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Abstract

Current practices in drug development have led to therapeutic compounds being approved for
widespread use in humans, only to be later withdrawn due to unanticipated toxicity. These
occurrences are largely the result of erroneous data generated by in vivo and in vitro preclinical models
that do not accurately recapitulate human physiology. Herein, a human primary cell- and stem cell-
derived 3D organoid technology is employed to screen a panel of drugs that were recalled from market
by the FDA. The platform is comprised of multiple tissue organoid types that remain viable for at least
28 days, in vitro. For many of these compounds, the 3D organoid system was able to demonstrate
toxicity. Furthermore, organoids exposed to non-toxic compounds remained viable at clinically
relevant doses. Additional experiments were performed on integrated multi-organoid systems
containing liver, cardiac, lung, vascular, testis, colon, and brain. These integrated systems proved to
maintain viability and expressed functional biomarkers, long-term. Examples are provided that
demonstrate how multi-organoid ‘body-on-a-chip’ systems may be used to model the interdependent
metabolism and downstream effects of drugs across multiple tissues in a single platform. Such 3D

in vitro systems represent a more physiologically relevant model for drug screening and will likely
reduce the cost and failure rate associated with the approval of new drugs.

1. Introduction

The development of new drugs can take a decade and a
half, from preclinical studies to reaching the market. It
is estimated that only one in 5000 drug candidates is
able to successfully complete this journey [1]. Addi-
tionally, the cost for bringing a single drug to market,
with all direct and indirect expenses accounted for, can
climb as high as $2.6 billion . Unfortunately, the
human and financial costs can be even more dramatic
if a drug is later found to be harmful and must be
withdrawn [2] . For example, Vioxx (Rofecoxib), a
COX-2 selective inhibitor NSAID developed by Merck

& Co. was forced to pay $4.85 billion to settle 27 000
cases and another $830 million dollars to settle share-
holder lawsuits. These settlements stemmed from a
large number of adverse events that were determined
to have occurred as a result of Merck’s failure to
properly evaluate the drug [2, 3]. In addition to the
monetary costs, the human costs of adverse drug
reactions are a leading cause of hospitalization in the
United States, as up to 5.3% of hospitalizations are
related to adverse drug reactions [4]. The rate of fatal
adverse drug reactions is difficult to determine, and it
is probable that these events are under-reported, with
one study estimating that these reactions are the fourth
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highest cause of death in the United States [5]. As both
adverse human effects and drug development costs
increase, access to more reliable and affordable drug
screening tools becomes more critical.

Traditional in vitro 2D cultures have been the
foundation of countless scientific discoveries, but may
not always accurately recapitulate the in vivo 3D cel-
lular microenvironment [6]. Cells grown in 2D experi-
ence foreign surface topography, substrate stiffness,
cell-cell/cell-matrix interactions, and availability of
soluble bioregulatory factors, as compared to 3D sys-
tems. As such, cell maintenance under 2D conditions
can substantially alter the transcriptome and pro-
teome, producing experimental outcomes that may
not be representative of in vivo cellular physiology
[7, 8]. For example, normal primary human liver cell
types demonstrated vastly superior viability and func-
tion when incorporated into liver organoids, as com-
pared to 2D cultures comprised of these exact same
cells [9, 10]. Animal models used for preclinical drug
studies have major limitations, as these can be expen-
sive, are difficult to control, and often fail to accurately
model human metabolism, drug efficacy and immune
function [11]. Bioengineered 3D cellular platforms,
such as tissue organoids comprised of human primary
and stem cell-derived cells, mimic many of the micro-
environmental conditions present in native human
tissue, and thus may be a superior tool for preclinical
research and translational medicine.

Significant research efforts have been directed
towards developing suitable models for the two organs
most frequently affected by adverse drug reactions:
heart and liver. Cardiac toxicity is responsible for 31%
of all adverse drug reactions, with a majority of these
affecting either calcium or potassium channels, result-
ing in arrhythmias [12]. Several models have been cre-
ated for testing cytotoxicity resulting from impaired
channel function in vitro, but these 3D models are gen-
erally comprised of a single cell type [13—16]. The liver
is the most important organ in terms of drug metabo-
lism, due to robust expression of both phase I & II
metabolism enzymes, such as cytochrome p450s and
transferases that modify xenobiotic compounds to
excretable forms [17, 18]. Often when drugs are recal-
led, it is due to unpredicted metabolism of the com-
pound. For example, differences in rat and human
physiology, such as an overlap of only several cyto-
chrome p450 isoforms, and failure to consider altered
metabolism in obese patients, allowed for a market
approval of troglitazone, which later may have con-
tributed to many patients requiring liver transplants
due to unexpected hepatotoxicity [19-21].

Even modern studies employing human tissue
organoids often overlook the complex, integrated nat-
ure of the human body. In vivo, organs and tissues do
not exist in isolation. Rather, they exist in a dynamic
interconnected system, in which, they interact and
support one another. There are now several published
studies where multiple tissue types are integrated
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within a multi-organoid, in-vitro platform [9, 22-28].
While these systems have pushed organ-on-a-chip
technology significantly forward over the past several
years, we are still a long way from a true ‘body-on-a-
chip’ system. Moreover, these studies have largely
been based upon animal-derived cells, immortalized
cell lines, or 2D cultures of primary human cells,
rather than high functioning 3D organoids with tissue
constructs comprised of human primary or stem cell-
derived cell populations that act as miniaturized sur-
rogates of their in vivo counterparts.

To address these shortcomings, we tested 3D orga-
noids previously designed and optimized in our
laboratory [9] with a panel of recalled drugs that
caused adverse effects to the liver and heart in human
subjects. These compounds passed through 2D in vitro
studies, animal studies, and clinical trials, and were
made available to the general public. These drugs
were intended to treat a wide range of ailments and
were found to cause serious adverse effects once
approved for use in humans. In the current study,
these compounds were screened in 3D liver and car-
diac organoid platforms, and results were compared to
those generated in 2D cell culture systems, as well as
cell lines in both 2D and 3D. In order to model the
integrated nature of the human body, our previously
described integrated 3-tissue platform [9] was expan-
ded to support up to six individual tissue types under a
common recirculating media. With this platform, we
demonstrated that a complex system, containing a
wide variety of individual human primary and stem
cell-derived cell types, can be maintained as a viable
and functional platform. Lastly, we describe integrated
drug studies in which the presence of one organoid
type is required for the manifestation of drug toxicity
on downstream organoids.

2. Materials and methods

2.1. Liver and cardiac cell sources, culture, and
organoid formation

All cells employed for liver and cardiac organoids were
obtained from commercial sources, and were either
human primary cells or human iPS cell-derived.
Hepatic stellate cells (HSCs) (ScienCell, Carlsbad, CA)
were first expanded for two passages in culture before
organoid formation, or alternatively for cryopreserva-
tion for later rounds of organoid production. During
these passages, HSCs were maintained using 90%
DMEM (high glucose, ThermoFisher, Waltham, MA)
and 10% fetal bovine serum (FBS, Atlanta Biologicals,
Flowery Branch, GA) on a collagen I coating
(10 p1g cm 2, Corning, Corning, NY) at 37 °C with 5%
CO,. Primary human hepatocytes (Triangle Research
Labs, RTP, NC) were thawed according to manufac-
turer instructions using the proprietary Hepatocyte
Thawing Medium (Triangle Research Labs). Kupffer
cells were also thawed according to manufacturer
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instructions (Gibco, Waltham, MA). Cells were then
harvested using trypsin and either used in organoid
formation or placed into a 96-well plate at 1500 cells
per well and then immediately used in experiments.
For single organoid drug studies, two-dimensional
(2D) hepatocyte matrix sandwich cultures were used
as a comparison to the 3D liver organoids. In these
sandwich cultures, primary human hepatocytes were
thawed as described, then plated on collagen coated
(10 ug cm ™%, Corning) 6-well culture plates, using
Hepatocyte Plating medium (Triangle Research Labs)
at a density of ~150 000 cells cm 2. Cells were placed
in the incubator at 37 °C with 5% CO, for 4 h before
Matrigel was added as a top layer (BD Biosciences, San
Jose, CA). After an additional 24 h incubation, fresh
HCM medium was added (Lonza, Walkersville, MD).

