liver patients,
are some of the key candidates selected to guide the devel-
opment of FPBs for the expression of metabolic syndrome
in the liver.”! Developing FPBs is a vital step in quantifying
the progression of NAFLD/MAFLD and identifying poten-
tial biomarkers in organ MPS, starting with the liver.
MAFLD will be used as the general term to express the
heterogeneity in these patient populations, although
NAFLD will be used when referring to published studies
before the new language was proposed.
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Human MPS to investigate metabolic
syndrome

Human MPS, also referred to as tissue chips and organs-
on-chips, are 3D microfluidic devices containing multiple
cell types to enable cell-to-cell communications and addi-
tional physical and biochemical cues that recapitulate some
structural and functional characteristics of organs.**>*
There are multiple types of MPS including high through-
put™ and high content versions that meet the “fit for
purpose” or “context of use” requirements in the drug dis-
covery/development pipeline.” We have focused on high
content human MPS that maximally recapitulate the organ
structure and functions. We refer to this type of MPS as a
“human biomimetic MPS”.> We have continuously evolved
and improved the human biomimetic liver MPS models to
address the complexity of studying absorption, distribu-
tion, metabolism, excretion and toxicity (ADMET),19’51'54
as well as disease models including MAFLD/metabolic
syndrome®*?°! and liver metastases,”° using different
versions of the models including: the sequentially layered,
self-assembly liver (SQL-SAL);”" the liver acinus MPS
(LAMPS);® and the vascularized liver acinus MPS
(VLAMPS).* A variety of other human liver MPS have been
harnessed in the study of NAFLD/MAFLD.**”*° We have
recently reviewed the development and challenges in design-
ing, constructing, and applying human biomimetic MPS>.
Presently, we apply both the LAMPS®® and vLAMPS™
models for toxicology and disease modeling, as well as
drug discovery. These models contain primary human hep-
atocytes, primary human liver sinusoidal endothelial cells
(LSECs), together with well-characterized human stellate
and Kupffer cell lines. The LAMPS is a simpler model
with a single channel in which the cells are layered sequen-
tially to recreate the 3D organization of the liver sinusoid.

@ vLAMPS 3D Organization (b)

Using fluorescent biosensors to study metabolic syndrome in liver microphysiology systems

The LAMPS can be run with either zone 1 or zone 3 oxygen
tension conditions to explore zone-specific physiology and
pathophysiology, and can be imaged in real-time to moni-
tor FPBs. The LAMPS has been tested and reproduced by
the Texas A&M Tissue Chip Validation Center (Tex-Val) one
of the National Center for Advancing Translational
Sciences (NCATS) funded Tissue Chip Testing Centers
(TCTC).”” Results of that testing can also be found in the
MPS-Database.®”® The vVLAMPS (Figure 2(a)) uses a two
channel glass device to create an upper hepatic channel and
a lower vascular channel, separated by a 3-um pore size
PET membrane (shown as a red dotted line). The
vLAMPS generates an oxygen gradient through the con-
sumption of oxygen by the hepatocytes, recapitulating
physiological zonation in the liver.** The application of
the VLAMPS is evolving toward the use of all patient-
specific primary cells, including immune cells for the opti-
mal modeling of disease progression, in advance of the
ability to employ fully matured induced pluripotent stem
cell (iPSC)-derived cells.®> Patient-specific, iPSC-derived
parenchymal, and non-parenchymal cells, including chol-
angiocytes, are currently being developed for the next gen-
eration vVLAMPS>**~%% and more macro mini livers that also
mimic many aspects of NAFLD/MAFLD.®® Success with
the maturation of all liver acinus cells from patient-
derived iPSCs will create a platform for preclinical trials
and personalized medicine.” The vLAMPS can be run as
a stand-alone human biomimetic liver MPS or be coupled
through the vascular channel to other disease relevant
organ MPS (Figure 2(b)). Table S1 compares the advantages
and disadvantages of using LAMPS and vLAMPS.
Independent testing of the vVLAMPS by the Tex-Val TCTC
has been initiated.

A standalone liver MPS can be harnessed to study the
progression of metabolic syndrome by modifying the
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Figure 2. Evolving multi-organ, biomimetic MPS models for investigating metabolic syndrome. The evolution of liver MPS models to understand metabolic syndrome

was described previously.>3#%" (a)

The vascular liver acinus MPS (vLAMPS) contains the upper hepatic channel and lower vascular channel separated by a PET

membrane (red dashed line). The VLAMPS presently uses primary human cells (hepatocytes and Liver Sinusoidal Endothelial Cells, LSECs), immortalized human cell
lines for stellate (LX-2) and Kupffer (activated THP-1 cells). To mimic the progression of metabolic syndrome in vVLAMPS, molecular drivers (e.g. high glucose,
cytokines, free fatty acids, and lipopolysaccharide) and inflammatory immune cells are selectively added to vascular channels. (b) Selected organ MPS models
relevant to metabolic syndrome can be functionally coupled by transferring efflux from other organ MPS,%* or by direct coupling of the vVLAMPS, adipose MPS, and
pancreatic (VPANIS) through the vascular channels,®® both of which allow the addition of molecular drivers, immune cells, and potential therapeutics. The direction of
media flow is indicated by red/blue color-coded lines and arrows. For MPS models, the development and use of fluorescent protein biosensor (FPB) cells are critical for

real-time and spatial monitoring of the progression of metabolic syndrome.
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media from normal fasting through early metabolic
syndrome (MAFLD) to late metabolic syndrome (1T2D)
(Table 2). Selected organ MPS models relevant to metabolic
syndrome can also be linked by functional coupling (transfer
of efflux from one organ MPS as influent to another organ
MPS)>**? or by physical coupling, such as coupling an adi-
pose MPS (AMPS) and/ or pancreatic islets MPS (VPANIS) to
the vLAMPS (Figure 2(b)). The direct fluidic coupling of the
vLAMPS, AMPS, and vPANIS through the vascular channels
allows the addition of molecular drivers of disease, immune
cells, and potential therapeutics. In Figure 2(b), the direction
of media flow from each organ is indicated by red/blue
color-coded lines and arrows. The forward loop (red lines)
indicates the sequential flow of vascular media from the
AMPS, to the vLAMPS, to the vPANIS, to evaluate the
effect of effluent factors on the downstream organ models.
The feed-back loops (blue lines) indicate the option to recir-
culate media between coupled organs to test the combined
effects of efflux components on pairs of organs, to determine
how vascular factors contribute to the progression of meta-
bolic syndrome. Organ-derived efflux factors and bio-
markers serve as secreted metrics by which disease
progression can be evaluated. However, the concurrent use
of FPBs in hepatocytes and non-parenchymal cells is essen-
tial for real-time and spatial monitoring (e.g. zone-specific
measurements in the vVLAMPS) of the progression of meta-
bolic syndrome. Therefore, developing FPBs and additional
efflux biomarkers is critical for monitoring the progression
and understanding the mechanisms of metabolic syndrome
and its response to therapeutics.

