
Pluripotent Stem-Cell Platforms for Drug Discovery

Kevin G. Chen1,*, Barbara S. Mallon1, Kyeyoon Park1, Pamela G. Robey2, Ronald D.G. 
McKay3, Michael M. Gottesman4, and Wei Zheng5

1NIH Stem Cell Characterization Facility, National Institute of Neurological Disorders and Stroke, 
National Institutes of Health, Bethesda, MD, 20892, USA

2Skeletal Biology Section, National Institute of Dental and Craniofacial Research, National 
Institutes of Health, Bethesda, MD, 20892, USA

3The Lieber Institute for Brain Development, Baltimore, MD, 21205, USA

4The Laboratory of Cell Biology, Center for Cancer Research, National Cancer Institute, National 
Institutes of Health, Bethesda, MD, 20892, USA

5National Center for Advancing Translational Sciences, National Institutes of Health, Rockville, 
MD 20850, USA

Abstract

Use of human pluripotent stem cells (hPSCs) and their differentiated derivatives have led to recent 

proof-of-principle drug discoveries, defining a pathway to the implementation of hPSC-based drug 

discovery (hPDD). Current hPDD strategies, however, have inevitable conceptual biases and 

technological limitations, including the dimensionality of cell-culture methods, cell maturity and 

functionality, experimental variability, and data reproducibility. In this review, we dissect 

representative hPDD systems via analysis of hPSC-based 2D-monolayers, 3D culture, and 

organoids. We discuss mechanisms of drug discovery and drug repurposing, and roles of 

membrane drug transporters in tissue maturation and hPDD using the example of drugs that target 

various mutations of CFTR, the cystic fibrosis transmembrane conductance regulator gene, in 

patients with cystic fibrosis.

Keywords

Pluripotent stem cells; differentiation; organoids; drug discovery; cystic fibrosis; ATP-binding 
Cassette; CFTR

*Correspondence: Kevin G. Chen, M.D., Ph.D, 9000 Rockville Pike, Building 10, Room 3B14, Bethesda, MD, 20892 USA, 
Telephone: (301) 402-8118, Fax: (301) 480-1022, cheng@mail.nih.gov. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Trends Mol Med. Author manuscript; available in PMC 2019 September 01.

Published in final edited form as:
Trends Mol Med. 2018 September ; 24(9): 805–820. doi:10.1016/j.molmed.2018.06.009.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Human Pluripotent Stem Cells and Drug Discovery Endeavors

Human pluripotent stem cells (hPSCs) are cells that possess the capacity to self-renew and to 

differentiate into all cell types of the adult body, which collectively include human 

embryonic stem cells (hESCs) and induced pluripotent stem cells (hiPSCs) [1–3]. The 

concept of hPSC-based drug discovery (hPDD) emerged soon after the first successful 

culture of hESC lines in vitro in 1998 [3]. Encouragingly, this hPDD strategy has been 

further emphasized and actively implemented since the establishment of iPSCs by 

genetically reprogramming adult mouse fibroblasts (in 2006) and human somatic cells (in 

2007) to an embryonic stem cell-like state [1, 2, 4] (Figure 1).

Although hPDD was widely used for drug discovery between the years 2000 and 2011, 

substantial experimental variability and reproducibility were encountered, hindering its 

application. Notable hPDD challenges have been: (i) choice of appropriate hPSC cultures 

and differentiation platforms due to a lack of understanding of the advantages and 

limitations of these platforms in hPDD (Figures 2 and 3) [5, 6], (2) heterogeneity and 

genomic instability arising from hPSC culture and differentiation [7–10], (3) that disease 

models established from hPSCs do not fully recapitulate diseases [11–13], and (4) problems 

with drug-screening designs (e.g., molecular target-based drug screens, a cutting-edge 

approach, have actually led to fewer approved drugs than original phenotypic screens in a 

recent evaluation [14]). As a result, no significant drug discoveries were made through 

hPDD in that period (Figure 1, Supplemental Table 1). Since 2012, understanding of hPSCs 

has increased, allowing efficient hPSC expansion, maintenance, and differentiation [5]. We 

predict that hPSC-derived systems will be routinely used to accurately model diseases and 

for effective evaluation of drug efficacy (Figure 1).