Induced pluripotent stem cell-derived cardiomyo-
cytes (iPSC CMs) were purchased from Axiogenesis
(cat. # COR.4U Cardiomyocytes). Human primary
cardiac fibroblasts were purchased from ScienCell
(cat. # 6330). Before initiating organoid preparation,
iPSC CMs were seeded on tissue culture plastic and
maintained for 48 h in COR.4U medium until the cells
began to beat spontaneously in a synchronized fash-
ion. iPSC CMs were then retrieved from culture using
trypsin-EDTA (Hyclone, Logan, UT) and employed
directly for organoid formation or plated into 96-well
plate at 1000 cells per well and then immediately used
for experimentation.

Liver and cardiac organoids were formed by aggre-
gation using 96-well format non-adherent round bot-
tom plates. For liver organoids cells were combined in
a media mixture comprised of 90% HCM medium
(Lonza), 10% heat-inactivated fetal bovine serum
(Gibco), and rat tail collagen I (10 ng z1~', Corning).
Liver organoids were produced by preparing a cell sus-
pension mixture of 80% hepatocytes (Triangle
Research Labs), 10% hepatic stellate cells (ScienCell),
and 10% Kupffer cells (Gibco). Droplets of 40 ul
media containing approximately 1500 cells were
placed in each well of a non-adherent, round-bottom,
96-well plates and allowed to aggregate into organoids.
Cardiac organoids were produced in a similar manner.
IPSC CMs were suspended in cardiomyocyte main-
tenance medium (CMM, Stem Cell Theranostics,
Redwood City, CA). Fibroblasts were added to the cell
suspension, making up approximately 10% of the total
cell number, after which the fluid volume was adjusted
so cell density was about 10000 cells ml™'. Subse-
quently, 100 pl of the cardiomyocyte and fibroblast
containing cell suspension was pipetted into each well
of the non-adherent, round-bottom, 96-well plates to
produce organoids (#7007, Corning) to result in
approximately 1000 cells/organoid. Well plates were
incubated and observed daily until organoids formed,
after which they were immediately employed in
experiments.
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2.2. Cellline maintenance for comparative drug
studies

HepG2 and C2C12 cells were plated onto 15cm
culture dishes and placed inside 37 °C incubator until
reaching 80% and 50% confluence, respectively.
Media changes were performed every two days using
DMEM with 10% FBS. Cells were removed using
Trypsin at 0.05% for 5-minute at 37°C. Cells were then
added to the wells of a 96-well plate in the same
quantity as the organoid total, 1500 for HepG2 and
1000 for C2C12 cells, and then immediately used for
experiments. To form 3D spheroids as a comparison,
HepG2 or C2C12 cells were formed into spheroids as
described above for primary liver organoids and iPSC-
derived cardiac organoids.

2.3. Preparation of drug stock solutions

All ten recalled drugs were purchased from Sigma
Aldrich (St. Louis, MO). Drugs were dissolved in
DMSO to reach 10 mM concentration. A range of
doses from 1 nM to 100 uM was utilized to determine
ICsq values for each of the recalled drugs. Serial
dilutions were performed in media for each cell type
until all concentrations were created at 2X final
concentration. Compounds were added in 100 ul
volumes to the 100 ul of media already in the wells,
and organoids were allowed to incubate for 2 days at
37°C with 5% CO, prior to subsequent analyses
described below. For drugs pergolide, rofecoxib,
valdecoxib, bromfenac, tienilic acid and troglitazone,
an additional stock of 100 mM solution was made to
create a dose of 1 mM as no ICs, was determined using
the initial doses tested. Non-toxic compounds aspirin,
ibuprofen, ascorbic acid, loratadine, and quercetin
were also purchased from Sigma Aldrich and prepared
in a similar manner, resulting in concentrations
ranging from 1 uM to 1 mM that were administered in
the same manner described above.

2.4.Live/Dead staining

Organoids were isolated from 96-well low adhesion
round bottom plates, suspended in Hystem hydrogel
(GS311) in a 20 ul construct according to manufac-
turer’s instructions (ESI-BIO, Almeida, California), and
placed into 12-well plates. Media was then removed, and
organoids were assessed by LIVE/DEAD® Viability/
Cytotoxicity Kit assays (Invitrogen, Carlsbad, CA).
Specifically, 2.0 uM calcein AM and 4.0 uM ethidium
homodimer in PBS was added to each well and was
allowed to incubate for 1 h. Imaging was then performed
by macro-confocal microscopy (Leica TCS LSI, Leica,
Wetzlar, Germany) and composite images were created
with ethidium bromide red fluorescence representing
dead nuclei and calcein AM green fluorescence repre-
senting live cells.
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2.5. ATP activity assays

Following drug compound incubations, media was
removed from each well, leaving 100 ul of media along
with the organoid. Next, 100 ul of Cell-Titer Glo
Luminescent Cell Viability Assay solution, prepared
according to manufacturer’s instructions (G7571,
Promega, Madison, WI), was added to each well and
incubated for 10 min at room temperature while
shielded from light. The entire supernatant volume of
the wells containing organoids was then added to
Costar Black Polystrene 96-well Assay Plate wells and
the contents were read on a Vertias Microplate
Luminometer using default settings. Values were then
averaged amongst the different groups and graphed
for analysis. All conditions were performed
withn > 6.

2.6. Heart beat assay

Fully formed cardiac organoids in the wells of a 96-
well non-adhesive round bottom plate were placed
under a Leica DMIL LED microscope to allow for the
recording of baseline beat rates in 20 s videos (n = 3).
The plate was then returned to the 37 °C, 5% CO,
incubator for five minutes to ensure that organoids did
not experience significant temperature decreases. The
process was repeated until all experimental organoids
exposed to the compound concentrations described
above, had been recorded at the appropriate time
points. Drug compounds were added as 100 ul
volumes at 2X the desired concentration to each well
of a 96-well low adhesion round bottom plate contain-
ing 100 pul of normal media and a single cardiac
organoid, and allowed to incubate for 30 min at 37 °C.
The plate was then recorded, 3 organoids at a time,
using the process described above until all organoids
were recorded and the plate was returned to the
incubator. The process was then repeated 24 h and
48 h later. The 20 s videos were then analyzed; beats
were counted for each video and multiplied by 3 to
scale values to beats per minute. A beat was defined as
the beginning of the contractile movement of the
organoid; a beat did not need reach conclusion to be
counted. If multiple beating regions were observed,
then the beating of the largest multi-cell structure was
used to calculate the beating rate. If all doses caused a
cessation in beating, then a lower dose was added in
order to find the lowest possible dose to significantly
reduce beat rate.

2.7.Lung module fabrication

Lung modules were prepared as described previously
[9]. Briefly, the 3D airway organoid constructs were
modeled on the structure and cellular organization
that are present in the airways. Specifically, a 3D multi-
layered approach was employed within the context of
the microfluidic device fabrication methodology
described below. First, a polyester transwell mem-
brane, typically immobilized within the microfluidic
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device, was coated with a lung-specific ECM derived
from human donor lung tissue that was decellularized
and processed as we have described previously for
other tissue types [9, 10, 29]. Organoids were fabri-
cated in three layers; Lower: lung microvasculature
endothelial cells (Lonza CC-2527), Middle: airway
stromal mesenchymal cells (donor derived), and
Upper: bronchial epithelial cells (Lonza CC-2540S)
cultured above the stroma (figure 5(g)). The layering
approach rapidly produces a basic multicellular orga-
nization similar to that seen in native airway tissue,
with an endothelium forming a vascular barrier
exposed to liquid media, a stromal mesenchyme layer
at the core of the 3D tissue structure, and a polarized
airway epithelium exposed to the air interface to
stimulate cell polarization and maturation. Cells were
maintained in Clonetics™ B-ALI™ air-liquid interface
medium growth medium for 48 h before performing
air-lift and media change in the lower chamber with
B-ALI™ differentiation medium. Media changes were
performed every 48 h.