Fluorescent protein biosensors

The history of FPBs dates back to early methods to track the
dynamics of fluorescently labeled, purified proteins put
back into living cells, called fluorescent analogs.” The con-
cept of modifying proteins with environmentally sensitive
fluorescent probes at sites known to be involved in ligand
binding led to the development of a variety of FPBs using
purified proteins,>”* even before the development of fluo-
rescent protein- (e.g. GFP) engineered FPBs.”>”> Over the
last 20 years, many specific fluorescent protein-based FPBs
have been designed, developed, and applied to many types
of cells in 2D and 3D*”*”° To avoid potential artifacts from
engineered cells, as a rule, only ca. 10-20% of the cells of
any cell type in an MPS are induced to express FPBs.* This
allows the temporal-spatial monitoring of specific FPBs in
any cell type in the MPS, while maintaining most of the
cells as native. Multiple FPBs can be analyzed in a single
MPS by spectral selection of the fluorescent proteins used
to construct the FPBs.*

Key features of FPBs include: the reversibility, sensitivi-
ty, and dynamic range of biosensor response, the ability to
define and quantify temporal and spatial dynamics of pro-
tein functions in the cells, and the ability to serve as a min-
imally invasive biomarker of a physiological state of the
organs or cells.* There are three major types of FPBs*
(Figure 3). In one type of FPB, conformation-sensitive bio-
sensors, ligand binding (e.g. metabolites, proteins and pep-
tides) to the sensing domain of the FPB, or cleaving of a

specific sequence in the FPB, modulate the fluorescence
intensity and/or lifetime, providing a real-time readout of
the physiological process being monitored (Figure 3(a)). In
a second type of FPB, localization biosensors, activation of a
specific pathway in the cell result in the post-translational
modification of the FPB, exposing a nuclear import/export
sequence that guides the translocation of the FPB (Figure 3
(b)). In a third type of FPB, activation-dependent biosen-
sors, an FPB fusion protein driven by a gene specific pro-
moter increase the reporter expression on activation,
generating a fluorescent readout (Figure 3(c)). Examples
of FPBs that are especially relevant to MAFLD, and can
be incorporated into organ MPS and/or organoids, are
shown in Table 1. Presently, we have focused on the use
of lentiviral delivery of the FPBs to targeted cells since cell
lines, primary cells, and iPSC-derived cells can all be read-
ily transduced by lentivirus. However, other methods for
delivery are possible, including the use of clustered regu-
larly interspaced short palindromic repeats (CRISPR).*

Examples of the design and working principles of a con-
formation sensitive ROS-FPB and a localization-based insu-
lin resistance-FPB are illustrated in Figure S2. Generation of
ROS resulting from nutrient overload and mitochondrial
dysfunction contributes to the development of hepatic
insulin resistance. To develop an ROS-FPB (Figure S2(a)),
a conformation sensitive fluorescent protein, CP-YFP, is
cloned with a linker domain between the oxidation sensi-
tive bacterial transcription factor Oxy-R-domains. In the
presence of ROS (e.g. an increase in H,0,), the reduced
thiol form (-SH) within cysteine is oxidized and forms a
disulfide (S-S) bond, altering the conformation of the fluo-
rescent protein and increasing the fluorescence intensity of
the CP-YFP.”” In the context of the second example, insulin
resistance can be detected as activation of the Forkhead
transcription factor (FOXO1), a critical transcriptional acti-
vator in the insulin signaling pathway,'® with a localiza-
tion FPB. In healthy hepatocytes, during the fed/high
insulin state, FOXO1 expression is limited to the cytoplasm.
However, in the fasted/low insulin state, FOXO1 translo-
cates to the nucleus where it mediates adaptive transcrip-
tional responses (e.g. regulation of genes involved in
gluconeogenesis and glycogenolysis). However, in
insulin-resistant hepatocytes, the nuclear-cytoplasmic shut-
tling mechanism is impaired and FOXO1 remains in the
nucleus.'® To create an insulin resistance FPB (IR-FPB),
FOXO1 was engineered with a fluorescent protein tag to
indicate insulin resistance.'® Specifically, as insulin resis-
tance increases, so does the insulin-independent localiza-
tion of the IR-FPB in the nucleus, and the percentage of cells
with the IR-FPB localized in the nuclei (Figure S2(b)). To
prevent the IR-FPB from interfering with (i.e. modulating)
the metabolic signaling pathway, a mutation is created in
the FOXO1 DNA binding domain (H215R) that limits its
transcriptional activity.

The steps involved in developing, testing, and imple-
menting FPBs, using the ROS-FPB and the IR-FPB as exam-
ples, are outlined in Figure 4(a). FPBs are first transiently
transfected in cell lines to confirm expression and function.
Improving the efficiency of integration is accomplished by
lentiviral packaging of the FPB and transduction into the
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Figure 3. Types of fluorescent protein biosensors. (a) Conformation sensitive biosensor: A protein conformation change upon ligand binding activates/modifies the
fluorescent signal intensity and/or color, which provides a readout of changes in ligand concentration. (b) Localization biosensor: Activation of a specific pathway
results in post-translational modification of the protein to expose a target localization sequence in the biosensor guiding translocation to the target cellular location
after. (c) Activity-dependent biosensor: This is a fusion protein driven by a specific gene promoter where upon activation of the promoter increases the reporter

expression, which provides a fluorescent readout.*”®

selected cells to test for consistent biosensor expression and
function. FPBs are then transduced into primary hepato-
cytes and/or non-parenchymal cells prior to incorporation
into LAMPS or vLAMPS. Additionally, CRISPR-mediated
targeted integration is being used to create FPB expressing
iPSCs (work in progress). To test the ROS-FPB, human hep-
atocytes were transduced and incubated with either NF,
EMS, or LMS media for seven days. Increased fluorescence
of the ROS biosensor was observed in EMS and LMS media
relative to NF media (Table 2, Figure 4(b)). Measurement of
the mean total fluorescence intensity per field demonstrat-
ed a significant increase in ROS biosensor activity in
response to EMS and LMS media that is consistent with
the progression of MAFLD (Figure 4(c)). Initial testing of
the IR-FPB used HepG2 cells, which are easily transfected
with GFP-FOXO1, treated with either 50 pM forskolin or
DMSO for 6h, then fixed and labeled with Hoechst for
imaging the IR-FPB (Hoechst labeling serves as marker of
hepatocyte nuclei, Figure 4(d)). Forskolin, an activator of
cyclic AMP signaling, mimics the insulin resistance condi-
tion in hepatocytes.'**"” Representative images of control
and forskolin treated cells show that the expression of
FOXOT1 is mainly cytosolic in untreated cells (left panel),
while nuclear translocation of FOXO1 is observed in
forskolin-treated  cells  (right panel; arrowheads).
Quantitation of the percentages of FOXO1-positive nuclei
in both control and forskolin-treated cells using the WEKA
image classifier (Image]) indicated there was a significant
increase in the percentage of FOXOl-positive nuclei in
forskolin-treated cells (Figure 4(e)). These data demonstrate
that the FOXO1 biosensor will be useful for assessing insu-
lin resistance conditions in LAMPS and vLAMPS models
under media conditions that support the progression of
metabolic syndrome.

