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researchers continue to develop novel models to evaluate and promote the use of im-
proved cell- and organ-based assays for more accurate representation of human suscep-
tibility to drug response. Among others, the three-dimensional (3D) cell culture models
present physiologically relevant cellular microenvironment and offer great promise for
assessing drug disposition and pharmacokinetics (PKs) that influence drug safety and ef-
ficacy from an early stage of drug development. Currently, there are numerous different
types of 3D culture systems, from simple spheroids to more complicated organoids and
organs-on-chips, and from single-cell type static 3D models to cell co-culture 3D models
equipped with microfluidic flow control as well as hybrid 3D systems that combine 2D
culture with biomedical microelectromechanical systems. This article reviews the cur-
rent application and challenges of 3D culture systems in drug PKs, safety, and efficacy

assessment, and provides a focused discussion and regulatory perspectives on the liver-,

Cell Science Collaborative Research
Award, and Lara Nowak Macklin Fund.

INTRODUCTION

Traditional in vitro assays, that use recombinant enzymes,
liver microsomes, and two-dimensional (2D) cell cultures,
such as primary hepatocytes and Caco-2 cells, have been
routinely used in the pharmaceutical industry to evaluate ab-
sorption, distribution, metabolism, and excretion (ADME)
properties and drug risk assessments of novel molecular can-
didates in drug discovery and development.I However, these
assays have difficulty mimicking the physiological environ-
ment of organs and therefore limited utilities in the extrapo-
lation of data to complex in vivo environments. Over the past

Inhalation E

Metabolism

Immune
Response

intestine-, kidney-, and neuron-based 3D cellular models.

decades, researchers have developed better models to evalu-
ate and promote the use of improved cell- and organ-based
assays for more accurate representation of human physiology
and better prediction of drug response.z'4 Currently, there
are numerous developments of three-dimensional (3D) cell
culture systems, from simple spheroids to more complicated
organs-on-chips and from single-cell type static 3D models
to cell co-culture 3D models equipped with microfluidic flow
control (Figure 1). Each provides different advantages and
limitations (Table 1). Compared to 2D cell culture models,
the emerging 3D models appear to have a better representa-
tion of the natural environment, experienced by cells under

Absorption

FIGURE 1
of 3D cell culture systems in development.
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optimal goal is to integrate these organ-
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physiological and/or pathophysiological conditions, and offer
a greater potential in assessing drug disposition and pharma-
cokinetics (PKs) that influence drug safety and efficacy at
an early stage of drug development.s_7 These systems offer
complex microphysiological environments of human organs
than 2D systems and allow for drug safety evaluation of low
clearance drugs and multiple dosing studies, collection of
critical PK and biomarker data for mechanistic modeling, and
in-depth evaluation of disease models from patient-derived
cells. However, the phenotypical performance and potential
implications of these systems, due to their early stage in de-
velopment, have not been fully illustrated. Moreover, how
different types of cells communicate with each other under
the 3D conformation and whether drugs can efficiently reach
cells in the inner part of the 3D models are poorly understood.
In August 2020, representatives from academic institutions,
pharmaceutical industry, and federal government agencies
convened an educational workshop for a scientific exchange
about considerations and challenges in the use of novel 3D
cell and tissue models in the evaluation of drug PKs, efficacy,
and safety, as well as pathways to communicate with the US

(a) functional endpoints

1

(b) portal venule

Food and Drug Administration (FDA) on the application of
these models in early drug development. This article high-
lights the top-line discussions from the workshop.

3D IN VITRO LIVER MODELS

Liver-on-chip model for toxicity and PK
evaluation

Modeling drug metabolism, transport, and other drug interac-
tions in the liver is central for drug development because this first
pass organ is responsible for the formation of most drug metabo-
lites, contributes to drug clearance and bioavailability, and is sen-
sitive to drug-induced hepatotoxicity, which is among the main
causes for drug attrition.*!! Cellular microsystems that enhance
the physiology of hepatocytes or cocultured nonparenchymal
cells (NPC) may predict liver effects early in drug development
and further increase development efficiency by replacing, reduc-
ing, or refining animal studies or clinical trials.>>12 A diversity
of liver models have been developed in the last decade with

liver lobule
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FIGURE 2 Structural characteristics and applications of liver microphysiological systems (MPS). (a) Metabolism, drug—drug interactions,

biomarkers, transport, structure, and toxicity can be assayed from MPS samples. (b) The microenvironment of the liver lobule is multicellular,

three-dimensional, under flow, and defines the sinusoid. (c) Culturing hepatocytes in 2D between a bottom collagen layer and a top layer of

Matrigel as sandwich cultures. (d) Different types of hepatic cells can be cultured as spheroids or organoids in 3D to recreate more physiological

intracellular interactions. (e, f) Liver MPS has been designed in various configurations to maintain co-cultures of hepatic cells under fluid flow.

Scaffolds support the formation of microtissues, and oxygen gradients can be controlled by regulating the rate of flowing medium in (e). A porous

membrane in a microfluidic chamber induces a barrier function by separating layers of endothelial cells from hepatocytes (f)
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primary or induced pluripotent stem cell (iPSC)-derived human
liver cells (Figure 2).1%1% Liver on-a-chip or microphysiological
systems (MPS) showed high potential for drug PKs and toxicity
studies'> "’ through pilot studies that suggested their use in the
early stages of drug discovery, and led industry stakeholders to
produce guidelines for risk assessment and ADME contexts. >+
In addition to these performance guidelines, reliability and ro-
bustness of systems must be ensured for use on the late stages
of drug development, regulatory context, or supporting clinical
trials. Applied research is being developed in the FDA Division
of Applied Regulatory Science in the Center for Drug Evaluation
and Research (CDER),19 where a commercially available liver
MPS developed at the Massachusetts Institute of Technology20 is
being characterized for studying reliability and robustness of its
use in drug toxicity and PK applications.

The characterized liver system cultures hepatic cells in a
3D platform exposed to flowing culture medium,”**" which
enhances and prolongs metabolic activity. The system also
uses large cell quantities (>500,000) and high volumes of
medium (milliliter range), enabling the generation of rep-
licate test samples for bioanalytical assays in PK studies.*
This effort follows the Division’s mission of closing the gap
between scientific innovation and drug review.'” System ro-
bustness and reliability is being evaluated from the outcome
of experiments assaying: (i) metabolism and albumin produc-
tion relative to other hepatocyte culture platforms; and (ii)
the reproducibility of results from experiments conducted in
different laboratories and using distinct batches of cells. Lack
of reproducibility of results is among the main hurdles in re-
liably translating MPS?* and their robustness can be tested
when being compared with in vitro gold standards.>* Cell
types selection, drug class, and specific drug concentrations,
and sample/data collection schedules of functional end points
or biomarkers should be planned depending on the intended
context of use. For example, coculturing Kupffer cells with
hepatocytes can recreate inflammatory factors that induce
liver toxicity,20 as known to be caused by trovafloxacin, an
antibiotic.>¢ In addition to coculturing Kupffer cells, inclu-
sion of other hepatic cell types, like sinusoidal endothelial
cells, stellate cells, and cholangiocytes can be of relevance
when aiming to test drug effects that target mechanisms where
these cell types are involved.”%° Access to primary sources
of hepatic cell types can present difficulties,”® but the iPSC
field is evolving toward providing differentiation protocols
that can eventually originate pure or complex mixed popula-
tions of these types of hepatic cells.'* In regard to pharmacol-
ogy context, given the enhanced stability and duration of its
function,®' the system can address opportunities to eventually
improve on the scope of current in vitro approaches by en-
abling the detection of drug metabolites formed within days
of drug exposure and the study of compounds with low clear-
ance. Future studies can address this opportunity because the
functional end points measured from microsomes or primary