2.8. Vascular module fabrication and
characterization

The vascular endothelium module, comprised of
endothelial cells on a membrane, was created in a
modified microreactor device, fitted to be compatible
with the existing fluidic system hardware. Briefly,
PDMS layers with circular windows cut using a 4 mm
biopsy punch were used to sandwich a Transwell
membrane (Corning) and sealed with a thin layer of
PDMS. These components were cured at 80 °C for at
least 90 min. A solid bottom layer and a top layer with
inlet and outlet ports to integrate with the fluid circuit
were clamped together with PMMA clamps. The
membrane was sterilized with EtOH and coated with
fibronectin prior to introduction of cells. Endothelial
cells (HUVECGs, 50000 cells) were seeded on the
membrane in EGM-10 media and allowed to attach
overnight under static conditions.

Trans-endothelial electrical resistance (TEER)
sensors were built in-house, as is described in figure
S4. Briefly, electrodes with cylindrical gold probe
heads (0.95 mm radius, 2 mm height) were fabricated
into the endothelium module devices, with 5 mm spa-
cing between electrodes. Measurements were docu-
mented from readings using a standard voltmeter
(TekPower TP2844R) by connecting the probes to the
2 TEER electrodes, during which a function generator
(GW Instek GFG-8216A), also connected to the elec-
trodes, was employed to generate the electrical signal.
The function generator was applied under the follow-
ing parameters: Frequency—12.5 Hz; Amplitude—
6.4 V; Waveform—Sine wave.

First, modules were cultured for 4 days, after
which THC and LIVE/DEAD staining were per-
formed. For IHC, similar staining protocols as descri-
bed above were performed using antibodies for CD31
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(raised in mouse, cat. # MO0832, Dako), von Will-
ebrand Factor (raised in rabbit, cat. # AB7356, Milli-
pore), and VE-Cadherin (raised in goat, cat. # sc-
6458, Santa Cruz), and the appropriate Alexa Fluor
488 secondary antibody. Stained sections were imaged
on a Leica upright microscope. LIVE/DEAD staining
and imaging under macro-confocal microscopy was
performed as described above.

For validation of TEER resistance levels during
attainment of confluency, readings were taken once
daily for 4 days (n = 3) using modules seeded with
50000 HUVECs. In parallel, readings were taken
using modules with no cells.

For the first endothelial response experiment,
modules were prepared as described above, and read-
ings were taken under normal conditions after con-
fluency had been reached. Readings were then taken
after addition of 100 M histamine (Sigma) and 5 and
10 min following administration. Next, fresh EGM-10
was added, replacing the histamine-containing media,
and readings were taken then and 5 min later.

To demonstrate the capability of the vascular
endothelium to act as a barrier to mass transport
between organoids, a hybrid liver-vascular module
was fabricated. This module was comprised of the vas-
cular device as described above, with the additional
feature that liver organoids were immobilized in the
lower chamber of the device below the endothelium.

For a measurable dye component, first a 15kDa
gelatin-based dye was prepared by tagging a thiol-
modified gelatin with Alexa Fluor 594 maleimide.
Briefly, 10 mg thiolated gelatin (Gelin-S, ESI-BIO) was
dissolved in 500 pl sterile deionized water, after which
the solution was diluted in EGM-10 to make 10 mL.
Two pl Alexa Fluor 594 maleimide (1 uM in DMSO)
was added to the gelatin solution and vortexed for 20 s.
Under physiological pH or higher, thiol-maleimide
reactions occur almost instantaneously, resulting in
tagged soluble gelatin. The resulting dye-containing
media was sterile filtered (0.45 pum filter, Millipore)
and stored at 4 °C until use. A standard curve of dye-
containing media was assessed for appropriate levels
of fluorescent intensity on the plate reader prior to the
endothelium dye transfer experiment.

To perform the experiment, 2 sets of endothelium
modules were prepared (n = 3): one set consisted of
confluent monolayers, and the second set consisted of
non-confluent monolayers. Devices were assembled
with liver organoids in the bottom chambers as
describe above, with the gelatin dye-containing media
having been mixed into the hydrogel solution. The
devices, which were outfitted with inlet and outlet
ports connected to a media reservoir/pump, and a
sampling tube were immediately initiated under a flow
rate of 25 plmin~'. Sample aliquots were collected
from the outlet tube every 5 min, providing volumes
of approximately 125 ul for analysis. After 20 min, the
inlet tube was shifted from the EGM-10-containing
reservoir to a reservoir containing 100 4M histamine
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in EGM-10. Sampling continued at 5 min intervals
until 45 min total time had elapsed. Aliquots (100 pl of
the total 125 ul) were transferred to a 96-well plate,
and fluorescent intensity was assessed using 584 nm
for excitation and reading at 612 nm for emission on
the plate reader.

2.9. Colon organoid formation and characterization
We received rabbit colonic smooth muscle cells
(RCSMCs) from Dr Khalil Bitar (Wake Forest Institute
for Regenerative Medicine, Winston-Salem, NC).
These cells were isolated from fresh rabbit colons and
purified through attachment to plastic. In addition, for
the epithelial component, CACO-2 cells (ATCC.org,
#HTB-37) were utilized. The cells were expanded in
DMEM with 10% FBS and RCSMCs were discarded
after 8 passages, as they lose the ability to remodel
collagen. Cells were cultured on normal tissue culture
plastic before being trypsinized (0.05% EDTA) when
they reached the desired confluency. Collagen I
(Corning) was prepared as per manufacturer’s proto-
col; briefly, 600 ul of collagen I, 100 ul of PBS 10x,
14 ul of 1 N NaOH, and 286 ul of DMEM were mixed
together to produce a neutralized solution of
2mgml ™" Collagen L. This solution was then further
diluted with DMEM to produce a collagen solution
with concentration of 0.5mgml~'. RCSMCs were
suspended in type I collagen at a density of 5 million
cells/ml of collagen I and CACO-2 cells were
suspended at a concentration of 500 000 cells ml ™.
Cell-collagen solutions were then deposited into
custom made PDMS wells and allowed to culture for
3-5 days before immobilization in the microreactor.
Colon organoids were queried for morphology
and cell surface marker expression by histological
stains and immunofluorescent staining. Organoids
were fixed, paraffin embedded and sectioned as descri-
bed for other stains above. Overall organoid morph-
ology was visualized by hematoxylin and eosin (H&E)
staining. In particular, H&E-stained sections were
assessed for organization of smooth muscle cells
within the construct and the presence of epithelial
acini structures formed by self-organization of the
colon epithelial cells. Collagen fiber bundling and
alignment was visualized by picrosirius red staining
and imaging. Briefly, sections were stained with picro-
sirius red which dyes collagen fibers a deep red color.
When imaged under polarized light, picrosirius stain
produces a birefringent signal that shows bundled col-
lagen in orange and reticular collagen in green. Lastly,
sections were stained with antibodies for ZO-1, a cell-
cell tight junction marker, and cytokeratin 18, a com-
monly employed marker for epithelial cells in the gut.
For this IHC staining, the general IHC protocol descri-
bed above was employed using primary ZO-1 (40-
2300, ThermoFisher, raised in rabbit) or CK18
(ab82254, Abcam, raised in mouse) antibodies, fol-
lowed by anti-rabbit and anti-mouse Alexa Fluor 594
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secondary antibodies, respectively (ThermoFisher,
raised in goat) for fluorescent visualization. DAPI was
used to stain the nuclei of the cells.

2.10. Testis organoid formation and
characterization

Testis organoids were comprised of primary sperma-
togonia, leydig, sertoli and peritubular myiod cells
[30]. Adult testicular tissues (whole organ) from three
brain dead patients (ages 56-61) were procured
through the National Disease Research Interchange
(NDRI). Spermatogonial stem cells (SSC), Leydig cells,
and Sertoli cells were isolated from cryopreserved
fragments of normal adult human testicular tissue.
After isolation, Sertoli, and Leydig cells were immorta-
lized using a lentivirus expressing hTERT to ensure
prolonged propagation without changing their natural
morphology and gene expression. Human SSC, Ser-
toli, and Leydig cells at passage 5-6 were re-suspended
in testicular organoid formation media (complete
StemPro-34, 30% FBS, 1 ugml ™' solubilized human
testis ECM at a ratio of 8:1:1 and seeded into 96-well
format hanging drop plates (Perfecta3D, 3D Biomatrix,
Ann Arbor, MI) at a density of 10 000 cells/40 pl drop
volume. After 48 h, compact organoids were transferred
into 96-well format ultra-low attachment U-bottom
plates (Sigma-Aldrich, St. Louis, MO, USA).