The FPBs used to define the temporal-spatial changes
within a zonated human biomimetic liver MPS in each
study are complemented by the use of in-line sensors for
continuous recording of the average value of oxygen ten-
sion, glucose, etc.'%'% Although FPBs will ultimately be
included in all of the organ MPS used to investigate meta-
bolic syndrome, our initial focus is on MAFLD in the liver.
We have focused on FPBs as defined above in this perspec-
tive. However, there are many other fluorescence-based
reagents that can be used in combination with FPBs
within MPS to measure cellular functions, as well as photo-
activatable proteins that can be used to manipulate cellular
functions.

Optogenetics, the use of light to activate proteins, allows
dynamic control of the location, timing, and intensity of
activation.”® Optogenetics has been successfully used to
study biological functions such as neuronal activity, gene
regulation, and signaling protein activities. Early research
using optogenetics was based on light-responsive ion chan-
nels in the Opsin family.""? These optogenetic tools rely on
conformational changes in response to the exposure of a
specific wavelength of light and dimerization of the light-
sensitive protein domain. The number of light-sensitive
proteins harnessed as optogenetic tools has increased and
include Cryptochrome? (Cry2/Cry2PHR),""" Phytochrome
B (PhyB),'"* ultraviolet B receptor (UVRS),"" flavin adenine
dinucleotide (BLUF) and light-oxygen-voltage (LOV).""*

Recently, optogenetics has been used to study hierarchi-
cal signaling in multicellular models including a co-culture
of genetically modified human embryonic stem cells
(hESC). Here the optogenetic stimulation within a subpop-
ulation of cells encoding an optogenetic-protein target was
used to study the Wnt signaling pathway.""® Subsequently,
optogenetic stimulation and light activation at variable
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Table 2. Key differences between normal fasting (NF), early metabolic syndrome (EMS) MEDIA, and late metabolic syndrome (LMS) media.

EMS (early metabolic LMS (late metabolic

Component NF (normal fasting) syndrome; MAFLD) syndrome; T2D)
Glucose 5.5mM 11.5mM 20mM

Insulin 10 pM 10nM 10nM

Glucagon 100 pM 10 pM 10 pM

Oleic acid - 200 uM 200 uM

Palmitic acid - 100 uM 100 uM

LPS - - 1 ug/mL

TGF-p - - 10ng/mL
Glutamine (glutaMAX) 2 mM 2mM 2 mM

Note: Media formulations were designed to mimic disease progression from normal fasting (NF) to early metabolic syndrome (EMS; MAFLD) and late metabolic
syndrome (LMS; T2D). These medias were developed with glucose-free Williams E media supplemented with physiologically relevant levels of glucose, insulin,
glucagon, oleic acid, palmitic acid, and molecular drivers of disease including TGF-f and LPS. We then adjusted these components to reflect the pathophysiological
conditions.®4-%°
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Figure 4. Steps involved in developing, testing, and implementing FPBs. (a) Description of the procedure used for testing FPBs during development. (b)
Representative images of primary human hepatocytes that were transduced with a lentiviral packaged ROS biosensor and plated in a collagen coated 96-well plate.
Images were acquired with a 20x (0.45 NA) objective; Scale bar; 50 um. Increased fluorescence of the ROS biosensor is observed after seven days in either EMS or
LMS media relative to NF media. (c) Quantitation of the total fluorescence intensity per field in all the images illustrated in part (b) shows a consistent increase in ROS
biosensor activity going from NF to EMS to LMS, consistent with progression to MAFLD. (Statistical significance was assessed using a one-way ANOVA with multiple
comparisons (Tukey Test): **P < 0.01). (d) Development and testing of an insulin resistance FPB. HepG2 cells were plated in a collagen coated 96-well plate and were
transfected with GFP-FOXO1 plasmid, treated with either DMSO or 50 uM forskolin in DMSO for 6 h, then fixed and labeled with Hoechst before imaging.
Representative images show that FOXO1 is predominantly expressed in the cytosol in untreated cells (control), while nuclear translocation of FOXO1 is observed in
forskolin-treated cells (+50 uM Forskolin); arrowheads). Images were acquired with a 20x (0.45 NA) objective; Scale bar; 50 um. (e) FOXO1-positive nuclei were
quantified as percent of total cell count, demonstrating an increase in the percentage of FOXO1-positive nuclei in forskolin-treated cells (unpaired, two-tailed t-test with
the assumption of equal variance was used to compare control and forskolin-treated groups; **P < 0.01).

amplitude (LAVA) were used to study dose-dependent
Wnt activation."® The use of the LAVA platform has been
suggested to validate multiple signaling pathways in
development and cell biology."'® Optogenetics can be
used in combination with FPBs to manipulate and measure
protein activities in MPS models.

Photoactivable proteins (PA-FPs) exhibit a change in
spectral properties after exposure to a specific wavelength
of light."!” They can “turn on” labeled proteins in a defined
pattern by light activating the fluorescence in order to track
a subset of the proteins, or by changing the fluorescence
emission to differentiate the spatially activated proteins.

They are categorized as an irreversible PA-FP, a photocon-
vertible PA-FP, or a reversible PA-FP. Several proteins, like
PA-GFP, Kaede, mEos, and Dronpa, have been used to tag
different proteins to track them under different physiolog-
ical conditions."” They will also be useful in activating
fluorescence of labeled proteins in MPS.

Aptamers are small single-stranded RNA or DNA oli-
gonucleotides that bind to target molecules.""® The use of
aptamers is similar to antibodies, without the toxicity and
immunogenicity."'® Recently, aptamers were used in an
in-line sensor to detect liver injury-mediated TGEFf
signaling.'®
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Nanoparticles (NP) have been applied to a variety of
biomedical detection challenges, as well as a vehicle for
delivery of therapeutics.”®® For example, an FITC-labeled
anti-ICAM-1/NP has been used in an MPS to detect the
effect of shear stress on the uptake in endothelial cells
with TNF-x containing culture medium.'*" Similarly,
labeled nanoparticles have been used to visualize and to
quantify intracellular oxygen and pH levels.'** A recent
review explores fluorescent NPs as sensors for several bio-
analytic molecules in different biological processes.'*

Fluorescent cyclic peptides have been used as a chem-
ical scaffold for various imaging processes. These fluores-
cently labeled peptides have been used to detect apoptotic
bodies'** and drug-induced apoptosis in fixed or living
cells.'® A recent review describes a range of cyclic peptide
designs and applications both for in vitro and in vivo
applications.'?