ASCPT

hepatocytes do not last long in vitro and can limit the evalua-
tion of drugs with low clearance >

The ability to derive drug ADME data from liver MPS that
has higher functional stability, robustness, and physiological rel-
evance than traditional 2D cultures or other in vitro methods has
been noted to potentially having the ability to improve the devel-
opment of physiologically based pharmacokinetic models early
in drug development and in advance of clinical studies.*** Pilot
studies with interconnected organ systems have demonstrated the
ability to predict key PK parameters, such as compound terminal
half-life, peak serum concentration, and others from the quantifi-
cation of parent drug and metabolites in samples (media, lysate,
adsorbed to materials) collected from MPS at different times of
drug incubation.'”*> For this purpose, liver systems have been
demonstrated in early pilot studies to estimate intrinsic hepatic
clearance and elimination rate constant, which are key properties
for modeling drug PKs."?** Despite this demonstrated use of
liver MPS, the added benefit of these systems relative to tradi-
tional 2D platforms is still unclear for this application. To further
elucidate the value of liver MPS in predicting clinical drug PKs,
initial efforts should be continued while including additional
types of drugs, comparing data with clinical results, and with
the results of traditional 2D culture platforms. Overall, MPS can
prolong and mature hepatocyte function and enhance the physio-
logical relevance of their extracellular microenvironment, which
are the advantages of these systems relative to 2D platforms in
contexts of use to be established.

Physiological transport function in several organ models
like liver, kidney, gut, or blood-brain barrier is a fundamental
requirement for predicting drug phz:1rmacology.9’34 Caetano-
Pinto and StahI** have reviewed initial characterization ef-
forts in the field around the activity of drug transporters in
several MPS models, including the liver, which depends on
the types of used cells, but also on exposure to fluid flow and
culture in 3D settings. In addition to increased expression lev-
els of relevant transporters, functional activity also relies on
the cellular localization of transporters related to hepatocyte
polarity in primary hepatocytes gold standard.”’ Despite the
initial characterization of transport function, additional com-
parative studies between culture platforms should be done to
comprehensively define how liver MPS models can improve
the physiological relevance of drug transport of cultured cells
relative to traditional 2D culture methods. Furthermore, stud-
ies using the liver system demonstrated that quality control
criteria for cells and performance standards are sorely needed
and critical for ensuring reproducibility.

Prediction of drug-induced liver injury risk
using hepatic spheroid co-culture models

Despite many recent advances to improve hazard identifi-
cation and risk mitigation, drug-induced liver injury (DILI)
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continues to be a significant source of preclinical and clinical
drug attrition. This is due to the many different etiologies of
DILI, general insensitivity of preclinical animal models to
detect many human hepatotoxicants, and poor understanding
of the drivers for patient susceptibility. There is a continued
need to identify new approaches that can better identify and
characterize the risk for DILI during drug discovery. The 3D
hepatic spheroids or human liver microtissues (hLiMTs),
comprising self-aggregated primary human hepatocytes co-
cultured with NPC, have emerged that have the potential to
improve the ability to assess mechanisms of hepatotoxicity.
They have demonstrated enhanced liver phenotype, stability
in culture not attainable with conventional hepatic models,
and increased sensitivity to drug-induced cytotoxicity of a
relatively small panel of hepatotoxicants.38"4o However,
comprehensive assessments of the predictivity of hLiMTs to
identify known hepatotoxic drugs has been generally lacking.
In a collaboration between AstraZeneca and Genentech, the
predictive value of hLiMTs and 2D hepatocytes to identify
known hepatotoxicants was assessed using a panel of 110
drugs with and without clinical DILI. Using cytotoxicity as
an end point, the group evaluated the responses in 2D hepato-
cytes after 2-day single-dose treatment and in 3D hLiMTs
following 14-day repeat-dose treatment and compared the
predictive value in isolation or when correcting the cytotox-
icity half-maximal inhibitory concentration (ICs,) values to
the clinically relevant plasma exposures to determine an in
vitro margin of safety (MOS). In this study, hLiMTs dem-
onstrated increased sensitivity in identifying known hepa-
totoxicants in comparison to the 2D assay, whereas high
specificity (>85-90%) was consistent across both assays
regardless of comparing cytotoxicity ICs, values alone or
exposure-corrected MOS values.*' In particular, hLiMTs
had approximately double the sensitivity to identify known
hepatotoxicants when applying a 25 times MOS threshold
than the 2D primary plated hepatocytes assay (48% vs. 27%,
respectively), while maintaining nearly identical specificity
(93% vs. 95%, respectively).*! This finding was significant
as high assay specificity is an important criterion when sup-
porting drug discovery, where there is a need to minimize de-
prioritizing otherwise good compounds unnecessarily (e.g.,
“throwing the baby out with the bathwater”).

Although there is evidence supporting the utility of
hLiMTs to predict DILIs, significant effort is still needed to
qualify these tools to support drug discovery and develop-
ment. In this retrospective study, hLiMTs failed to identify
roughly 40-60% of known hepatotoxicants depending on the
thresholds applied.41 It is likely that particular mechanisms
that were responsible for the clinical hepatotoxicity observed
for those compounds were not recapitulated by hLiMTs, the
primary human hepatocytes or NPC used, or by the end point
assessed (e.g., cytotoxicity). For example, varying the source
of NPC affected the degree of nanoparticle-induced toxicity

in hLiMTs.*?> Moreover, more comprehensive computational
approaches incorporating population-relevant responses from
hLiMTs may provide further insight into both the predictive
power of hLiMTs for assessing DILIs broadly and for eluci-
dating mechanisms of DILIs observed for a particular com-
pound or drug. This approach was taken by Tsamandouras
et al. in 2017 in the context of assessing population variabil-
ity in metabolism to predict model plasma PKs. In this report,
the authors were successful in recapitulating the observed
clinical concentration-time profiles and the associated pop-
ulation variability of lidocaine by quantitative systems phar-
macology modeling with data from the variable responses
in metabolism observed in perfused 3D hepatic spheroids
generated from multiple different human hepatocyte donor
lots. ¢ Moving forward, continued work assessing additional
end points, patient/population variability in responses, and
computational methods for integrating these data into predic-
tive DILI models are needed. Last, it is important to closely
examine the chemical properties profiled in these retrospec-
tive studies and address any gaps or imbalances related to the
contemporary chemical space. Multiparametric approaches
to assesses DILI risk are becoming more common across the
industry.43