Organoids were stained with hematoxylin and
eosin for internal morphologic characterization. Drug
effects were then analyzed on human testicular cells,
either in 2D culture or in 3D organoid form. Cells were
exposed to busulfan, cisplatin, doxorubicin, or etopo-
side in concentration ranges from 10> M to 10° M
for 48 h prior to determination of ATP content via
CellTiter-Glo” Luminescent Cell Viability assays.
Dose response curves were generated (n = 3). Follow-
ing drug treatment, testicular organoid gene expres-
sion changes were assessed for key genes. Specifically,
the fold-change (RelQ, 2-AACT) for spermatogonia
(PLZF (ZTBT16)), Leydig (CYP11A1, STAR) and Ser-
toli (SOX9) cell markers were measured to compare
3D testicular organoids to corresponding 2D testicular
cell culture controls for the four clinically relevant che-
motherapeutic drugs

2.11. Brain organoid formation and
characterization

Brain organoids [31] contained six cell types. Specifi-
cally, organoids were comprised of approximately
2000 cells; 30% human brain microvasculature
endothelial cells (HBMEC), 15% human brain vascu-
lar pericytes (HBVP), 15% human astrocytes (HA),
5% human microglia (HM), 15% human oligoden-
drocytes (HO), and 20% human neurons (HN).
Organoids containing HA, HM, HO and HN were
allowed to form in 50% astrocyte medium without
astrocyte growth supplements and 50% neural main-
tenance-XF medium under normal growth conditions
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for 48 h in hanging drop culture plates (InSphero AG,
Schlieren, Switzerland). The medium was mixed with
heat inactivated FBS (ThermoFisher) and 10 ng ™"
rat tail collagen I (Corning). HBMEC and HBVP were
subsequently added to coat the neural-glial organoid.
The organoids were cultured under normal growth
conditions in 60% neural maintenance-XF medium
(Axol Biosciences Ltd, Cambridge, UK), 20% astrocyte
medium (ScienCell Research Laboratories, Carlsbad,
CA) and 20% complete classic medium (Cell Systems,
Kirkland, WA). The organoids were then allowed to
mature further for 48 hr and were transferred into a
96-well plate for long-term use.

LIVE/DEAD staining (ThermoFisher) was used to
evaluate cell viability as described above. The orga-
noids were then imaged using an Olympus Fluoview
Fv10i (Olympus, Tokyo, Japan) laser scanning con-
focal microscope.

Organoids were fixed in 4% formaldehyde (Poly-
sciences Inc., Warrington, PA) for 15 min at 4 °C, per-
meabilized with 0.1% Tween-20 in PBS for 10 min at
4 °C, blocked using Protein Block (Dako Group, Troy,
MI) for 1 hr at RT, and were subsequently incubated at
4 °C overnight in Antibody Diluent (Dako) solution
containing primary antibodies —anti-O4 (a marker for
oligodendrocyte precursor cells (OPC), 1:200, RD Sys-
tems), anti-Myelin Binding Protein (a marker for
mature oligodendrocytes, 1:250, Millipore, Billerica,
MA), anti-PDGFR-b [CD140b] (a marker for peri-
cytes, 1:500, Millipore), anti-GFAP (a marker for
astrocytes, 1:500, Millipore), anti-CD31 (a marker for
endothelial cells, 1:1000, Abcam), anti-Ibal (a marker
for microglia 1:500, Abcam), anti-beta Catenin (1:500,
Abcam), anti-MDR-1 (1:500, Millipore), anti-ZO-1
(1:1000, Millipore), anti-Claudin-5 (1:500, Millipore).
Organoids were subsequently washed three times and
incubated with Alexa Fluor 488 Goat anti-Mouse IgG
(1:1000, ThermoFisher), Alexa Fluor 594 Goat anti-
Rabbit IgG (1:1000, ThermoFisher), or Alexa Fluor
488 Goat anti-Chicken IgG (1:500, ThermoFisher) in
Antibody diluent (Dako) overnight at 4 °C. Nuclear
staining was performed by incubating the organoids
with DAPI (1:1000) in PBS for 10 min. The organoids
were washed and imaged using the Olympus Fluoview
Fv10i (Olympus) laser scanning confocal microscope.
At least three randomly selected organoids were
imaged for each stain.

2.12. Microfluidic device fabrication

The microfluidic system design employed eliminates
the use of PDMS as a substrate that can be exposed to
media, thereby reducing chances for surface adsorp-
tion and subsequent absorption of drug compounds,
toxins, soluble proteins, and secreted compounds
onto/into the device walls. The device fabrication
strategy is based on adhesive film microfluidics and
laser cut poly(methyl methacrylate) (PMMA) compo-
nents for manufacturing the device. The system
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consists of seven layers; a glass layer, three double sided
tape (DST) layers (3 M 9495MP, Minneapolis, MN),
two PMMA layers and a Isopore 0.8 um TETP
membrane (Cork, IR). These layers are partitioned
into three functional layers, lid layer, chamber layer,
microfluidics layer and membrane layer. All of the
layers are fabricated with a laser cutter (Hobby Series
20 x 12 CO2 Laser Cutter, Las Vegas, NV). The lid
layer consists of 1.8 mm holes for the inlet and outlet
tubing in a 1 mm thick PMMA sheet. The chamber
layer has the same patterned holes plus a 6-mm
diameter chamber for the liver, heart, brain and testes
tissue construct; plus 3 mm diameter chambers for the
lung and blood vessel (BV). This layer is made out of a
3 mm PMMA sheet. attached to 100 gm DST on the
top part. The microfluidic layer is patterned in two
separated 100 pm DST sheets, the bottom layer with-
out connectivity between lung and BV and the top one
with it. In between the two fluidic sheets a porous
membrane is placed for the corresponding constructs.
Finally, everything is assembled onto the glass slide. All
the layers are stacked, bound by DST, sealed after
organoid integration, and Teflon tubing (Cole-Par-
mer, Vernon Hills, IL) is inserted in the appropriate
inlet/outlets to connect the device to the pumped fluid
circuit. A PDMS top layer with corresponding inlet/
outlets provides the necessary seamless compression
and mechanical stability minimizing leaking and the
need for adhesives such as epoxy to seal tubing/port
interfaces.

2.13. Multi-organoid integration and culture

Each type of tissue organoid or construct was prepared
as described above and introduced to devices
described above. In each system, the following prep-
aration steps were performed in each organoid cham-
ber to represent in vivo ratios of tissue volumes where
possible. Fifty liver organoids were immobilized
within a 50 ul volume of a liver-ECM supplemented
hyaluronic acid (HA) and gelatin hydrogel (HyStem-
HP, ESI-BIO, Alameida, CA) [9, 10, 29]. Ten cardiac
organoids were immobilized in 25 pl fibrin hydrogel
(Sigma) [9]. Two testicular organoids were immobi-
lized in 25 ul HA and gelatin hydrogel. Brain orga-
noids were immobilized in 25 ul HA and gelatin
hydrogel. Vascular and lung modules were initiated on
chip as described above. Five colon constructs were
prepared as described above and immobilized in 50 pul
HA and gelatin hydrogel. The device was then sealed
with the top layer of PMMA containing inlet and
outlet tubing and connected to the micro-peristaltic
pump (Elemental Scientific, Omaha, NE) and media
reservoir. The media reservoir was filled with 5 mL of
the common media formulation, which consisted of
testis organoid media and EGM media (with supple-
ments, but without FBS) mixed in a 1:1 ratio by
volume. Flow was initiated at 10 ul min~". Six systems
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were initiated for the study, with three systems
sacrificed on day 7 for viability assessment by LIVE/
DEAD staining and macro-confocal microscopy ima-
ging. The remaining systems were sacrificed on day 15
for the same assessment. During the experimental
time course media aliquots were removed for soluble
biomarker analysis on day 4, day 7, day 11, and day 14.
Aliquots were frozen and stored at —80 °C until the
panel of ELISAs and colorimentric assays were
performed. ELISAs were employed to measure albu-
min (Alpha Diagnostics International), creatine kinase
(Abcam), interleukin-8 (Abcam), and prostacyclin
(Abcam). Colorimetric assays were employed to
measure urea (BioAssay Systems) and lactate dehydro-
genase (Invitrogen).