In this review, we do not intend to provide a comprehensive review of hPDD, as other 

similar reviews have already been published (Supplemental Table 1). Instead, we will 

discuss the heterogeneity and reproducibility of hPSCs and their differentiation platforms 

related to hPDD; roles of morphogenesis, organogenesis, and tissue integration; maturity 

and functionality of differentiated cells in multi-dimensional (e.g., 3D or 4D) cultures; and 

key factors affecting hPDD (e.g., the roles of membrane transporters in drug discovery). 

Lastly, we use the example of hPDD for cystic fibrosis (CF) to provide the molecular 

mechanism and resonate for the utility of hPDD in drug development.

Heterogeneity and Reproducibility of hPDD Studies

Role of 2D-monolayer Culture in Controlling hPSC Heterogeneity

Current technologies used for hPDD depend on various hPSC culture and differentiation 

platforms (e.g., colonies, 2D-monolayers, suspension, 3D-culture-based organoids) [5]. 

Experimental results obtained from in vitro hPSC culture and differentiation platforms are 

highly variable due to the existence of several pluripotent states (e.g., naive and primed) 

[15–17], and the use of heterogeneously differentiated and functionally immature cells. 

Thus, heterogeneity both in pluripotency and differentiation is one of the leading causes of 

experimental variability, reproducibility, and reliability. In fact, many uncontrollable 

variables in hPSC culture systems stem from an insufficient understanding of optimal 
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growth conditions to support physiologically relevant hPSCs and differentiated cells in vitro. 

In general, hPSC-based models can be classified into four major categories: colonies, 2D-

monolayers, suspension, and 3D-culture-based organoids. However, we will focus on 2D-

monolayers, including single-cell based non-colony type monolayer (NCM) culture, and 3D-

organoids used in hPDD (Figures 2–5).

NCM culture was developed for homogeneous hPSC expansion, maintenance, and 

differentiation, aiming to minimize cellular heterogeneity and experimental variability [18]. 

It is based on dissociated single cells grown on suitable extracellular matrices (e.g., 

Matrigel) in the presence of Rho-associated protein kinase inhibitor (ROCKi) or Janus 

kinase 1 inhibitor (JAKi) (Figure 2B) [18–20]. The addition of these inhibitors enhances the 

initial 24-hour single-cell plating efficiency, thereby greatly reducing the heterogeneity of 

the culture, increasing hPSC expansion, and improving recovery rates after cryopreservation 

(Figure 3) [18, 21]. Hence, NCM culture significantly increases the reproducibility and 

efficiency of hPDD studies compared to colony-type culture and embryoid body (EB) 

suspension culture (Figures 2 and 3).

Role of 2D-monolayer Culture in Facilitating hPDD

Thus far, 2D-monolayer-based methods, including NCM, have been widely used for hPDD 

in various cellular and genetic models, including neuroectodermal disease [22–26], 

mesoderm-derived cardiomyocytes and cardiomyopathy [27–30], and several hepatic 

pathological conditions [31–33]. To better understand the role of 2D-monolayer culture in 

hPDD, here, we highlight a few representative cell types derived from three germ-layer 

lineages.

An early high-throughput drug screening (HTS) using hiPSC-derived neural crest cells was 

conducted in 2012 [22]. In their study, Studer, Lee, and colleagues screened 6812 

compounds and achieved a target hit rate of 0.4%, which led to the identifications of 8 

compounds that could rescue expression of IKBKAP, the gene that is responsible for 

familial dysautonomia [22]. Of particular interest, one small molecule (SKF-86466) was 

able to induce IKBKAP transcription through a molecular signaling pathway that involves 

modulation of intracellular cAMP levels and phosphorylation of the cAMP response element 

binding protein (CREB) [22]. Thus, this study highlights the utility of an hiPSC-based 2D-

monolayer model in identifying potential drug candidates and revealing molecular 

mechanisms for the therapy of neuronal diseases.