HepaRG spheroids and 2D models in
metabolism and toxicity prediction

Recent advances with free-floating 3D hepatocyte spheroid
screening models have revealed remarkably enhanced cellu-
lar function and differentiation that have begun to translate
into an explosion of applied research.** Hallmarks of func-
tionality in comparison with conventional 2D configurations
reveal drug metabolism enzymatic activities on par with
suspensions of primary human hepatocytes directly isolated
from human liver. Typical gel-based spheroid models or 2D
dynamic flow models increase metabolism, but generally do
not achieve these levels of metabolic competence, suggesting
free-floating spheroids display a unique combination of 3D
architecture and nutrient/waste exchange. In addition, unlike
2D HepaRG cultures that require extremely high concentra-
tions of DMSO (e.g., 2%) and only induce a subset of drug
metabolizing enzymes that preclude their proficiency for
liver enzyme induction,” 3D HepaRG spheroids are mark-
edly inducible by activators of major nuclear receptor path-
ways over and above their physiologically relevant baseline
metabolism.*® Tn combination, these functional characteris-
tics rival zone-2 hepatocyte functionality not achieved with
conventional 2D culture models. Furthermore, compounds
known to require metabolic activation of hepatotoxicity
(e.g., troglitazone, acetaminophen, valproic acid, and cy-
clophosphamide) cause markedly more severe cytotoxicity
in 3D spheroid over 2D configurations following repeated
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exposures.38 Given their highly efficient use of hepatocytes,
compatibility with higher throughput screening, remarkable
balance of baseline and inducible metabolism, and utility for
modeling metabolically activated liver toxicity, 3D HepaRG
spheroids represent an excellent system for routine screening
within a consistent genetic background.

In addition to xenobiotic metabolism, Ramaiahagari
et al.,*’ further evaluated 2D versus 3D HepaRG cultures
using various techniques including high-throughput tran-
scriptomics. Direct lysis and highly multiplexed gene expres-
sion assays enable efficient survey of biological response
“space,” and reveal characteristic responses with DILI
compounds that are consistent with clinical observations
and significantly differ from their conventional 2D culture
counterparts.

There are three major limitations with free-floating
HepaRG spheroid screening models. (1) Exchange of cell
culture medium requires liquid handling to minimize spher-
oid loss and reduce variability, (2) small biomass (i.e., 1000-
2000 cells) optimized to eliminate the formation of necrotic
centers over time that creates challenges for certain assays
(e.g., metabolic clearance, RNA isolations, and lower sensi-
tivity protein secretion assays), and (3) the ability to clearly
image cell morphology using conventional laboratory sys-
tems. For each of these challenges, solutions are available,
and their implementation will depend on the relative require-
ments for various applications.

Micropatterned hepatocyte coculture for drug
metabolism and toxicity study

Liver architecture has been maintained using microfluidic
chips, formation of spheroids, and the bioprinting of 3D tis-
sues, however, there is a tradeoff among complexity, assay-
able end points, and throughput. A micropatterned coculture
(MPCC) system, which allows for the control of the hepato-
cyte homotypic interactions and heterotypic interactions
with stroma cells, was developed to maintain cultures that
would provide improved in vivo predictivity.*® This model
commercialized as HEPATOPAC, consisted of multiple is-
lands of hepatocytes surrounded by stromal cells patterned
in a standard multi-well plate with island size and spacing
controlled. This allowed for maintenance of hepatic function,
including phase I and II drug-metabolizing enzymes, over 4
weeks extending the utility of isolated hepatocytes.

The maintenance of high-level hepatic function over
long durations in the HEPATOPAC system has allowed for
the determination of hepatic clearance and metabolic fate
of compounds whose rate of turnover may not be accurately
predicted in the short duration of standard suspension me-
tabolism assays, typically hours. This system was able
to elucidate accurate metabolic stability, the metabolite
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profile, and route of excretion of faldaprevir, a low turnover
compound with high levels of transporter interaction. The
compound’s fate included uptake transport, metabolism by
P450, and glucuronidation enzymes, as well as excretion
into the biliary system all which could be recapitulated in
the HEPATOPAC model.*’ The advantages of biological
complexity offered in microtissues and spheroids, how-
ever, comes with a limitation in ease of use or throughput.
Utilizing a standard multi-well plate format with imageable
hepatic islands allows for the MPCC to be utilized in au-
tomated and high-content imaging (HCI) systems, incor-
porating multiple end points with quantitation down to the
single cell level. This high assay density and throughput
of HCI methods allow for the elucidation of mechanism as
well as potency of toxic compounds.’® The maintenance
of in vivo like regulation of transcriptional pathways over
long periods of culture was key to generating a repeat dose
toxicity test in HEPATOPAC for determining the DILI po-
tential. Recently, an assay was developed by scientists at
Merck incorporating a 9-day drug exposure and analysis
of transcriptional profiles of the NRFI/NRF2 pathways
to predict DILI potential.’' In rat HEPATOPAC, an 81%
sensitivity and 90% specificity correlating to in vivo tox-
icity was achieved showing the utility of the model and a
transcriptomic signature-based approach. Incorporation of
Kupffer cells for the investigation of immune interactions
and their contribution to toxicity or drug-drug interactions
(DDIs) have shown promise to elucidate behavior of large
molecules, such as therapeutic proteins.52 Meanwhile, lim-
itations of the MPCC system, including relatively lower
cell number than traditional multi-well cultures as well as
the coculture, contains nonhepatic cells call for further op-
timizations. Clearly, choosing appropriately complex mod-
els that recapitulate hepatic architecture while maintaining
usability are key to accurate predictions of in vivo behav-
ior for drug development in an efficient and cost-effective
manner.

3D IN VITRO INTESTINE MODELS

Intestine-chip for drug metabolism and toxicity
evaluation

Through a combination of design and engineering, Organ-
Chips recreate the epithelial-endothelial interface, provide
mechano-actuation to emulate breathing or peristalsis, and
utilize microfluidics to develop shear stress while maintain-
ing nutrient-waste homeostasis. Together, these features
offer an unprecedented insight into biological mechanisms
and have been shown to more accurately recreate in vivo
relevant phenotypes, hence becoming attractive tools to the
pharmaceutical industry and beyond.53
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The intestine is a common site for drug toxicity with gas-
trointestinal adverse effects frequently reported in clinical
trials.> Although not usually life-threatening, these toxici-
ties impact significantly on quality of life and can affect drug
efficacy as well as reduce patient compliance. Improved in
vitro models are required to increase the probability of drug
success in the clinical trial process through earlier identifica-
tion of toxic liability in addition to the development of miti-
gation strategies.