2.14. Integrated drug response

Six-tissue platforms were initiated (six systems in
total) containing liver, cardiac, lung, vascular, testis,
and brain organoids, as described above, and main-
tained for 7 days prior to the start of the drug study. At
this point, the liver modules were removed from half
of the platforms (n = 3). Capecitabine, the che-
motherapy prodrug to 5-fluorouracil (20 M, Sigma),
was administered to all platforms after which viability
was assessed through LIVE/DEAD staining after 7
days of exposure. Next this study was repeated using
cyclophosphamide, an alkylating chemotherapy pro-
drug (20 uM, Sigma), in 5-organoid systems contain-
ing liver, cardiac, lung, vascular, and testis constructs.
Viability was assessed on day 14 through LIVE/DEAD
staining after 7 days of exposure.

2.15. Statistical analysis

The data are generally presented as the means of
number of replicates + the standard deviation. All
data are graphed and analyzed for significance using a
Student’s T-test. For ATP activity assays p-values were
considered significant under 0.01. For beating kinetic
assays p-values were considered significant under
0.05. Data samples were eliminated from the exper-
imental groups if they fell outside of two standard
deviations from the experimental group averages.

3. Results

3.1. FDA-recalled drugs induce toxicity in 3D

human organoids and differ from 2D cultures

To demonstrate the utility of 3D bioengineered
human organoids, the responses to a panel of drugs
that had been recalled from the market for causing
either liver or cardiac toxicity were determined. Three
of these recalled drugs were shown to cause toxicity in
the liver: bromfenac, tienilic acid, and troglitazone
(table S1 is available online at stacks.iop.org/BF/12/
025017 /mmedia). Seven drugs were screened that
caused toxicity in the heart: astemizole, cisapride,
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Figure 1. Compilation of LIVE/DEAD images as an effect of screened recalled drug compounds. (a) Liver organoids under control
conditions, 1% DMSO, and varying concentrations of bromfenac, troglitazone, and tienilic acid. (b) Cardiac organoids under control
conditions, 1% DMSO, and varying concentrations of astemizole, cisapride, mibefradil, pergoglide, rofecoxib, terodeline, and
valdecoxib. Green—calcein AM-stained viable cells; Red—ethidium homodimer-stained dead cells. Scale bar—100 pzm.

mibefradil, pergolide, rofecoxib terodiline and valde-
coxib (table S1).

Liver or cardiac organoids were exposed to con-
centrations of these compounds ranging from 1 nM to
100 M, for 48 h. In parallel, studies were performed
for the same length of time using commonly used cells
for drug modeling in 2D; specifically, primary hepato-
cytes or iPSC-derived cardiomyocytes, and liver
HepG2 or heart C2C12 myoblast cell lines. Drug toxi-
city was measured using LIVE/DEAD viability/cyto-
toxicity staining and quantification of ATP activity.
For cardiac organoids, beat rates were also assessed.

LIVE/DEAD staining of organoids was used to
visualize acute toxicity in tissue organoids (figure 1).
Quantification of these stains is presented in figure S1.
These assays report on cellular death as opposed to
impairment of function. Vehicle control live/dead
images in cardiac and liver exposed to 1% DMSO
showed no signs of cellular toxicity. Bromfenac toxi-
city is noted at 100 uM and with significant toxicity
seen at 1 mM. Tienilic acid toxicity is first apparent at
100 uM, with cellular disorganization and cellular
death being noted. Very few cells remained alive at
1 mM. Troglitazone induced cell death is significant at
100 1M and this toxicity is increased at 1 mM. Astemi-
zole toxicity is noted at 10 uM, and at 100 uM the
entire organoid is dead. Cisapride toxicity appears at
10 M, and at 100 M a large section of the organoid
is dead. Mibefradil toxicity occurs at 10 uM and at
100 M the entire organoid is dead. Terodiline toxi-
city is noted at 10 uM with many cells dead and at
100 pM the vast majority of cells within the organoid

have died. Pergolide, rofecoxib, and valdecoxib did
not cause severe cell death in doses below 100 M,
however, sporadic cell death was observed across all
three recalled drugs at 100 M.

ATP activity tests (n > 6) were utilized in order to
mimic large-scale drug screens over a logarithmic scale
of doses. Bromfenac showed a significant loss of ATP
at 1 mM (figure 2(a)). Tienilic showed significant loss
of ATP at 1 mM (P < 0.05) (figure 2(b)). Troglitazone
began a downward trend at 100 M, reaching a sig-
nificant p-value at 1 mM (figure 2(c)).

Of the seven cardiotoxic drugs tested for ATP
reduction, four reached an IC50 value (Astemizole,
Cisapride, Mibefradil and Terodiline) with the other
three not producing significant toxicity over the initial
range of doses (Pergolide, Rofecoxib, Valdecoxib).
However, these three drugs did demonstrate a loss of
ATP at 1 mM. Astemizole reached IC50 between 1 uM
and 10 uM and reached significant loss at 10 uM
(figure 2(d)). Cisapride reached the ICs, between
10 uM and 100 uM and showed significant ATP loss at
10 uM (figure 2(e)). Mibefradil IC5, was reached
between 10-100 uM with significant ATP loss at
10 uM (figure 2(f)). Pergolide did not reach an ICs
until 1 mM but did reach a significant p-value at
100 uM (figure 2(g)). Terodiline reached an ICs, value
between 10 M and 100 uM and demonstrated a sig-
nificant loss of ATP at 100uM (figure 2(h)). Rofecoxib
reached an ICs, at 1 mM with significant loss mea-
sured at this same concentration. Valdecoxib did not
reach an ICs, until 1 mM but did show significant loss
of ATP at 100 uM (figure 2(i)).
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Figure 2. ATP activity in response to recalled drug compounds. ATP response in ICs curve format for 3D primary human liver
organoids in comparison to primary human hepatocytes in 2D culture and HepG2 hepatoma cells in 3D spheroids or 2D culture
under exposure to (a) bromfenac, (b) tienilic acid, and (c) troglitazone. ATP response in ICsg curve format for 3D cardiac organoids in
comparison to cardiomyocytes in 2D culture and C2C12 myoblasts in 3D spheroids or 2D culture under exposure to (d) astemizole,
(e) cisapride, (f) mibefradil, (g) pergoglide, (h) terodiline, (i) rofecoxib, and (j) valdecoxib.

While liver toxicity manifests in cell damage and
death, cardiotoxicity typically does not. Rather, cardi-
otoxicity takes the form of changes in the beat kinetics
of cardiomyocytes. As such, beat rates of cardiac orga-
noids were assessed at multiple time points over a
range of drug concentrations. Rates of cardiac beating
were affected by four of the seven recalled drugs in the
original dose range (1 nM-100 M) tested: Astemi-
zole, Cisapride, Mibefradil, and Terodiline; while the
other three, Pergolide, Rofecoxib and Valdecoxib, dis-
playeding beat cessation at the 1 mM dose (figure
above). Astemizole showed the largest effect on beat
rate at two days, with all doses tested affecting this rate.
A dose of 100 nM affected the beat rate at 30 min
(figure 3(a)). Cisapride affected the beat rate at 1 M

after only 30 min. At two days, a 100 nM dose caused
cessation of beating in one organoid (figure 3(b)).
Mibefradil caused reduction of beat rate at 100 uM
after 30 min and at 1 uM after two days. At 1 uM, one
organoid ceased beating and at 10 uM, two stopped.
With an number of 6, this did not produce a sig-
nificant p-value but should be noted (figure 3(c)). Per-
golide displayed no observable effects for the original
doses tested. However, at 1 mM Pergolide induced a
reduction in beat rate after two days. Similarly, rofe-
coxib displayed a reduction in beat rate at 1 mM after
only 30 min (figure 3(d)). Terodiline showed effective
depression of beat rate at 10 uM after 30 min
(figure 3(e)). Rofecoxib effected beat rate at 30 min
(figure 3(f)). Valdecoxib showed reduction in beat rate
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Figure 3. Cardiac organoid beating rate changes in response to recalled drug compounds. Beating rates were quantified as an effect of a

(b) cisapride, (c) mibefradil, (d) pergoglide, (e) terodiline, (f) rofecoxib, and (g) valdecoxib.