The choice of hPSC culture platforms for mesoderm-derived cardiac tissues for hPDD is 

biased towards 3D systems. It is believed that conventional 3D-EB derived cardiomyocytes 

or cardiac tissues are better choices for hPDD than those of 2D-monolayers in terms of their 

cell maturity and electrophysiological and functional suitability [34–36]. Nevertheless, 

Lacone and coworkers implemented 2D-monolayer-based high-content phenotypic drug 

screening for diabetic cardiomyopathy using patient-specific hiPSC-derived cardiomyocytes. 

They screened 480 compounds in a chemical library, examined their effects on subcellular 

structure and sarcomeric integrity of cardiomyocytes, and attained a target hit rate of 5.8%, 

which produced at least 4 compounds that could reverse the diabetic cardiomyopathy 
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phenotype [30]. This work empowers conventional phenotypic assays with a 2D-monolayer 

platform for therapeutic tactics to treat complicated metabolic diseases.

Moreover, 2D-monolayer culture, especially NCM, is particularly suitable for conducting 

low-throughput screening and up to HTS in endoderm-based epithelial cell models, since an 

epithelial monolayer is the essential element of many endodermal tissues. In addition, 

current hepatic differentiation protocols based on hPSC colony-type culture and 3D-EB 

differentiation do not easily produce homogeneous and fully mature hepatocytes in a small-

well (e.g., 384-well) format, which hinders the use of HTS assays (which use small wells) 

for drug screening. In a recent study, Liang, Carpentier, and colleagues showed for the first 

time that 2D-NCM culture enables efficient and reproducible differentiation of functional 

hepatocyte-like cells in 384-well plates, with a coefficient of variation of albumin secretion 

in these wells below 15% [37]. Hence, this improved 2D-NCM protocol might facilitate 

compound screening to identify small molecules that regulate liver differentiation, 

metabolism, and response to hepatitis C virus infection [37]. Furthermore, 2D-NCM-based 

HTS was implemented to identify drugs that rescue alpha-1 antitrypsin deficiency, a liver 

disease without effective drugs or alternative therapies. Jang, Ye, and colleagues screened 

3131 clinical compounds in an established chemical library and obtained a target hit rate of 

8.3%, which led to 5 clinical drugs that could reduce mutant alpha-1 antitrypsin 

accumulation in hepatocyte-like cells derived from patient-specific hiPSCs [32].

Taken together, the above studies indicate the usefulness of 2D-monolayers in hPDD by 

offering proof-of-concept screens, confirming the activity of approved drugs in desired cells, 

demonstrating the predictive power of cytotoxicity of drugs, and identifying candidate drugs 

for therapeutics. Thus far, a limited number of clinical drugs obtained by 2D-monolayer 

systems are undergoing clinical trials [38]. One such drug, termed RG7800 [25] and 

intended to treat spinal muscular atrophy, has failed in a Phase I clinical trial 

(ClinicalTrials.gov Identifier: NCT02240355), due to “an unexpected toxicology finding 

observed in the 39-week monkey study.” Understanding the advantages and limitations of 

2D-monolayer and conventional 3D-culture methods might be important to accelerate the 

success rate of clinical drug identification based on hPDD.

Limitations of 2D-monolayer Culture in hPDD and Prospective Resolutions

Compared with conventional 3D-culture systems (e.g., 3D-EBs), 2D-monolayer culture 

systems (including NCMs) have several major limitations that could potentially hamper their 

application in hPDD (Figure 3). These limitations include the absence of a 3D in vivo 
environment that mimics developmental and disease niches, less mature differentiated adult 

tissues (e.g., cardiac tissues) than 3D-culture-mediated differentiation [34, 35], accumulated 

chromosomal abnormalities and genomic mutations [reviewed in [6, 7, 39], and relying on 

small molecules such as ROCKi, which might interfere with the outcomes of drug screens, 

to enhance single-cell plating efficiency [18, 20, 21].

Nonetheless, the above mentioned major hurdles could be minimized or even circumvented. 