Fluorescent probes are chemical dyes that can be dif-
fused into cells. For example, intracellular lipid droplets
can be detected with specificity by various photostable
fluorescent chemicals, like Sudan III, Oil Red O, Nile red,
and BODIPY.'?” Similarly, Lipid Tox™, a neutral lipid stain,
is used to detect and characterize the accumulation of neu-
tral lipid."” Mito-ID intracellular probe can be used for
direct measurements of intracellular oxygen concentra-
tion."?® ROS-ID total ROS/superoxide can be used to dis-
tinguish different reactive species, such as hydrogen
peroxide, peroxy nitrile, and hydroxy radicals.'*
However, fluorescent probes diffused into multi-cellular
MPS will label all of the cells and are often either packaged
by the cells or leak out over time. Nevertheless, some are
valuable for short-term studies.'”

Challenges for recapitulating the progression
of metabolic syndrome/MAFLD in human
biomimetic liver MPS

There are many challenges to fully recapitulate the progres-
sion of MAFLD in human biomimetic liver MPS.?> Here we
will focus on cells, 3D structural organization and function
within the liver acinus MPS, media, measurements of key
liver functions, and the ability to image the live system
during the study.

The ultimate goal is to have fully matured, adult geno-
type, and phenotype consistent iPSC-derived cells that
form the liver acinus including hepatocytes, cholangio-
cytes, stellate cells, Kupffer cells, and liver sinusoidal endo-
thelial cells (LSECs), all from the same either healthy or
disease-staged patient.3’60 However, at this time, the field
continues to optimize iPSC-derived liver cells (e.g. hepato-
cytes).®*19713% Guccess here will create an unlimited supply
of isogenic cells from subpopulations of patients with dis-
tinct genotypes and status of disease (e.g. healthy or
MAFLD). Until iPSC-derived cells have been optimized,
we are now focused on using human primary cells for all
the cell types, although this is also challenging. Fortunately,
a number of suppliers are making human primary cells
available, though isogenic sets of the four primary cell
types still have limited availability. As a bridge to the use
of either isogenic primary cells or all iPSC-derived cells, we

and others use a combination of primary hepatocytes and
LSECs from the same patient, supplemented with well
characterized human cell lines for stellate cells (e.g. LX-2)
and Kupffer cells (activated THP-1).%*?° However, it will be
important to replace the cell lines with isogenic primary
cells or iPSC-derived cells, since the cell lines have been
optimized to grow in culture and probably only partially
reflect the performance of primary cells. In our present
studies, we start with primary heptocytes and LSECs
from patients that exhibit NAFL, but not more advanced
MAFLD based on pathology, and progress the disease with
designed media. However, we have also performed studies
using freshly isolated hepatocytes from patients diagnosed
with more advanced MAFLD. We have found that freshly
isolated hepatocytes with advanced disease are able to
attach better than cryopreserved cells from patients with
advanced disease. The addition of bile ducts with the inclu-
sion of cholangiocytes is also an important challenge'**'*
and a project in progress.

Our goal has been to create, as closely as possible, a fully
human biomimetic liver MPS through the evolution of the
experimental human liver MPS models.*****>! The concept
is that recapitulating the liver acinus structure in 3D will
optimize the functions of the MPS based on physical cell
contacts, cell-cell communications, communication of fac-
tors and cells between the vascular channel (see Figure 2)
and the hepatic channel, as well as cell migrations and
proliferations (e.g. activated stellate cells). The important
roles of the biochemistry and stiffness of the specific
matrix materials that the cells are in are not discussed
here, but is another challenge.3’52

The content and flow rate of the media in the human
biomimetic liver MPS are a challenge, especially for the
formulation of media that will support the progression of
the disease from a normal fasting (NF) state, to the progres-
sion through early metabolic syndrome (MAFLD) to late
metabolic syndrome (T2D) over a two-week period
(Table 2). We developed our initial media with glucose-
free Williams E media supplemented with physiologically
relevant levels of high and low glucose, insulin, glucagon,
oleic acid, palmitic acid, and molecular drivers of disease
including TGF-f and LPS.**"%° We then adjusted these com-
ponents to reflect the pathophysiological conditions. We
started with primary human hepatocytes from slightly stea-
totic (NAFL or MAFL) patients and matching patient
LSECs along with well-characterized human cell lines for
stellate and Kupffer cells. It is important to note that the
media will continue to evolve to more closely reflect the key
physiological/pathophysiological components found in
patient blood.

It is important to measure a wide range of parameters in
both the normal and disease state human biomimetic liver
MPS over the time course of each study (typically 10-
14 days). These include monitoring key components of
the secretome, several FPBs (Table 1), additional imaging
metrics, and fixed endpoint metrics (Table 3). All of these
metrics are valuable in defining the temporal changes in the
MPS during disease progression.” Importantly, as MPS
models and biomarkers evolve, we are evaluating other
important metrics (ex. glutamate dehydrogenase as a
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Table 3. Example phenotypic, functional, and genomic metrics of biomimetic MPS for liver metabolic syndrome disease models.

Readout

MPS live measurements

Clinical relevance

Secretome
Albumin secretion
Urea secretion
LDH release®
Glucose secretion
p-hydroxybutyrate
Lactate secretion
Cytokine release
Fatty acid secretion
TNFa secretion
Bile acids (BA)
Exosomes (proteins/RNA/microRNA)

Fluorescent protein biosensors (FPBs)
Hepatocyte apoptosis
ROS (hepatocytes and Kupffer)
Insulin resistance (hepatocytes)
Cell tracking (stellate and Kupffer)
Additional FPBs

Additional imaging
Steatosis
PMN infiltration
Mitochondrial function
Glucose uptake

Endpoint measurements
Hepatocyte ballooning

ELISA®!

Colorimetric®'

Colorimetric®

AmplexRed glucose assay'®®
Colorimetric'®”
Colorimetric'3®

Human cytokine panel'®®
Mass spectroscopy'*°
ELISA®!