107 100

and no drug (control). Drugs screened included (a) astemizole,

atthe 1 mM dose (figure 3(g)). Summarization of these
drug study data are presented in table S2. Additional
morphological and visual observations are also descri-
bed in figure S2. Importantly, we compared ICs
values in the organoids, both for ATP, and in the case
of cardiac organoids the beating rate data, or LIVE/
DEAD images, to observed toxic clinical plasma levels,
which are summarized in table S3 [32—44]. Some toxic
clinical plasma levels in patients were difficult to calcu-
late from the literature (rofecoxib, valdecoxib, and tie-
nilic acid), but by in large toxic clinical plasma levels
were within one order of magnitude of concentrations
that resulted in toxicity in the organoids (table S2). It
should be noted that for the few drugs where 1Cs,
values were high or not reached (bromfenac and tie-
nilic acid), these likely require significantly longer
exposures akin to the treatment durations in patients
required for toxicity to manifest.

Traditionally, 2D cell cultures have been the stan-
dard for toxicity screening in drug development stu-
dies, but these may not fully recapitulate in vivo
biology [45-50]. Because of their widespread use, we
compared the effects of these drugs on liver and car-
diac organoids with 2D cultures of primary human
hepatocytes and HepG2 hepatoma cells used to screen
for hepatotoxicity, and iPSC-derived cardiomyocytes
and C2C12 myoblasts used to test for cardiotoxicity.
In addition, spheroids of HepG2 and C2CI2 cells were
also employed as comparisons (figures 2(a)—(i)). Effec-
tive concentrations for inducing a decrease in ATP
were often lower in the 3D organoids, as compared to
both 2D primary cells, 2D cell lines, and cell line

spheroids. Cells in 2D often displayed a higher degree
of variability, leading to lower result significance; with
this occurring most notably in 2D cardiomyocytes and
C2C12 cells. It is interesting that in some cases 3D
organoids were more sensitive to compounds, while in
other cases 3D organoids were more drug resistant to
toxic effects. Despite the lack of a clear trend, these dis-
crepancies speak to the need to better understand how
cell cultures and organoids respond to drugs and
which models best reflect responses in humans. More-
over, these results underscore the use of organoid sys-
tems as being complementary to existing methods in
order maximize the detection of unsafe compounds
before they reach the clinic.

3.2. Over the counter compounds fail to cause
organoid toxicity

To further test these organoids for clinical accuracy,
we performed additional sets of screening studies with
compounds generally considered non-toxic in
humans. Specifically, we exposed liver and cardiac
organoids to the common over-the counter drugs or
supplements aspirin (NSAID), ibuprofen (NSAID),
ascorbic acid (vitamin C), loratadine (anti-histamine),
and quercetin (plant flavanol supplement) for 48 h
using concentration ranges from 1uM to 1mM.
Outcomes were assessed as described above, employ-
ing LIVE/DEAD staining, ATP activity quantification,
and cardiac organoid beating rate quantification.
LIVE/DEAD staining of liver organoids (figures
S3(a)—(f)) showed virtually no observable cell death,
with the exception of loratadine and quercetin at
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Figure 4. ATP activity in response to ‘non-toxic’ compounds. ATP response in ICs, curve format in liver organoids exposed to (a)
aspirin, (b) ibuprofen, (c) ascorbic acid, (d) loratadine, and (e) quercetin, and in cardiac organoids exposed to (f) aspirin, (g) ibuprofen,
(h) ascorbic acid, (i) loratadine, and (j) quercetin. Toxicity is only observed in hyper-physiological concentrations.
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concentrations significantly higher than plasma levels
in human subjects (2-3 nM and 0.5 uM, respectively)
[51, 52]. Similar outcomes were observed in cardiac
organoids (figures S3(g)—(1)), with the addition of
some observable cell death as an effect of 1 mM
aspirin, which is also significantly higher than typical
plasma levels in human subjects taking aspirin (1-
3 nM) [53]. Quantification of these data is presented in
figure S4. These LIVE/DEAD viability data are echoed
by ATP activity quantification (figure 4), which show
complete lack of ATP decrease in liver and cardiac

organoids until the high concentrations described
above. Lastly, beating rates of cardiac organoids were
determined after 30 min and 48 h exposure to the
compounds (figure S5). Aspirin, ibuprofen, and ascor-
bic acid exposure resulted in negligible changes in beat
rates, while loratadine and quercetin did result in
decreased beating rates, but only at the high concen-
trations described above, which were significantly
higher than normal plasma levels in humans taking
the drugs. Based on these data, and those described
above, we believe that these organoids consistently

11



10P Publishing

Biofabrication 12 (2020) 025017 A Skardal et al

Glass
Slide

Cardiac Organoid

C Liver Organoid : _ d

f  Vascular Module g Lung Module

Systemic
TEER Circulation + Other
r Organoids
E
Endotheli
S
= ‘ TEEE

pithelium

Lung epithelium and

Endothelial VE- TEER
Cadherin - stroma L

i Colon Module

a® Ll

Collagen |

Colon Epithelial Cells

Figure 5. Visual overview of the multi-organoid platform. (a) Microfluidic devices are fabricated in a PDMS-free approach by layering
PMMA and adhesive films with chambers, channels, and ports formed by laser cutting. Organoids are incorporated by being
immobilized in hydrogels within each chamber. Semi-porous membranes enable inclusion of planar vascular and lung modules. (b) A
fabricated 6-tissue device under fluid flow provided by a micro-peristaltic pump and media reservoir. The total device footprintis 7.0
by 2.4 cm, or roughly the size of a traditional microscope slide. (c) Liver organoids are comprised of human hepatocytes, stellate cells,
and Kupffer cells and feature internal microstructures such as hepatic microvilli (MV) and bile caniculi-like structures (B). (d) Cardiac
organoids are comprised of iPSC-derived cardiomyocytes and cardiac fibroblasts and beat spontaneously. (e) Testicular organoids are
comprised of spermatogonial stem cells, Sertoli, Leydig and peritubular cells. (f) Vascular and (g) lung modules are comprised of
planar cellular layers supported by a semi-permeable membrane. (h) Brain organoids are comprised of human brain microvascular
endothelial cells, neurons, oligodendrocytes, microglia, pericytes, and astrocytes. (i) Colon modules are comprised of colon smooth
muscle cells that form an aligned matrix environment in which colon epithelial cells exist as acini. Scale bars, unless otherwise noted in
the figure, scale bars are 100 pm; except (f) and (h) (right panel), which are 50 pm.

recapitulate responses to both toxic and non-toxic
drug compounds under acute exposures. Additional
work will be performed to expand investigation into
chronic drug exposures.

3.3. Six-organoid integrated platform

Ultimately, because tissues and organs do not exist in
isolation, in vivo, bioengineered organoid systems
should contain representations of several tissue types
under a common medium. This would best model
tissues and organs in the body under a common blood
supply. One goal of the current project was to build
upon our previously described 3-organoid platform
[9] to develop a functional 6-tissue body-on-a-chip
system, containing representations of liver, heart,
vasculature, lung, testis, and either colon or brain
(figure 5(a)). Importantly, these individual tissue types
would be constructed in an integrated microfluidic
hardware platform (figure 5(b)), formed by laser cut
poly(methyl methacrylate) (PMMA) and adhesive
films, rather than conventional polydimethyl-siloxane