Drug absorption is a major function of the intestine,
especially in the regions of the duodenum and jejunum,
making it susceptible to drug toxicity. Kasendra et al.”
have developed and characterized a duodenum Organ-
Chip model using Emulate’s Human Emulation System.
Briefly, dissociated human duodenum intestinal organoids
were seeded on the top channel of a chip coated with ex-
tracellular matrix. In the lower parallel channel of the chip,
primary human small intestinal microvascular endothelial
cells (siHIMECs) were seeded. The cells were perfused at
30 uL/h and exposed to a 10% cyclic mechanical strain at
a frequency of 0.2 Hz (Figure 3). Such configurations en-
able the multilineage differentiation of epithelial cells into
absorptive enterocytes, goblet cells, enteroendocrine cells,
and Paneth cells at ratios comparable to those found in the
native human intestine. Transcriptomic analysis revealed a
common subset of 305 genes between the Organ-Chips and
human tissue, but not with organoids alone, with overlap-
ping genes associated with drug metabolism, digestion, nu-
trient transport, and detoxification. Gene expression of the
major efflux and uptake transporters as well as the metab-
olizing enzyme CYP3A4 and nuclear hormone receptors
1,25-(OH),-vitamin D5 receptor and pregnane X receptor,
were also more comparable to adult human duodenum.
These data propose that the duodenum Organ-Chip could
be used for prediction of drug-induced toxicity, drug ab-
sorption, and metabolism.™

FIGURE 3 A cross-sectional view
through an Intestinal Organ-Chip that
contains two parallel microfluidic channels.
The upper luminal channel is where
fragmented intestinal organoids are seeded
and the lower vascular channel is where
intestine-specific endothelial cells are
seeded. The grey channels on either side of
the chip enable the vacuum to be applied,
emulating the peristaltic motion of the
intestine

Currently, unpublished data using indomethacin, a com-
mon toxicant of the gastrointestinal tract, were shared during
a recent workshop (https://www.emulatebio.com/intestine-
chip-toxicity-application-note#download). In brief, follow-
ing 3 days treatment with indomethacin (0.5 mM), epithelial
cells appeared stressed, whereas no morphological changes
were observed in the endothelial cells. Accumulation of in-
testinal fatty-acid binding protein, a marker of absorptive
enterocyte viability, was measured in chips exposed to in-
domethacin from day 1 but declined on day 3. This decline
was reflected by a large increase in lactate dehydrogenase,
indicative of cell death. Barrier function, essential for nor-
mal functionality of the gastrointestinal tract, demonstrated
a lower integrity following three days of indomethacin treat-
ment, indicative of cellular injury. Taken together, these data
propose that the intestinal Organ-Chip model is suitable for
assessing potential drug-induced toxicity.

Novel in vitro enteric models for DDIs and
safety evaluation

A novel in vitro enteric experimental system, cryopreserved
human intestinal mucosal epithelium (CHIM), has been de-
veloped for the evaluation of enteric drug metabolism, DDI,
drug toxicity, and pharmacology. CHIM are isolated from the
small intestines of human donors via collagenase digestion
of the intestinal lumens®® followed by gentle homogeniza-
tion to yield 3D, multiple cellular fragments retaining cell
junctions, and multiple cell types as that in vivo. Upon isola-
tion, CHIM are cryopreserved and stored in liquid nitrogen.
After recovery from cryopreservation, CHIM are found to
retain high viability and robust drug-metabolizing enzyme
activity. Drug-metabolizing enzyme activities quantified in
CHIM include P450 isoforms CYP1A1, CYP1A2, CYP2B6,
CYP2CS8, CYP2C9, CYP2C19, CYP2D6, CYP2E1, CYP2J2,
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and CYP3A4, with CYP2AG6 as the only isoform with neg-
ligible activity. Non-P450 activities expressed in CHIM in-
clude UGT, SULT, FMO, MAO, NATI, NAT2, and AO.
Inter-regional and interindividual evaluation of enteric drug
metabolism have been evaluated with CHIM, with the proxi-
mal jejunum in general exhibiting higher drug metabolizing
enzyme activities than those in duodenum and ileum, and
with significant interindividual variations, especially for the
inducible P450 isoforms.’”® CHIM is found to be a useful
experimental model for the evaluation of first-pass intesti-
nal metabolism of orally administered drugs for the estima-
tion of the fraction escaping gut metabolism, especially for
moderately and rapidly metabolized drugs.59 CHIM has been
applied toward the evaluation of DDI potential of commer-
cial formulations of herbal supplements, identifying green
tea extract, St. John’s wort, valerian root, horehound, and
grapefruit juice as having potent CYP3A inhibition/induction
potentials, and suggesting potential for herb-drug interaction
with orally administered drugs that are CYP3A substrates.®’
CHIM as an experimental tool for the evaluation of intesti-
nal drug toxicity is illustrated by dose-dependent cytotoxicity
of the nonsteroidal anti-inflammatory drugs acetaminophen
and naproxen, with naproxen exhibiting a higher enterotox-
icity than acetaminophen as in humans in vivo.”® The robust
drug-metabolizing enzyme activity is a major advantage of
CHIM over crypt cell/stem cell-derived and cell line-based in
vitro enteric models.®! The overall results suggest that CHIM
represents a convenient and effective 3D in vitro experimen-
tal model, which, together with results obtained with other
metabolically competent enteric models, including human
intestinal slices,%%3 cryopreserved human enterocytes64 and
permeabilized, cofactor-supplemented (MetMax) cryopre-
served human entelrocytes65 can be used for the assessment of
human enteric drug properties, including drug metabolism,
DDIs, and drug toxicity. Future developments with CHIM
include the establishment of experimental approaches for the
evaluation of transporter-mediated efflux and uptake, which
are mainly evaluated with cell lines, such as Caco?2 cells that
are deficient in drug metabolizing enzyme activities.®

Patient-derived 3D intestine model for
drug evaluation

Patient-derived intestinal organoid technologies provide a
novel platform to investigate drug treatment of enteric dis-
eases including cystic fibrosis, immunological disease, and
cancers. Specifically, these cultures have been implemented
to investigate mechanistic alterations in cells contributing
to these disease states and as screening tools for potential
therapies. The ability to expand patient-derived intestinal
organoids in vitro long-term allows for advanced laboratory-
based disease modeling and treatment screening.

ASCPT

Cystic fibrosis (CF) has been modeled using intestinal
organoids isolated from rectal biopsies of patients with CF.
CF is caused by mutations in the cystic fibrosis transmem-
brane conductance regulator (CFTR) gene, which mediates
fluid and electrolyte homeostasis. Activation of CFTR results
in the rapid swelling of organoids generated from a healthy
rectum, colon, ileum, or duodenum tissue, whereas rectal
organoids derived from patients with CF show diminished
response to treatment with the CFTR activator forskolin.®’
These healthy and diseased organoids have been utilized to
predict which drugs will be most effective in patients with
various mutations in the CFTR gene and as an alternative tool
to measure functional drug levels in blood versus standard
PK monitoring. In an encouraging application of organoid
technology paired with gene therapy, CRISPR/Cas9 gene
editing has been used to correct a CFTR gene mutation in
small intestinal and colorectal organoids isolated from two
patients with CF. Using the above-described swelling assay,

1.9 demonstrated that the corrected allele was

Schwank et a
fully functional.

High-throughput screening (HTS) assays using cancer-
derived cell lines have been used to derive correlations
between drug sensitivity and the genetic and mutational
background of the source tumor. However, immortalized
cell lines often do not faithfully recapitulate human tumor
histology and gene expression, and the generation of these
cell lines is costly and inefficient. Organoid cultures gen-
erated from patient-derived gastrointestinal tissue may
provide a platform to improve patient-specific treatment
strategies. The study by van der Wetering et al. success-
fully isolated organoids from cancerous colorectal tissue
alongside healthy tissue in 2015. These isolated organoids
were utilized in an HTS assay to assess their sensitivity to a
range of antineoplastic dlrugs.69 Later, Sato and colleagues
established a bank of organoids from 55 colorectal tumors
representing a range of histological subtypes. Importantly,
the organoids isolated from colorectal tumors maintained
the histological and genetic tumor characteristics native to
the source tissue.””