BA profile by mass spectroscopy 4
antibody (2-SK1), gqRT-PCR'42

Biosensor*®’

Biosensor
Biosensor
Biosensor*

See Table 1

4,51
143,144

Brightfield & LipidTox>®
Imaging labeled PMNs'4®
TMRE®®

6-NBDG '

Cytokeratin, anti-CK8/18

Metabolic competence, overall hepatocyte function
Metabolic competence, overall hepatocyte function
Hepatocellular injury corresponding with ALT and AST
Glucose regulation
Fatty acid oxidation
Glycolysis
Liver stress/injury response
Fatty acid metabolism
Kupffer activation, innate inflammatory response
NAFLD, NASH altered plasma BA profile corresponds
Circulating extracellular vesicles containing SK1,
miRNA-122 & -21 as markers for NAFLD,
NASH, HCC

Hepatocellular injury/death

Hepatocellular injury, Kupffer cell activation
Lost suppression of glucose production
Morphology of early liver injury, proliferation
See Table 1

Normal and/or pathological fat storage in hepatocytes
Adaptive inflammatory response

Hepatocellular health and function

Hepatocellular insulin resistance marker

A key indication of NASH'#”

LSEC activation

Fibrosis (stellate activation
and collagen synthesis)

RNAseq

ICAM antibody — IF '48
#-SMA, COL1A2 IF®'!

RNA sequencing, multiple methods

Regulates fibrosis and inflammation responses
Early fibrosis indicator and direct measure of fibrosis

149 8,150

Comparison to patient results

o-SK1: sphingosine kinase 1; «-SMA: alpha smooth muscle actin; COL1A2: collagen type 1A2.

2Based on known clinical data.

liver-specific biomarker of hepatocellular damage'>''*?)

that inform disease progression. The central role played
by FPBs, needed for real-time, temporal-spatial measure-
ments, requires that the MPS can be directly imaged.

Status of quantifying the progression
of metabolic syndrome in human
biomimetic MPS

Important early human MPS models of disease progression
of MAFLD/NASH demonstrated the ability to quantify a
variety of metrics to define the disease state and to test
potential therapeutics to halt or reverse MAFLD/
NASH?>*74041153-159 Togother with data from these pub-
lished MPS models,®>*”*° some of the data shown below
and some unpublished results, we are beginning to map
the progression of the metabolic syndrome in the liver
(Figure 5). Genetic predisposition and/or dietary intake
of high fat and sugar-enriched foods can induce the pro-
gression from a “healthy” liver to the obese pre-diabetic
MAFLD state and subsequently to a morbid NASH/T2D
diabetic state. It has been demonstrated that NAFLD pro-
gression is a liver indicator of T2D in up to 70% of T2D
patients.'® Simulating these conditions in the human bio-
mimetic liver MPS (LAMPS and vLAMPS) will help reveal

mechanistic insights into the progression of metabolic syn-
drome/MAFLD and potential therapeutic strategies.
Clinically relevant stages of metabolic syndrome can be
recapitulated in the LAMPS (where zone 1 and zone 3 are
created in separate chips **) and/or in the vVLAMPS (where
zonation is generated within a single chip **) and metabolic
changes are induced and maintained by the associated
media formulations NF, EMS, or LMS (Figure 5(a)). We
designed these media to recreate disease progression
from Healthy/Normal Fasting (NF) to early metabolic syn-
drome (EMS or MAFLD) and late metabolic syndrome
(LMS or NASH/T2D) over two weeks in LAMPS or
VvLAMPS (see Table 2).°*™*° Figure 5(b) illustrates the exper-
imental sequence used to induce selected metabolic
changes associated with the progression from Healthy to
MAFLD and then to NASH/T2D as demonstrated in mul-
tiple liver MPS.>*”~*! In the NF condition, the four cell-type
LAMPS and/or vVLAMPS show a peak secretion of albumin
at five to seven days. Progressive MAFLD and NASH/T2D
states exhibit critical phenotypes of metabolic syndrome:
hepatic steatosis, oxidative stress, inflammatory cytokines,
stellate cell activation and proliferation, hepatic ballooning,
fibrosis, and ultimately hepatic insulin resistance (manu-
script in preparation). Measurements of these phenotypes
are consistent with clinical data.'®'~'%*
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(a) Healthy liver
Normal Fasting (NF) Media

[=——1

(b) Experimental Timeline

MAFLD

Early Metabolic Syndrome (EMS)

— NASH/T2D

Late Metabolic Syndrome (LMS)
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9 10 >
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______________ -

secretion (Fig S3)
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Figure 5. Modeling the clinically relevant stages of metabolic syndrome using liver MPS. (a) Metabolic syndrome/MAFLD is characterized by a progression from a
healthy liver towards a MAFLD state and subsequently to a NASH/T2D state. To track the progression of metabolic syndrome in a liver MPS, we simulate these

conditions with three media formulations: NF, EMS, and LMS (Table 2). (b) Description of the experimental timeline used to mimic disease progression from the normal
healthy liver to early metabolic syndrome (EMS; MAFLD) and then late metabolic syndrome (LMS; NASH/T2D) over a two-week period. Progression is monitored with a
set of clinically relevant biomarkers''”~'2° (Table 3) critical to the characterization of metabolic syndrome progression. Bars show the approximate timing of the onset

and increase in biomarker signals.

As shown in Figure S3, LAMPS secretome measure-
ments demonstrate that EMS and LMS media treatments
result in different albumin (ALB), blood urea nitrogen
(BUN), and lactate dehydrogenase (LDH) secretion profiles
compared to NF conditions. Efflux samples were collected
atdays 2, 4, 6, 8, and 10 of the experimental time course and
levels of ALB (Figure S3(a)), BUN (Figure S3(b)), and LDH
(Figure S3(c)) were quantified for LAMPS maintained at
either zone 1 or zone 3 flow conditions. Significant
decreases in ALB and BUN were observed at various
time points in LAMPS maintained in NF, EMS, and LMS
media under either zone 1 or zone 3 flow conditions, con-
sistent with previous reports.*”1>*16>716 A statistical sum-
mary of these comparisons is shown in Table S2. Similar to
our previous work in LAMPS,*® decreased ALB and BUN
production are also observed in zone 3 models compared to
zone 1 groups. Treatment with EMS and LMS media results
in significantly increased LDH secretion over the 10-day
time course in Zone 3 LAMPS, as reported in other stud-
ies."”® A similar trend was observed in Zone 1 LAMPS but
was not statistically significant. These results suggest that
both EMS and LMS media treatments result in secretion
profiles that are consistent with both in vitro and clinical
studies, demonstrating the disease progression of the met-
abolic syndrome.'®"'”? In addition to these basic secretome
efflux measurements, more extensive secretome measure-
ments were made to examine differences in the secretion of
various cytokines (Table S3), as discussed below.