(PDMS) soft lithography and molding [54, 55]. This
was intended to avoid absorption of proteins and drug
compounds into the device walls—a significant pro-
blem with PDMS [56]. Because of the specific indivi-
dual requirements of each type of tissue organoid, a
toolbox of biofabrication techniques was employed to
create each tissue model. Briefly, using non-adherent
round-bottom 96-well plates, spherical liver organoids
(figure 5(c)) were formed with primary human
hepatocytes, stellate cells, Kupffer cells, and endothe-
lial cells. Spherical cardiac organoids (figure 5(d)) were
formed using iPS-derived cardiomyocytes, endothelial
cells, and cardiac fibroblasts. Testis organoids were
formed using primary spermatogonia, leydig, sertoli
and peritubular myeloid cells (figure 5(e)) [30]. These
spherical organoids were then incorporated into the
microfluidic devices using a liver ECM-derived bioink,
a fibrin and gelatin bioink, or a hyaluronic acid and
gelatin bioink, respectively; employing crosslinking of
the hydrogel bioinks to immobilize the organoids as
larger hydrogel-organoid constructs within the
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perfusion system. Vascular (figure 5(f)) and lung
modules (figure 5(g)) were fabricated in a different
form factor, using semi-porous membranes immobi-
lized within the devices on which human umbilical
vein endothelial cells (vascular) or lung fibroblasts,
lung epithelial cells, and lung endothelial cells were
seeded. A custom-built trans-endothelial electrical
resistance (TEER) sensor was employed, which was
integrated into the endothelium module device itself.
This sensor measures the electrical resistance across
the endothelium using 2 gold electrodes on either side
of the monolayer, allowing monitoring of endothelial
or epithelial barrier integrity. Brain organoids
(figure 5(h)) were formed as spherical structures using
primary human brain microvascular endothelial cells,
human brain vascular pericytes, human astrocytes,
human microglia, human oligodendrocyte precursor
cells, and iPSC-derived neurons [31]. Lastly, colon
organoids (figure 5(i)) were formed by molding
collagen Type I gels with colon smooth muscle cells
[57] and epithelial cells, resulting in aligned collagen
submucosal tissue containing epithelial acini struc-
tures. Following biofabrication, devices were sealed
and connected to the circulatory perfusion system
with a common media driven by a micro-peristal-
tic pump.

Extensive individual tissue model characterization
data for liver, cardiac, and lung has been described
previously [9, 29, 58, 59], including histology, immu-
nostaining, metabolic assays, basic drug toxicity test-
ing, and additional functional tests, demonstrating the
physiological relevancy of each tissue model type. For
the recently added tissues, characterization studies
were performed to verify viability and function of the
vascular module (figure S6), colon (figure S7), testis
(figure S8), and brain organoids (figure S9) (materials
and methods and supplementary materials).

3.4. Integration of multiple organoid types results in
a steady state, highly viable platform

Our first goal in using the 6-tissue system was to assess
the stability of the system over time under baseline
conditions. The platform described above was
assembled and equilibrated under circulating perfu-
sion at 10 gl min~'. The common media contained a
1:1 mix of serum-free endothelial cell media and
testicular cell media. Viability was shown for 28 days,
visualized at days 7, 14, and 28 by LIVE/DEAD
staining and imaging by macro-confocal microscopy
(figures 6(a), (b)) Interestingly, a panel of secreted
biomarkers (figures 6(d)—(i)) indicate an initial
increase in inflammatory markers that returns to
baseline after a week. Throughout the study, other
markers of toxicity remain low with functional
markers remaining consistently expressed. Specifi-
cally, baseline liver function (albumin and urea)
remains constant and significantly higher than media
controls for the duration of the study; indicating
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maintenance of viability and function (figures 6(d)—
(e)). Likewise, lactate dehydrogenase (LDH), a general
marker of toxicity for all tissue types, and creatine
kinase (CK), a marker of toxicity in cardiomyocytes,
remained low—at similar levels to the media controls
(figures 6(f)—(g)). Interestingly, IL-8 and prostacyclin,
proteins released from lung epithelium and vascular
endothelium, respectively, initially spike, but decrease
to baseline over time, suggesting that the lung and
vascular constructs experienced stress upon system
initiation, but improve over time (figures 6(h)—(i)).
These data suggest that the multi-organoid system
self-regulates, conditioning the media over time to
better support each tissue type in a manner perhaps
similar to the human body.

3.5. Integrated drug study reveals inter-organoid
drug dependence

As demonstrated previously [9], integration of multi-
ple organoids within a common recirculating media
environment enables more complex, and more phy-
siologically relevant drug studies to be performed. This
is because one or more organoids can respond to an
administered compound in ways that influence other
organoids in the system. Here we further explore this
concept using 6- and 5-organoid platforms, in which
system dependency on liver organoid metabolism is
demonstrated. Microfluidic platforms were fabricated
as described above and cultures were initiated as
6-organoid systems containing liver, cardiac, lung,
endothelial, testis, and brain organoids or as
5-organoid systems containing the same organoids
above, but without brain organoids. These systems
were maintained for 7 days prior to the initiation of the
studies. At this point, the liver modules were removed
from half of the platforms. Capecitabine (20 M) was
administered to all 6-organoid platforms while cyclo-
phosphamide (20 uM) was administered to all
5-organoid platforms. Viability was assessed through
LIVE/DEAD staining after 7 days of exposure (day 14
of total study). These drugs are notable in that they are
pro-drugs that have been used to treat cancer. As such,
they require metabolism in the liver to be processed
into active metabolites. This is conceptually described
in figure 7(a), where in panel (i), without the liver
present, the drug cannot be metabolized into its active
form. As a result, there is no reduction in cell viability,
as the toxic metabolite is not present. Conversely, in
panel (ii), when the liver organoid is present, the pro-
drug is metabolized into its active form, causing
cytotoxicity in several downstream organoids. Macro-
confocal microscopy imaging of LIVE/DEAD stained
organoids showed the anticipated results. Following
exposure to capecitabine, systems without liver orga-
noids do not show significant toxicity in any down-
stream organoids. However, systems containing liver
were able to metabolize the capecitabine into 5-FU,
and toxicity was observed in the cardiac and lung
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Figure 6. Six organoid maintenance under acommon media the body-on-a-chip system. (a) 7-day, (b) 14-day, and (c) 28-day viability
ofliver, cardiac, colon, lung, vascular, and testis tissue models in the integrated system. Green—Calcein AM-stained viable cells; Red
—Ethidium homodimer-stained dead cells. C-H) Biomarkers in solution show that the system reaches an apparent equilibrium state.

equilibrate to a steady state over time.

(d), (e) Albumin and urea quantification shows relatively consistent secreted albumin and urea in the media over time, that is
significantly higher than media controls. (f) LDH, a general marker of lysed cells and toxicity, remains at levels near that of media
controls, indicating relatively low cell death. (g) Creatine kinase, a biomarker released by lysed cardiomyocytes upon cell death
remains relatively low, with the exception of a spike on day 8 that returns quickly to a concentration near media control levels.

(h), (i) IL-8 and prostacyclin, proteins released from lung epithelium and vascular endothelium, respectively, initially increase, but
decrease to baseline levels over time, suggesting that the lung and vascular constructs experienced stress upon system initiation, but

organoids (figure 7(b)). In the experiment using
cyclophosphamide, systems without liver organoids
did not metabolize the prodrug to an active form, and
no toxicity was observed. Conversely, with liver
organoids present, metabolism of the compound into
a toxic metabolite resulted in toxicity in both the
cardiac and lung constructs (figure 7(c)). Quantifica-
tion of these LIVE/DEAD data are presented in
figure S10.

4. Discussion

Development of new drugs has been slow and
expensive, due in part to limitations of current in vitro
and in vivo drug screening models. Traditional, 2D cell
cultures do not fully recapitulate the 3D cellular
microenvironment of normal human tissues [6-8]. By
supplementing current testing methods with 3D
systems such as tissue organoids, many of these short-
comings may be overcome. Organoids have the
capability to respond to drugs and toxins in much the
same manner as actual human organs, and as such, may
provide an improved platform for drug screening
applications. Furthermore, recent advances in tissue chip
devices and tissue organoid integration [24, 60] provide
additional capabilities that take into consideration the

complex interactions that can occur among different
organs and tissues types.