Patient-derived intestinal organoids are also being op-
timized as HTS tools. In 2016, Velasco and colleagues de-
veloped an automated 384-well platform, which subjected
organoids isolated from tissue samples from patients with
colorectal cancer to treatment with various drugs and the sys-
tem was validated for robustness and reproducibility.”’ This
technology provides a platform, which provides increased
physiological relevance than existing 2D cultures without
sacrificing screening throughput. These cultures provide a
useful tool to investigate the underlying correlation between
tumor genetics and drug response as well as performing ex
vivo drug testing on cultured tumor tissue from individual
patients, another key step toward precision treatment of gas-
trointestinal cancers.
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Regulation of gut epithelia renewal and barrier
function in intestinal organoids

The mammalian intestinal epithelium constantly self-renews
throughout adult life and acts as a physical barrier between
the luminal microbiota and the body. Nonetheless, disrupted
integrity of the intestinal epithelium occurs commonly in crit-
ically ill patients, leading to the translocation of luminal bac-
teria to the bloodstream and, in some instances, resulting in
multiple organ dysfunction syndrome and death.’*”® Primary
cultured intestinal organoids are an excellent ex vivo model
for studying gut epithelium homeostasis and have provided
an enormous stimulus to the fields of gut mucosal biology
and pharmacology. The following studies, using intestinal
organoids as a model, advance our knowledge about the roles
of long noncoding RNAs (IncRNAs) and RNA-binding pro-
teins (RBPs) in the regulation of intestinal epithelial renewal
and barrier function.

LncRNAs are defined as transcripts spanning greater than
200 nucleotides in length, capable of regulating a variety of
cellular processes.”® Uc.173 is a member of the novel class of
IncRNAs transcribed from genomic ultraconserved regions.
Results obtained from studies conducted in cultured intesti-
nal epithelial cells (IECs), in ex vivo-prepared organoids, and
in animals revealed that uc.173 is essential for normal epithe-
lial renewal in the small intestine.”* An intestinal organoid
could be initiated from a single proliferating cell, but by 3
or 4 days after culture, the structures of organoids consist of
multiple cells and buds in both control and uc./73-transfected
organoids. Strikingly, however, ectopic expression of uc.173
activates DNA synthesis in multiple cells markedly, and aug-
ments the surface area of intestinal organoids. The numbers
of cells per organoid also increase after uc./73 overexpres-
sion. In contrast, uc.173 silencing inhibits the growth of
intestinal organoids and disrupts the epithelial barrier func-
tion.” These results indicate that uc./73 is a critical regulator
of the gut epithelium homeostasis and its induction enhances
epithelial renewal and barrier function.

Many RBPs associate with specific subsets of mRNAs
and control gene expression in response to pathophysiolog-
ical stresses. HuR is among the most prominent sequence-
specific translation and turnover regulatory RBPs. Recently,
HuR was found to regulate gut epithelium defense and bar-
rier function by altering Paneth cell (lysozyme-positive cell)
function.”® Loss of HuR in mice leads to lysozyme granule
abnormalities in Paneth cells and it also results in gut bar-
rier dysfunction and autophagy inactivation. Paneth cells in
the organoids isolated from control mice are highly enriched,
but they decrease dramatically and are almost undetectable
in the organoids generated from HuR ™~ mice. HuR deletion
also inhibits growth of the intestinal organoids. HuR ™~ mice
do not have the apical distribution of Toll-like receptor 2
in the intestinal mucosal tissues and organoids as observed

in control mice. Together with results from cultured IECs,
these findings strongly suggest that both specific LncRNAs
and RBPs contribute to gut barrier dysfunction in intestinal
pathologies.

3D IN VITRO KIDNEY MODELS

Kidney organoids and MPS for disease
modeling and HTS

Kidneys maintain the precise balance of solutes in the blood
and eliminate toxins through the urine. Kidney tissue is com-
plex, and its fundamental subunit—the nephron—cannot
undergo epimorphic regeneration. Nephron loss leads to
kidney disease, affecting up to 10% of the world’s popula-
tion. Therapy is largely limited to dialysis or transplantation,
which have substantial limitations and side effects.

Several years ago, the first techniques were innovated to
differentiate human pluripotent stem cells into the kidney
lineage, culminating in kidney organoids, complex structures
that resemble primitive nephron arrays. The hallmark of
kidney organoids is formation of distal tubules, proximal tu-
bules, and podocytes (filtering cells) in contiguous segments
along a distal-to-proximal axis.”’ In total, organoids contain
~16 cell types, by single cell RNA sequencing.78

Kidney organoids can be readily applied to understand
pathophysiology and discover candidate therapeutics. A
major advantage is that these organoids are of human origin,
whereas mouse models may not replicate human disease or
its treatment. Moreover, organoids are higher-throughput and
less expensive compared with animals. An impressive exam-
ple is polycystic kidney disease, in which tiny tubules swell
to form balloon-like sacs of fluid (cysts). Kidney organoids
with knockout mutations in the PKDI or PKD?2 disease genes
form large cysts, which are not observed in isogenic controls
and resemble human cysts ph<3n0typic2111y.79’80 Organoids
can also model glomerulosclerosis and even coronavirus
infection.””*®!

To facilitate drug discovery, organoid differentiation has
been adapted for 96- and 384-well plate formats amenable
to HTS using liquid handling robots (Figure 42).”® A dose-
dependent pilot screen of eight microenvironment-related
factors identified an inhibitor of myosin II as a positive mod-
ulator of kidney cystogenesis.78 As myosin was not previ-
ously implicated in this disease, this finding suggests new
mechanisms and therapeutic approaches.

Approximately 10% of drugs fail because of kidney toxic-
ities, and this occurs disproportionately in phase III clinical
trials. Existing platforms based on primary or immortalized
cells in vitro frequently fail to accurately predict nephrotox-
icity in vivo. Kidney organoids are sensitive to nephrotoxic
chemicals, and can express the biomarker, kidney injury
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molecule-1.”" A current challenge is to optimize organoid
nephrotoxicity assays for HTS to test whether organoids are
predictive of toxicity in the clinic.

It remains critical to establish the relevance of organoids
for drug safety assessments for regulatory bodies, such as
the FDA. Likewise, studies of drug metabolism and PKs in
organoids would be valuable for understanding their predic-
tive value. There is still ample room to improve this technol-
ogy. Batch-to-batch and well-to-well variability can creep in
during the weeks required to differentiate these structures,
raising challenges for reproducibility.78 Organoids remain
less mature than bona fide tissues, contain non-kidney con-
taminants, and lack integrated vasculature, rendering them
unsuitable for transplantation.82 Although organoids have
an impressive degree of organization and cell type diver-
sity, there is no filtration through the podocytes or perfu-
sion through the tubules of these structures. These remain
significant limitations for modeling physiological functional
metrics of the kidneys, such as urine output or glomerular
filtration rate.