We next examined whether our experimental media con-
ditions in LAMPS could induce the lipid accumulation phe-
notype associated with the progression of metabolic
syndrome. Figure 6 demonstrates that either EMS or LMS
media treatment results in increased steatosis in hepato-
cytes compared to NF media. As shown qualitatively,
both bright field and LipidTOX (red) image fields from
LAMPS treated with NF, EMS, or LMS media for 10 days
in either Zone 1 or Zone 3 results in increased lipid accu-
mulation compared to NF media in the same zone (Figure 6

(a)). We next quantified the hepatic steatosis observed in
the LAMPS models. As shown in Figure 6(b) and (c), sig-
nificant increases in the integrated intensity of lipid droplet
fluorescence are observed for both microvesicular steatosis
(<125 pm?) and macrovesicular steatosis (>125 pm?) mea-
sured in LAMPS maintained in either EMS or LMS media
compared to NF media. Moreover, we demonstrate that
there is significantly more lipid accumulated in the LMS
media condition compared to the EMS media treatment,
and this difference is observed for both microvesicular
and macrovesicular steatosis lipid droplet subpopulations
in either zone. In addition, zone-specific increases in stea-
tosis are observed between NF, EMS, and LMS media
groups as well as in Zone 3 (blue bars) compared to Zone
1 (red bars) within each media condition (Figure 6(d) and
(e)). These results demonstrate that in all media treatments,
there is greater accumulation of lipid droplets in Zone 3
compared to Zone 1, consistent with our previous work.®
Taken together, these data provide evidence that both met-
abolic syndrome disease medias mimic conditions of dis-
ease progression when compared to the normal fasting
state and are consistent with lipid accumulation pheno-
types observed in other MPS models.*”*

We next examined hepatocyte ballooning, another key
metric in defining disease progression,'*”'”! by immuno-
fluorescence staining of cytokeratin-18 (CK-18) in hepato-
cytes. FigureS4(a) shows representative images from
LAMPS models treated with NF, EMS, or LMS media and
labeled with anti-CK-18. Both EMS and LMS media treat-
ments induced hepatocyte ballooning indicated by disrup-
tion of hepatocyte CK-18 organization, statistically
significant increase in cellular area (Figure S4(b)), accumu-
lation of peripheral CK-18 (white arrowheads), appearance
of Mallory-Denk body-like structures (yellow arrowheads),
and nuclei pushed to the periphery (orange arrowheads).
In LMS-treated models, late-stage hepatocyte injury is evi-
dent from the appearance of apoptotic nuclei (red arrow),
while normal hepatocellular size and CK-18 organization is
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Figure 6. EMS and LMS media treatment results in increased steatosis in hepatocytes compared to normal fasting media. (a) Representative Day 10 bright field (gray)
and LipidTOX (red) images of LAMPS treated with NF, EMS, LMS media in either Zone 1 or Zone 3 (Images were acquired with a 20x (0.45 NA) objective; Scale bar:
50 um). (b-e) Quantitation of hepatic steatosis (LipidTOX) in day 10 LAMPS models. (b—c) Significant increases in the lipid droplet integrated intensity for both
microvesicular steatosis (droplet area <125 um?) and macrovesicular steatosis (droplet area > 125 um?) is seen in Zone 1 (b) and Zone 3 (c) LAMPS maintained in either
EMS or LMS media compared to NF media. (d—e) Significant increases in lipid droplet integrated intensity are observed for both micro- (d) and macrovesicular steatosis
(e) in Zone 3 (blue bars) compared to Zone 1 (red bars) in each media condition, consistent with our previous work.>® Twenty-four fields from n = 3 chips were analyzed
for each media/zone. Statistical significance was assessed using a one-way ANOVA with multiple comparisons (Tukey Test: *P < 0.05; **P < 0.01; **P < 0.001;

***P < 0.0001).

found in NF media treated control. Overall, both the
observed increase in lipid accumulation and stellate cell
activation, as well as hepatocyte ballooning demonstrate
that both EMS and LMS media treatments recapitulate
key steps in the progression of metabolic syndrome
towards fibrosis.

As metabolic syndrome progresses, stellate cells in the
liver emerge from a quiescent state into an activated
myofibroblast-like state leading to the fibrotic cascade asso-
ciated with disease progression.’”? The main phenotypic
marker of stellate cell activation is the expression of
a-smooth muscle actin (2-SMA). Therefore, we examined
stellate cell activation by immunofluorescence staining of
a-SMA in LAMPS treated with our different media. As
shown in Figure 7(a), representative Day 10 bright field,
Hoechst (blue), and o-SMA (red) image fields from
LAMPS treated with NF, EMS, or LMS media in either
Zone 1 or Zone 3 show that both EMS and LMS media
treatment result in increased a-SMA expression (myofibro-
blast-like phenotype) by LX-2 stellate cells compared to NF
in either zone, suggesting that either disease media treat-
ment results in increased stellate cell activation.
Qualitatively, there is also an increase in the number of
activated stellate cells in the LAMPS treated with EMS
and LMS compared with NF in zones 1 and 3. In contrast,
less stellate cell activation is observed in devices main-
tained with NF media, consistent with more quiescent stel-
late cells in the normal fasting state. Quantitatively, a
significant increase in «-SMA integrated intensity is
observed between either EMS or LMS media compared to
NF media in either Zone 1 (Figure 7(b)) or Zone 3 (Figure 7
(c)) LAMPS. Furthermore, there is a significant increase in

o-SMA integrated intensity in LMS media compared to
EMS, indicating a higher level of stellate cell activation in
LMS-treated models. In addition, as shown in Figure 7(d),
zone-specific quantitation of a-SMA expression in LAMPS
shows that a significant increase in a-SMA intensity is
observed in Zone 3 (blue bars) compared to Zone 1 (red
bars) in both EMS and LMS media, while no zone-specific
differences are observed in NF media treatment groups.
As a result of the qualitative observation of the increase
in the number of activated stellate cells in LAMPS treated
with EMS and LMS, we used an FPB to quantify stellate cell
proliferation in EMS and LMS media conditions, as
increased proliferation has been demonstrated to be a key
part of the overall activation of stellate cells in the fibrotic
response.*”*172 One of the key features of the LAMPS
model is its effectiveness for live imaging in conjunction
with biosensor technologies. Histone 2B (H2B)-
FusionRed-expressing LX-2 cells were used to track the
proliferation of stellate cells in LAMPS models maintained
in either EMS, or LMS media over a 10-day time course.
Representative images at day 10 in zone 3 demonstrate a
greater number of LX-2 nuclei in LMS-treated LAMPS com-
pared to those treated with EMS media (Figure 8(a)).
Furthermore, the number of LX-2 nuclei was quantified,
and LAMPS maintained in LMS media demonstrate a sig-
nificant increase in proliferation at day 10 compared to
EMS-treated models in zone 3 (Figure 8(b)). The difference
in proliferation between EMS and LMS suggests that the
presence of TGF-f in LMS media drives an increase in pro-
liferation, consistent with its known role as a driver of
stellate cell activation/proliferation in the disease

pI‘OCESS.173’174
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Figure 7. EMS and LMS media treatment results in increased «-SMA expression in stellate cells compared to normal fasting media. (a) Representative Day 10 bright
field (gray), Hoechst (blue), and «-SMA (red) images of LAMPS treated with NF, EMS, LMS media in either Zone 1 or Zone 3 (Images were acquired with a 20x (0.45 NA)
objective; Scale bar: 50 um). (b—c) Quantitation of a-SMA expression in day 10 LAMPS models. Significant increases in «-SMA integrated intensity are observed
between both EMS and LMS compared to NF in Zone 1 (b) or Zone 3 (c). Additionally, there is also a qualitative increase in the number of activated stellate cells in the
LAMPS treated with EMS and LMS compared with NF. (d) -SMA intensity also significantly increased in Zone 3 (blue bars) compared to Zone 1 (red bars) in both EMS
and LMS media, while no difference is observed in NF media. For each media condition, 24 fields from n = 3 chips were analyzed. Statistical significance was assessed
using a one-way ANOVA with multiple comparisons (Tukey Test: “P < 0.05; ** P <0.01; **P < 0.001; ***P < 0.0001).