In the work presented here, two major accom-
plishments are described. First, 3D primary human
liver organoids and 3D iPSC-derived cardiac orga-
noids were employed to screen a panel of drug com-
pounds that were withdrawn from the market for
causing liver and cardiac toxicity in human subjects.
These compounds were tested by the pharmaceutical
industry and toxicity was not noted using standard 2D
cell culture systems, rodent models, and during
human Phase [, IT and I1I clinical trials. However, after
the drugs were released to market and administered to
larger numbers of patients, toxicity was noted causing
the FDA to withdraw regulatory approval. In most all
of these compounds, the 3D organoid system was able
to readily demonstrate toxicity at a human relevant
dose. Bromfenac was an NSAID intended for pain
relief following opthalamic surgery and was recalled
due to hepatotoxcity [61]. Tienilic acid was a uric acid
lowering diuretic for the treatment of hypertension
that was recalled after it was discovered to be a suicide
inhibitor of cytochrome P450, causing hepatotoxicity
[62—64]. Troglitazone was an anti-inflammatory treat-
ment involved in downregulating the NFK-B pathway
for type 2 diabetes and was recalled after causing liver
failure in dozens of patients [65, 66]. Astemizole was
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cells. Scale bars—100 pm.

developed as a non-sedative anti-histamine that was
later recalled for causing arrhythmias [67]. Cisapride
was developed as a gastroprokinetic agent for the treat-
ment of gastroesophageal reflux disease and was later
recalled for causing prolonged QT syndrome, leading
to arrhythmia [68]. Mibefradil was developed as a cal-
cium channel blocker to treat hypertension and was
recalled for causing adverse interactions when com-
bined with other medications [69, 70]. Pergolide was
developed as a dopamine agonist for the treatment of
Parkinson’s disease and was recalled due to causing an
increased risk of valvular heart disease [37]. Rofecoxib
was developed as a NSAID COX-2 selective inhibitor
for the treatment of pain caused by arthritis and acute
pain and was recalled after causing tens of thousands
of heart attacks [71]. Terodiline was developed as a
drug to relax the bladder smooth muscle tissue for the

treatment of incontinence and was later recalled for
blocking IKr channels and therefore causing an
increased risk for torsades de pointes [39]. Valdecoxib
was developed as a NSAID COX-2 selective inhibitor
for the treatment of arthritis and menstruation pain
and was later recalled for causing an increase of heart
attack, stroke and skin reactions [72]. Notably, orga-
noid responses were compared among 3D tissue orga-
noids, 2D analogs comprised of the same cells, 2D and
3D cell line-based analogs. Safe over the counter medi-
cations were also tested, showing no toxicity.

Second, we demonstrate the development of a
platform that supports up to six distinct bioengineered
organoid types—liver, cardiac, vascular, lung, testis,
and colon or brain—within a single recirculating per-
fusion system under a common media (figures 5 and
6). We demonstrate the long-term maintenance of
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viability in these systems, and show the utility of such
integrated multi-tissue platforms by demonstrating
different toxicity outcomes in response to capecita-
bine and cyclophosphamide depending whether or
not liver organoids are present (figure 7).

The major driving force behind the development
of in vitro organoid models is the need for advanced
drug screening platforms that may more accurately
predict drug efficacy and safety in humans [73, 74].
Importantly, these systems have the potential to iden-
tify toxic effects of drug candidates in development
before they advance to clinical trials and are adminis-
tered to patients. Unfortunately, a number of drugs
pass clinical trials, reach the market, and are used by
patients before it is recognized that they have detri-
mental side effects, and have to be recalled. If technol-
ogies such as body-on-a-chip platforms were well
validated and utilized, these toxicities may have been
identified earlier in development, In this context, we
chose to demonstrate our platform utility by screening
a panel of FDA-recalled drugs for toxic effects
(figures 1-3). We successfully modeled liver toxicity
from troglitazone and mibefradil and cardiac toxicity
and beating rate decreases from astemizole, pergogide,
and terodiline. Complications with the liver and heart
account for approximately 90% of all drug failures and
recalls, and as such, being able to demonstrate the abil-
ity to capture these outcomes is important. Our paral-
lel studies using 2D control cultures and cell line
studies further demonstrate the potential value of our
platform. For example, in the case of liver, 2D cultures
of primary hepatocytes and the commonly used
HepG2 hepatoma cell line resulted in highly variable
data, as compared to 3D tissue organoids. In some
cases, the organoids were more sensitive and in some
cases the organoids were more resistant to the drugs.
These contrasting results—increased sensitivity to
some drugs and increased resistance to others—indi-
cate that the relationships between drug toxicity in the
body versus 3D organoids versus 2D cultures are com-
plex. The specific level of sensitivity for a given drug in
2D versus 3D likely depends on the mechanism of
toxicity. We believe that this is due to several factors,
such as the substantial surface area to volume ratio dif-
ferences between 3D and 2D cultures. The buffering
capacity to recover from small perturbances is also
very different among 2D planar cultures, 250 ym
spheres and clinical scale human organs. The effects of
each of these differences would manifest differently
based on the mechanism of toxicity for each drug tes-
ted. As such, we are currently investigating these fac-
tors and the specific mechanisms involved. These
findings underscore not only the importance of using
3D cell systems for drug screening, but also the impact
of preserving currently used 2D cell systems in order to
have a more complete profile of potential adverse reac-
tions. Additionally, we demonstrated that compounds
typically considered non-toxic and available over the
counter (aspirin, ibuprofen, ascorbic acid, loratadine,
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and quercetin) do not elicit toxic responses in these
organoids, even at concentrations well above plasma
levels documented in humans taking these com-
pounds (figure 4).

Perhaps more relevant than individual organoid
responses to drugs is a multi-organoid system response,
in which the responses of one organoid may impact the
responses in downstream organoids. Such integration
moves the system closer to actual human physiology.
When 6 tissue construct types were integrated within a
single perfusion platform, relatively high viability in all 6
tissues types was maintained for 4 weeks. While other
groups have demonstrated the capability to maintain
multi-tissue model system viability for up to 4 weeks,
these examples have been largely limited to 2D cultures
or 3D cell lines [24, 60]. We had originally hypothesized
that as each additional tissue type was added to the
body-on-a-chip platform, a more complex media would
be required to maintain cell viability and function. Sur-
prisingly, this was found to not be the case. In 6-tissue
platforms, the common media was biased towards what
might be considered the more sensitive cells popula-
tions; specifically, the endothelial cells which were in a
planar organization, and the testis organoids which
requires specific and uncommon factors. Remarkably,
we observed that the other 4 tissue types in the system
performed well. Viability assays showed a very low rate
of cell death. Soluble biomarker analysis revealed an
initial spike in IL-8, prostacyclin, and in some systems
CK, representing stress experienced by the lung, vas-
cular, and cardiac constructs, respectively. However,
over time, these biomarkers returned to levels present in
media-only controls. This interesting result suggests that
perhaps the presence of higher numbers of tissue types
results in conditioning of the media towards a natural,
supportive universal media; much like human serum.
Additionally, once cells are placed in physiologically
relevant 3D architectures, they may become internally
supported through robust autocrine and paracrine sig-
naling, and therefore less influenced by factors within
the system medium. These theories are notable, because
they suggest that multi-organoid platforms comprised
of 3D tissue models may be able to move away from
expensive tissue-specific media formulations currently
on the market, and towards more inexpensive and sim-
ple common media. This finding in itself may be sig-
nificant, but requires further assessment and testing.

One area of organoid study that is ripe for further
development is quantitative pharmacokinetic and
pharmacodynamic (PKPD) modeling. Despite the sig-
nificant acceleration in development and application
of in vitro 3D models for drug development, disease
modeling, and personalized medicine, how one relates
data from organoids and other bioengineered systems
to the human population or individual human patient
physiology remains an outstanding hurdle. The conv-
ergence of our 3D tissue construct platforms with such
PKPD modeling in an area that our team is currently
undertaking.
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5. Conclusion

The work described herein demonstrates the creation of
organoids and tissue constructs that show functionality
similar to that derived of native human organs. The
integration of six distinct bioengineered tissue models in
single recirculating perfusion system, comprised of the
liver, the heart, vasculature, lung, testis, and colon (or
brain) is also demonstrated. Importantly, the individual
components of the platform respond appropriately to a
panel of drugs, including a variety of drugs that were
removed from the market by the FDA due to toxicity in
humans. Even more importantly, when combinations
of organoids are combined into a single platform, more
complex integrated responses can be observed, where
the functionality of one organoid influenced the
response of another organoid. This system, and others
like it, based on 3D human-based tissue models with
nuanced and complex response capabilities, has a great
potential for influencing how in vitro drug and toxicol-
ogy screening and disease modeling will be performed in
the near future.
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