Kidney MPS present a complementary technology to or-
ganoid cultures, which addresses some of these limitations.
Typically, these MPS consist of bioengineered cylindrical
molds that can be seeded with kidney tubular cells, enabling
microfluidic perfusion of the resultant tubules via input and
output ports. This system is lower throughput, compared to
organoids, but incorporates flow through the tubule. As with
organoids, treatments or compounds can be added to kidney
MPS to study transport processes and features of disease.
For example, human serum albumin in a guanidinylated
state, found in patients with chronic kidney disease, shows
reduced capacity to promote indoxyl sulfate clearance (se-
cretion) via OAT1-overexpressing cells in a kidney MPS,
compared to unmodified albumin.*® Kidney MPS can also be
coupled to other MPS in a fluidic series to produce system-
wide insights into disease processes. For instance, coupling
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of a liver-on-a-chip MPS to a kidney-on-a-chip MPS enables
reconstitution and elucidation of aristolochic acid bioactiva-
tion, transport, and nephrotoxicity in vitro. 3

Kidney MPS are typically seeded with primary cells har-
vested from fresh kidney tissue, which retain differentiated
characteristics for a few passages in culture. Such cells are of
limited availability, and their features can vary substantially
from one patient to the next. As primary kidney cells are not
immortal, they are less suitable for genome editing, com-
pared to pluripotent stem cells. Currently, these challenges
surrounding cell sourcing are a substantial impediment to the
application of MPS for kidney disease modeling. The absence
of podocytes in kidney MPS also limits the field’s ability to
study the filtration mechanisms of the kidney glomerulus.

For kidney disease modeling, the relative advantages and
disadvantages of MPS versus organoids are largely complemen-
tary. Either of these systems can be productive, depending on
the question at hand. There is also potential for organoids and
MPS to be combined into “organoid on a chip” systems with
the benefits of both technologies. Despite limitations, human
organoids and MPS have emerged as go-to models for the kid-
neys, with vast potential for new disease models and complex
architectures that inch ever closer to the real thing.

Human kidney MPS to generate
data for physiologically-based
pharmacokinetic modeling

Prediction of renal clearance of drugs that are subject to ac-
tive transport in the kidneys is challenging, and, at present, no
reliable system for in vitro to in vivo quantitative predictions
of renal clearance have been established. Although trans-
porter expression in proximal tubule cells has been quanti-
fied and transporter quantification can be done by liquid
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FIGURE 4 Kidney microphysiological systems. (a) Kidney organoids in a 384-well plate generated with liquid handling robots, with

immunofluorescence co-localization of nephron segment markers. (b) Kidney on a chip device. Blue channel is seeded with primary proximal

tubular epithelial cells and includes luminal perfusion. Pink channel is seeded with human umbilical vein endothelial cells and perfused with the

drug to reflect basolateral transport
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can vary between in vitro systems with culture time and con-
ditions and the localization of the transporters within the cells
can be challenging to determine.’”*® The lack of quantita-
tive knowledge of uptake and efflux transporter expression
in the proximal tubular cells in vivo and lack of quantitative
knowledge of contribution of individual uptake and efflux
transporters makes scaling of transport clearance from in
vitro to in vivo challenging. Similarly, whereas Caco-2 and
MDCK cells can be used to elucidate the passive permeabil-
ity of drugs, these cell systems may not reflect the perme-
ability of human proximal tubule or the extent of microvilli
in the proximal tubule cells. Many 2D culture systems that
model proximal tubular cells, including primary cells, lack
transporter expression and localization and therefore are not
useful for predicting renal secretion clearance. Recently,
MPS of proximal tubule (proximal tubule on a chip) have
been developed to enable characterization of renal secretory
clearance in the kidney,gg’90 although these systems still have
challenges with potential flow limitations in drug transport
and lack of fully physiological arrangement of the kidneys,
including filtration, tubular reabsorption, and active trans-
port. For some applications, the low cell numbers used can
also be a challenge. However, MPS that include tubular flow,
facilitate appropriate transporter localization and activity. As
such, an MPS with a known content of primary proximal tu-
bular cells can be used to determine the passive permeability
clearance and active transport (secretion) clearance of drugs
in a dynamic system. The transporters contributing to the
renal clearance of the drug of interest can generally be identi-
fied via the use of transporter inhibitors and by measuring
the impact of inhibitors on substrate secretion, although these
experiments can be challenging due to the lack of specific
probes and inhibitors of renal transporters. In essence, the
kidney tubule MPS can be used to define the tubular secretion
and permeability clearances at individual tubule scale. These
clearances can then be scaled to the whole kidney via the
knowledge of the number of proximal tubular cells in vitro
and in vivo. However, such scaling alone is not sufficient
to predict overall renal clearance as it does not incorporate
glomerular filtration and passive reabsorption that occur in
the kidneys. Notably, the secretion and passive permeability
data defined in the chip system can be incorporated together
with plasma protein binding information into a physiologi-
cally based mechanistic model of the human kidneys.91 Such
combination of in vitro data generated using the MPS and
physiologically-based pharmacokinetic (PBPK) modeling
provides a cutting edge powerful tool to predict renal clear-
ance of drugs and metabolites and DDIs that may involve
renal transporters. In addition, once the in vitro data are gen-
erated, PBPK modeling can be further used to predict how
renal clearance of the drug of interest declines in renal im-
pairment or with progression of chronic kidney disease.”
Taken together the combination of the proximal tubule on a

chip system with PBPK modeling (Figure 4b) provides great
promise to predict renal clearance, that offers hope to bring
renal clearance predictions to par with predictions of meta-
bolic, hepatic clearance.

OTHER 3D MODELS FOR DRUG
EVALUATION

Neuronal multi-organ-on-chip model for
disease and risk assessment

One of the primary limitations in drug discovery and toxicol-
ogy research is the lack of reliable model systems between
the single cell level and up to in vivo animal or human sys-
tems. This is especially true for neurodegenerative diseases,
such as amyotrophic lateral sclerosis (ALS) and Alzheimer’s
disease (AD) as well as many rare diseases. In addition, with
the banning of animals for toxicology testing in many indus-
tries, body-on-a-chip systems could be used to replace ani-
mals with human mimics for product development and safety
testing as well as augment their use in preclinical drug dis-
covery. One specific research focus is on the establishment of
functional in vitro systems to address this deficit by creating
organs and subsystems to model motor control, muscle func-
tion, myelination, and cognitive function, as well as cardiac
and liver subsystems. The idea is to integrate microsystems
fabrication technology and surface modifications with pro-
tein and cellular components, for initiating and maintaining
self-assembly and growth into biologically, mechanically,
and electronically interactive functional multicomponent
systems.% A specific embodiment of this technology is
the creation of a functional human neuromuscular junction
(NMJ) system to understand ALS (Figure 5). The primary
mutations found in patients with ALS included SOD1, FUS,
TDP43, and C9ORF72. Guo et al.** recently published a
functional evaluation for SOD1 and FUS where deficits were
reversed by a therapeutic treatment. The ALS-MNs repro-
duced pathological phenotypes, including increased axonal
varicosities, reduced axonal branching and elongation, and
increased excitability. These MNs form functional NMJs
with wild type muscle, but with significant deficits in NMJ
quantity, fidelity, and fatigue index. Furthermore, treatment
with the Deanna protocol was found to correct the NMJ defi-
cits in all the ALS mutant lines tested. Quantitative analy-
sis also revealed the variations inherent in each mutant line.
This functional NMJ system now provides a platform for the
study of both fALS and sALS and has the capability of being
adapted into subtype-specific or patient-specific models for
ALS etiological investigation and patient stratification for
drug testing.