A critical aspect of using a localization FBS in LX-2 cells
(and primary or iPSC-derived stellates in the near future) in
biomimetic liver MPS is that it allows for the monitoring
and quantification of the spatial distribution of stellate cells
throughout the experimental time course. To demonstrate
this capability, individual YZ projections of H2B-
FusionRed LX-2 cell distributions in LAMPS through time
(days 1, 5, 10) were created for each media (NF, EMS, LMS)
and each zonation condition (zone 1 and zone 3), to explore
the spatial-temporal phenotypes conferred by these distri-
butions (Figure S5). On day 1, the stellate cells can be found
throughout the entire Z range (~800 pm), while at later time
points (day 5 and 10), the stellate cells are found in close
proximity to the hepatocyte layer, near the bottom of the Z
section (Figure S5(a)). The quantitation of the intensity dis-
tributions through the z-range (Figure S5(b)) supports this
conclusion, as increased fluorescence intensity is observed
on Day 1 in the higher Z-distance range (150 pm-400 pm)
compared to intensity values observed in Days 5 and 10 in
the same region. On Days 5 and 10, intensity values are
confined to the lower portion of the Z-range (0-150 pm
and 0-200 um respectively) indicating that while LX-2
cells are initially suspended in the collagen matrix overlay,
at later time points the majority of LX-2 cells are located
near the hepatocytes. We observed a similar Z-distribution
of LX-2 cells across each of the media and zone conditions
tested. Taken together, we have shown that the
H2B-FusionRed localization FPB can be used to both
track the proliferation and characterize the relative
z-position of LX-2 cells within LAMPS models.

While these observations clearly demonstrate the useful-
ness of employing localization FPBs in MPS models to
define temporal and spatial relationships of stellate cells
to the hepatocytes, it is important to note the limitation
that these results do not provide insight into the underlying
mechanisms that drive LX-2 proliferation and localization
in LAMPS. For example, our results show that while LX-2
cells are more evenly distributed throughout the collagen
matrix in the LAMPS model at early time points, over time
these cells become more concentrated in an area in close
proximity to the hepatocyte layer. However, this particular
biosensor does not reveal whether the LX-2 cells in our
model are migrating towards the hepatocyte layer due to
a specific signaling event or whether changes in the phys-
ical properties of the collagen matrix (e.g. concentration,
stiffness etc.) over time facilitate the movement of LX-2
cells to a closer proximity to the hepatocytes, or perhaps
the cells proliferate in proximity to the hepatocytes and
undergo necrosis in the collagen gel. Here, the use of addi-
tional metrics, increased time resolution and experimental
manipulation of the cell content and matrix composition
and stiffness, will be required to provide additional mech-
anistic insights. However, this is a key value of harnessing
FPBs and human biomimetic liver MPS, since the contents
and characteristics can be investigated.’?

To determine if our disease model provides evidence of
increased fibrosis, we used immunofluorescence labeling to
examine the secretion of the pro-fibrotic markers collagen
1A1 (Figure 9(a)) and TIMP-1 (Figure 9(b))*”'”>'”® on day
10 in LAMPS models treated with EMS and LMS media and
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Figure 8. LMS media treatment results in increased stellate cell proliferation
compared to EMS media treatment. (a) Representative Day 10 images of H2B-
FusionRed LX-2 nuclei in LAMPS treated with EMS or LMS media in Zone 3.
(Images were acquired with a 20x (0.45 NA) objective; Scale bar: 50 um). (b)
Quantitation of LX-2 cell proliferation in Zone 3 LAMPS at day 10. LAMPS
maintained in LMS media show increased proliferation compared to EMS media.
The difference in proliferation between EMS and LMS suggests that the pres-
ence of TGF-f in LMS media drives an increase in proliferation, consistent with
its known role as a driver of stellate cell activation/proliferation in disease pro-
gression. For each media condition, six fields from n=2 chips were analyzed.
Statistical significance was assessed using an unpaired, two-tailed t-test to
compare EMS and LMS media groups (*** P < 0.001). Z-axis projections and
intensity distributions of LX-2 cells in LAMPS across zone and media type are
shown in Figure S5.

maintained at either Zone 1 or Zone 3. For collagen 1A1,
significant increases were observed between NF media
and both EMS and LMS media in both zone 1 and zone 3
(Figure 9(a)). While a significant increase in TIMP-1 secre-
tion was observed for EMS and LMS in zone 3, a significant
increase in TIMP-1 was observed only in the EMS media
condition in zone 1 (Figure 9(b)). In addition, we observed
an apparent increase in extracellular collagen 1A1 deposi-
tion around the periphery of LX-2 cells (indicated as a dif-
fuse fluorescence surrounding the cells) in LAMPS treated
with either EMS or LMS media compared to NF treatment
(Figure 9(c)), consistent with the efflux results described
above and indicating an increase of collagen 1Al in
models treated with EMS and LMS media compared to
NF media. These results are consistent with findings pre-
sented in other liver MPS systems identifying phenotypic
markers of NAFLD progression®***1>* and suggest that
our model system also promotes fibrosis, a key factor in the
development of metabolic syndrome.