To study AD, a functional in vitro assay based on long-
term potentiation (LTP-correlated to learning and memory)
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was used to demonstrate that exposure to amyloid beta (A,,)
and tau oligomers led to prominent changes in human in-
duced pluripotent stem cells-derived cortical neurons, nota-
bly, without cell death. Impaired information processing was
demonstrated by treatment of neuron-microelectrode array
systems with the oligomers by reducing the effects of LTP
induction. These data confirm the neurotoxicity of molecules
linked to AD pathology in a functional model and indicate
the utility of this human-based system to model aspects of
AD in vitro and study LTP deficits without loss of viabil-
ity; a phenotype that more closely models the preclinical or
early stage of AD.”> A model has also shown PK/pharmaco-
dynamic (PD) models of an in vitro human heart/liver sys-
tem can be used to predict in vivo outcomes.”® In addition, a
multi-organ innate immune system-on-a-chip indicated that
this platform can be extended to evaluate circulating mono-
cytes that reproduce responses for both restorative (M2) and
inflammatory (M1) phenotypes.97

Patient-derived 3D organoids for tumor
growth and drug response

The complexity of human tumors underscores the need for
relevant ex vivo models for drug discovery and drug efficacy
studies. Despite therapeutic advancements made from can-
cer drug screening using 2D monolayer cell cultures, there

ALS patient

FIGURE 5 A functional

ASCPT

remains questions as to whether traditional cancer models
and measures of cellular toxicity accurately capture hetero-
geneous patient responses to drugs. Developing models that
can more closely mimic the cellular and microenvironmental
heterogeneity of tumors will assist in translating preclinical
findings to clinical efficacy. The development and applica-
tion of 3D models in the cancer field has significantly in-
creased over the last few years to help fill this void. Initial
evaluations have already begun to show promise in signifi-
cantly improving the drug discovery pipeline.

The patient-derived tumor organoid (PDTO) model has
gained significant traction as a valuable biomimetic model
in cancer research.”® PDTOs are 3D multicellular, self-
assembling structures that have been shown to recapitulate
the molecular and phenotypic heterogeneity of the patient tis-
sue they were derived from. Moreover, PDTOs are amenable
to expansion and biobanking making this an attractive and
scalable model for drug screening. Several prominent stud-
ies have shown PDTOs are able to predict patient drug re-
sponse.99’100 These studies are paving the way for the use of
PDTOs as a precision medicine tool.

Despite the excitement and promise surrounding the
PDTO model, it is not without limitations. Traditional PDTO
culture methods often select for epithelial cells, with mini-
mal remnants of stromal cells observed after several passages
in culture. It is appreciated that cell-cell crosstalk between
epithelial cancer cells and cells in the microenvironment
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can significantly impact tumor growth and drug response.
Therefore, certain drug classes may not be relevant to test in
the traditional organoid model based on the incomplete mi-
croenvironment. However, new methods are being developed,
such as the air-liquid interface system, to support stromal cell
diversity, including immune, fibroblast, and endothelial cells,
in organoid cultures.

Another important consideration for drug screening is
intra- and interpatient organoid variability, including size
differences, cellular heterogeneities, and temporal response
dynamics. Although a majority of PDTO drug testing is per-
formed using biochemical ATP assays as a readout for via-
bility, sophisticated imaging-based approaches are emerging
to detangle the aforementioned complexities that influence
drug response. Confocal live cell imaging coupled with data
analysis techniques can capture a vast array of parameters
that can be used to determine cell behavior and drug efficacy
in PDTOs. For example, we have shown the ability to dis-
tinguish between cytotoxic and cytostatic drug effects using
high content PDTO imaging.m1

The aspiration for 3D cancer models, as well as for other
disease models, is to predict clinical response; serving as a
better drug screening model to improve the translatability
of compounds during preclinical drug testing. Although this
promise is beginning to become a reality, important work re-
mains to improve standardization, reproducibility, and broad
adoption by the cancer community.

REGULATORY CONSIDERATION OF
3D CULTURE MODELS

The FDA has been involved in the development of in vitro
MPS since 2010 when the FDA and National Institutes of
Health (NIH) awarded grant support to the Wyss Institute for
Biologically Inspired Engineering to develop a heart-lung
micromachine. The goal of the Common Fund Program is to
accelerate the development and use of new tools, standards,
and approaches to efficiently develop medical products and
to more effectively evaluate medical product safety, efficacy,
and quality. A major focus of the program became the devel-
opment of cutting edge MPS.

In 2011, DARPA approached the FDA Office of the Chief
Scientist for the collaboration of development of a human
body on a chip for medical countermeasures. DARPA in-
volved the FDA from the beginning of this MPS program
to help ensure that regulatory challenges of reviewing drug
safety and efficacy were considered during development
of the MPS platform. DARPA had also coordinated efforts
with the NIH, which was conducting separate but parallel re-
search. This program ended in 2017.

In 2017, the FDA launched its Predictive Toxicology
Roadmap, which highlighted the FDA’s goal of reducing

the use of animal testing. The report discussed strategies for
using 21st-century science to foster the development and
evaluation of emerging toxicological methods as well as new
technologies and to incorporate them into the FDA regulatory
review. The roadmap emphasized that the end users of new
technology, namely the FDA regulators, should be involved
up front as these technologies evolve for them to be effective.
The FDA subsequently recognized that it needed to create a
platform available to stakeholders and the public that would
inform them of the FDA’s progress in promoting the develop-
ment and implementation of alternative test methods. To that
end, the FDA established an Alternative Methods Working
Group, which is developing a targeted strategy for moving
toward the use of alternative methods for regulatory testing.

Since the successful completion of the FDA DARPA
NCATS MPS program, the FDA has continued its engagement
in chip technology in a myriad of ways. Chips from several
academic and commercial vendors have been deployed in the
FDA research laboratories and the FDA MPS researchers meet
monthly to discuss the advances in this rapidly evolving technol-
ogy space. The goal is to eventually help regulators formulate
expectations for regulator performance criteria. This hands-on
experience with developing technology, such as described above
related to a liver-on-chip model for toxicity and PK evaluation,
is a critical component of the FDA’s strategy to understand how
eventually MPS data may move into regulatory decisions.

The FDA has also drafted a definition for MPS and for or-
gans on a chip; and is requesting comments through its email
address at alternatives @fda.hhs.gov.

The Microphysiological System is an in vitro platform
composed of cells, explants derived from tissues/organs,
and/or organoid cell formations of human or animal origin
in a micro-environment that provides and supports bio-
chemical/electrical/mechanical responses to model a set
of specific properties that define organ or tissue function.
Organ-on-a-chip is a miniaturized physiological environ-
ment engineered to yield and/or analyze functional tissue
units capable of modeling specified/targeted organ-level
responses.

The FDA is working to advance MPS and other alterna-
tive technologies that may help better predict the safety and
efficacy of the products it oversees. The FDA reminds its
stakeholders that change takes time, but it will happen if we
all work together toward progress to developing MPS for reg-
ulatory use (Figure 6).

Nonclinical safety evaluation

Several topics need to be considered when thinking about
how 3D culture models may be incorporated into regulatory


mailto:alternatives@fda.hhs.gov

3D CELL CULTURES IN DRUG SAFETY/PK EVALUATION

uses related to nonclinical safety evaluation of human phar-
maceuticals. The regulatory framework for human pharma-
ceuticals is inherently flexible and allows for the submission
of a wide range of study types. For example, the section of
the Code of Federal Regulations describing the regulations
governing Investigational New Drug Applications states
that the pharmacology and toxicology information in an ap-
plication should include “Adequate information about phar-
macological and toxicological studies of the drug involving
laboratory animals or in vitro, on the basis of which the spon-
sor has concluded that it is reasonably safe to conduct the
proposed clinical investigations.” Regulations for New Drug
Applications have similar wording. Indeed, pivotal informa-
tion related to drug safety evaluation is currently collected
from in vitro systems, such as some genotoxicity studies,
safety pharmacology studies, and special toxicity studies of
effects, such as ocular and skin irritation.

The Agency publishes guidance documents that in-
terpret regulations and provide recommendations to in-
dustry on the types of nonclinical information needed to
support development of human pharmaceuticals. Some of
these guidances are developed through the International
Council for Harmonization of Technical Requirements for

Pharmaceuticals for Human Use (ICH) and others are devel-
oped solely by the FDA. These guidances are also flexible
and allow for the use of alternative approaches. The FDA
encourages sponsors to consult with review divisions when
considering a nonanimal testing method believed to be suit-
able, adequate, and feasible. The FDA will consider whether
the alternative method is adequate to meet the nonclinical
regulatory need.

Some guidances explicitly include alternative approaches.
For example, the ICH S3A guidance on toxicokinetics has a
question-and-answer document that describes the use of mi-
crosampling techniques that can reduce the number of animals
used in toxicity studies and minimize pain and distress in ani-
mals that are used. ICH S5(R3) on Detection of Reproductive
and Developmental Toxicity for Human Pharmaceuticals has
extensive language describing potential scenarios in which
alternative approaches to assessing malformations and em-
bryofetal lethality might be used and on the basic principles
that would assist in the development and qualification of such
alternative approaches. ICH S10 on Photosafety Evaluation
of Pharmaceuticals includes discussion of in chemico photo-
reactivity assays and in vitro phototoxicity assays. Even guid-
ances that do not describe particular alternative approaches
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Is this 3D cell culture platform fit-for-purpose?
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usually include language allowing the potential use of such
assays when adequate and appropriate.

The FDA'’s experience with complex in vitro systems and
3D culture models in regulatory submissions is relatively
limited to date. Of those submitted, many addresses potential
pharmacologic activity and for the most part have not played
a pivotal role in safety decisions. For example, pharmacology
studies using in vitro studies have been submitted with organ-
oids based on bronchial epithelium, intestinal cells (including
from patients with disease), and retinal cells.

To move 3D culture models toward regulatory use, sev-
eral questions need to be addressed. The Agency is inter-
ested in knowing whether a new approach can provide data
that can be used to answer fundamental drug development
questions, such as “what are potential human target organs,”
“what dose can be safely administered to humans,” and
“what biomarkers should be monitored in humans?” These
types of questions should help define the context of use of
the approach, which must be clearly described. The assess-
ment of a new approach methodology must include consid-
ering whether the assay is stable and reproducible, whether
end points are predictive of in vivo effects and translatable
to humans, whether appropriate test compounds have been
assessed, whether the applicability domain of the approach
has been adequately determined, and what the performance
of the approach is (i.e., accuracy, sensitivity, specificity,
etc.)

The FDA notes that the use of many 3D culture models
early in drug discovery may provide unique opportunities
outside the regulatory jurisdiction of the Agency. Although
no formal validation is required before a New Approach
Methodology (NAM) is submitted in a drug application and
the Agency will review such information, the FDA encour-
ages sponsors to discuss the potential use of NAMs with the
Agency when moving into the regulatory space.

Evaluation of ADME and PK-PD relationship

As described earlier, applied research is being developed
in CDER," using a commercially available liver MPS for
studying reliability and robustness of its use in PK appli-
cations. The potential utility of MPS in the evaluation of
ADME and PK-PD relationship of new drug products has
been reviewed.'"® The authors indicated that MPS systems
can enhance the understanding of physiology, pathology, and
pharmacology (Figure 7) and described specific applications
of the MPS systems in the areas of biomarker development;
demonstrating proof-of-concept, elucidating the mechanism
of drug toxicity, and characterizing the complex physiologic
changes that occur in disease states that can provide the nec-
essary information to advance the role of quantitative clinical
pharmacology models in drug development.102

As model-informed drug development (MIDD) was for-
mally recognized in Prescription Drug User Fee Act (PDUFA)
VI, it is increasingly acknowledged as a critical component
of drug development and regulatory review.'” PBPK is one
critical MIDD approach that has been applied in the evalu-
ation of how various intrinsic (age, sex, genetics, race, and
comorbidity) and extrinsic factors (concomitant medications)
can affect the PK, PD, and thereby drug response. One fre-
quent application of PBPK is in the prediction of DDIs.'*
As pointed out in this paper that reviewed PBPK applica-
tions submitted to the US FDA between 2018 and 2019, one
of the deficiencies in the PBPK models not being accepted
by the Agency was “the elimination or disposition pathways
of the probe substrate model were not well characterized.”
Appropriate applications of MPS systems could potentially
fill the data void and contribute to the understanding of the
ADME of new drug products. As stated in the section above
related to 3D kidney models, the combination of critically
needed in vitro data generated using MPS and the careful use
of PBPK modeling provides an essential tool to predict clear-
ance of drugs and metabolites and DDIs.

When MPS is used for clinical pharmacology evalua-
tions related to regulatory decision making, it is important to
clearly state the question of interest, define the context of use,
and discuss the validity of the assay (e.g., sensitivity, speci-
ficity, and reproducibility). It is critical to make sure that the
MPS used is fit-for-purpose (Figure 6).

CONCLUSION

In order to enhance drug development, regulatory review, and
to inform the safe and optimal use of medications, contin-
ued development and use of novel technologies are needed.
MPS can play a pivotal role in advancing development of
innovative new medicines by incorporating state-of-the-art
preclinical models with regulatory science and clinical phar-
macology principles, and to promote therapeutic optimiza-
tion and individualization through best practices. It is evident
now that novel 3D cell culture models hold great potential
in assessing drug safety and efficacy, as well as modeling
various disease conditions. Significant progress has been
achieved in the development of various MPS. However,
each of these models presents inherent advantages and limi-
tations that call for further model improvement and careful
data interpretation. Continual public-private partnerships are
critical to advance research in this field and to promote the
application of these new technologies in drug development
and regulatory review.
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FIGURE 7 The scientific background
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innovative scientific tools that allow
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