As inflammation is one of the main drivers of metabolic
syndrome disease progression towards fibrosis, we exam-
ined if there were differences in the secretion of a selected
panel of cytokines in LAMPS treated with EMS and LMS
media compared to those in NF media. Efflux samples were
collected at Day 10 and individual cytokine secretion pro-
files for each media condition and zone were generated
using the R&D Systems Human XL Discovery Panel, a

Using fluorescent biosensors to study metabolic syndrome in liver microphysiology systems

multiplex Luminex® assay consisting of 45 targets includ-

ing cytokines, chemokines, and growth factors (Figure 10
and Table S3). Figure 10 shows the cytokines within each
media treatment and zone group that were significantly
increased or decreased compared to NF media values (P-
value < 0.05). The cytokine panel secretion profiles demon-
strate unique signatures for both EMS and LMS media. In
zone 1, only a small number of cytokines were significantly
changed compared to NF media (Figure 10(a) and (b)),
most notably the pro-inflammatory cytokine IL-6 was sig-
nificantly increased only in the LMS media condition,
which contains both pro-inflammatory (LPS) and pro-
fibrotic (TGF-p) drivers not included in the EMS media for-
mulation. The increase in IL-6 levels in LMS-treated
LAMPS is consistent with both the observation that LPS
induces the production of IL-6 and with the role of TGF-f
as a key mediator in stellate cell activation resulting in the
progression towards hepatic fibrosis.*!7¢~15

For a much larger subset of cytokines, secretion in zone 3
was significantly increased for both EMS and LMS media
treatments, consistent with previous histological character-
izations demonstrating that fibrosis in NAFLD/NASH is
predominant in zone 3.8 While the EMS media group
(Figure 10(c)) had 17 significantly increased cytokines, the
LMS media group (Figure 10(d)) had 19 significantly
increased cytokines, with 15 that were found in common
between the media groups. Table S3 summarizes these find-
ings and provides a detailed reference list for the described
role of each of these cytokines in the progression of meta-
bolic syndrome. The cytokine profiles from zone 3 LAMPS
observed in the EMS and LMS media groups are consistent
with the cytokine secretion profiles obtained by other
groups using lipotoxic and/or fibrogenic media formula-
tions in liver MPS models containing stellate and Kupffer
cells.?”4015315% However, it is important to note that despite
this overall similarity, each of these MPS platforms
employed different media conditions and cell sources.
Thus, as liver MPS platforms continue to evolve, this high-
lights the need to drive towards employing a more
common set of standard normal and disease media formu-
lations as well as common iPSC and primary cell sources,
so that comparisons between MPS platforms are more
straightforward. Several pro-inflammatory cytokines
increased in both EMS and LMS media treatments includ-
ing IL-6, IL-8, IL-2, IL-1f, and TNF-«, which have all been
implicated in the progression of metabolic syndrome and
have been shown clinically to be upregulated in NAFLD/
NASH patients, as well as in multiple in vitro and animal
studies.?*17%183-185 1y addition, our results demonstrate an
increase in factors linked to the activation and proliferation
of stellate cells. Significant increases were observed in EMS
and LMS media conditions for both PDGF and VEGEF,
growth factors that are critical for the proliferation of hepat-
ic stellate cells,'”? as well as increased levels of IL-33, which
has been shown to drive hepatic fibrosis through activation
of hepatic stellate cells.'®® Finally, our data demonstrate an
increase in IL-15, a cytokine that has been documented to
have pleiotropic effects in the progression of liver fibro-
sis. 172187188 pop example, in one murine model, IL-15 was
shown to have a protective function in the fibrogenic
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Figure 9. EMS and LMS media result in increased secretion of collagen 1A1 and TIMP-1. Efflux samples were collected at day 10 to detect levels of collagen 1A1 and
TIMP-1 in LAMPS treated with NF, EMS, or LMS media in zone 1 or zone 3. (a) A significant increase in collagen 1A1 secretion was observed for both EMS and LMS
relative to NF in both zone 1 and zone 3. (b) A significant increase in TIMP-1 secretion was observed for EMS and LMS relative to NF in zone 3, while only for EMS in
zone 1. For each media condition, efflux from n =10 chips was analyzed and statistical significance was assessed using a one-way ANOVA with multiple comparisons
(Tukey Test *P < 0.05; **P < 0.01; **P < 0.001; ****P < 0.0001). (c) Representative Day 10 images of LAMPS treated with NF, EMS, or LMS media in Zone 3 dem-
onstrate that both EMS and LMS media treatment resulted in increased collagen 1A1 secretion compared to NF. Scale bar: 100 um.
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LAMPS models treated with NF, EMS, or LMS media maintained at either zone 1 or zone 3. Individual cytokine secretion profiles for each media/zone condition were
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response by modulating collagen mRNA expression in stel-
late cells where IL-15Ra knockout mice displayed an
increase in collagen production.’® In contrast, using a
mouse model of steatohepatitis induced by a high-fat
diet, it was shown that activated stellate cells produce
granulocyte-macrophage colony-stimulating factor (GM-
CSF) and IL-15 to enhance survival of neutrophils promot-
ing liver fibrosis.'®® Consistent with the latter study, we also
observed a significant increase in GM-CSF production
along with IL-15 in both EMS and LMS media treatments.
Taken together, our cytokine profile data suggest that both
EMS and LMS media types support an increased inflam-
matory response in LAMPS models. As described above, it
is important to note that the formulations of our disease
media will continue to evolve to more closely reflect phys-
iological/ pathophysiological components found in patient
blood.

Perspectives on harnessing FPBs to quantify
the progression of metabolic syndrome in
human biomimetic MPS

FPBs are expected to provide key metrics for defining the
temporal and spatial dynamics of specific pathophysiolog-
ical parameters (e.g. changes in liver zonation) that track
disease progression, and identify key biomarkers of disease
progression and response to therapeutics. In a single MPS,
up to three FPBs can be incorporated based on spectral
selection of the fluorescent proteins used to construct the
FPBs and their use in different cell types. This spectral
multiplexing allows the correlation of temporal-spatial
changes in key parameters in the same MPS (Table 1,
Figure 5). Additionally, fluorescence lifetime measure-
ments will allow more FPBs to be multiplexed.'®*'*
Computational exploration of genomics, including
RNASeq data from patients, also is expected to yield addi-
tional molecular targets within additional key pathways
that could be used for designing, constructing, and testing
new FPBs. Upon the completed development of mature
iPSC-derived parenchymal and non-parenchymal cells, it
will be possible to use CRISPR to create FPB-cells for each
patient/genomic background, which can be incorporated
into patient-specific MPS. This will be a powerful platform
for performing preclinical trial studies and precision
medicine.’

There continue to be challenges in building and apply-
ing human biomimetic liver MPS to investigate mecha-
nisms of disease progression and to perform drug
discovery and development studies. We, and others, have
discussed a few of these challenges.® The field is moving
forward and other major challenges including matrix
biochemistry and stiffness, 71192 chip materials with low
nonspecific binding,''** physiological scaling of the
model,*® robust and reproducible model performance,7
onboard sensors for biochemical readouts,”***® and opti-
mization of medium to support multiple cell types in a MPS
are being addressed. The challenges are even greater when
physically linking multiple organ MPS."*>'*° Furthermore,
human biomimetic liver MPS data must be compared to
clinical parameters including patient blood parameters.

Using fluorescent biosensors to study metabolic syndrome in liver microphysiology systems

A great opportunity exists for combining FPBs, human
biomimetic MPS, and the MPS-Db with QSP' to create a
platform for drug repurposing and novel drug discovery,
as well as the identification of biomarkers of disease pro-
gression and response to therapeutic treatments. The itera-
tive computational and experimental approach of QSP
allows an approach to drug discovery and development
that is complementary to target-centric methods."
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