For example, it was shown that hESC culture at physiologic O2 (2%) reduces spontaneous 

chromosomal abnormalities without affecting hESC pluripotency, compared with hESC 

cultured under conventional normoxia (i.e., 21% O2) [40]. This study suggests that 2D-
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monolayer culture and hPDD should be carried out in physiological conditions (e.g., under 

hypoxic conditions). Regarding increasing cellular maturity, Herron et al. demonstrated a 

rapid maturation of hiPSC-derived cardiomyocytes, with a simple 2D-monolayer 

differentiation on polydimethylsiloxane (PDMS)-coated coverslips [41]. Recently, using a 

2D-monolayer protocol based on the Wnt inhibitor, IWP2, Jeziorowska et al. obtained 

higher yields of hiPSC-derived cardiomyocytes as well as higher sarcomeric maturation than 

conventional 3D-EB-based methods [42]. Thus, these modifications are improving the 

development of functionally compatible adult tissues for hPDD. Finally, hPDD systems 

often use ROCKi and could be affected by its adverse effects, resulting from an unwanted 

pharmacological inhibition of ROCKs [reviewed in [43, 44]. Guided by this consideration, 

we have developed xeno-free and chemically defined conditions to avoid complicating 

interactions between ROCKi and drugs used for screening [45].

Other Roles of 2D-NCM: Genetic Engineering and Druggable RNAs and DNAs

The NCM-mediated platform facilitates genetic manipulations of hPSCs. hPSCs in 

conventional colony-type cultures (maintained in a primed pluripotent state) generate 

heterogeneous cellular states and have a very low DNA transfection or viral transduction 

efficiency. Hence, colony-type cultures are not suitable for genetic engineering by 

transfection with DNAs or RNAs via lipofectamine reagents or for transduction by viral 

particles [18, 45–47]. Conventionally, genetic analyses of hPSCs largely rely on isolating 

and characterizing individual stable clones, which takes several months. In contrast, NCM 

culture platforms considerably improve the efficiency of genetic engineering, permitting 

genetic manipulation of hPSCs and subsequent functional assays within 1 week [18, 48]. 

NCM-mediated platforms can be genetically manipulated using small hairpin RNAs 

(shRNAs), microRNAs, DNA oligonucleotides, plasmids, and lentiviral particles [18, 45, 

48], potentially accelerating the discovery of druggable RNAs and DNAs.

In summary, 2D-monolayer systems, such as NCM culture, make it possible to reduce hPSC 

heterogeneity and experimental variability. These simple platforms have been widely used 

for high-content imaging and HTS despite their limitations. However, 2D-monolayer culture 

and differentiation also constitute the initial important steps necessary to generate 3D-

organoids, based on epithelial layer formation (Figure 2B) [49, 50]. Precise integration of 

these 2D-monolayer units into a complex 3D-culture system (Figure 4), which can capitulate 

physiological morphogenesis and organogenesis (in a culture dish and a screen plate), would 

greatly expand avenues for hPDD.

Role of Morphogenesis, Organogenesis, and Tissue Integration in hPDD

Brief Principles of Morphogenesis and Organogenesis

Applying the principles of developmental biology to hPSC culture may facilitate 

recapitulation of hPSC-based morphogenesis and organogenesis [7]. In an early study, 

differentiation of hESCs to cardiomyocytes was achieved by coculture with visceral 

endoderm-like cells [51]. To recapitulate physiologically relevant micro-environmental cues 

for hPDD, we need to optimize extracellular matrices, the concentration gradients of growth 

factors from cells or tissues, nutrients in growth medium, oxygen and carbon dioxide 
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concentrations, and temperatures that cells would experience in vivo [7, 52]. Growth 

conditions that integrate autocrine, paracrine, and telecrine signals provide exogenous 

growth factors, ligands, and cell-permeable small molecules that can mimic in vivo 
microenvironments. These conditions may help facilitate growth of 3D-cocultures and the 

establishment of hPSC-derived organoids.

3D-coculture methods have been used to study the effects of chemical drugs on single 

hPSCs, single hPSC-derived colonies [53], and signaling trajectories among individual 

hPSCs and different types of differentiated cells [54, 55]. Supplementation of desired growth 

factors in the presence of pathway-specific small molecules significantly increases or 

decreases the maturation process of differentiated cells. Highly controllable 3D-organoids, 

using micro-bioreactor platforms including microfluidic bioreactors, are making hPDD 

possible at different scales.

Organoids and Disease Modeling

Organoids are now defined as stem-cell-derived 3D tissues with organ-specific cell types in 
vitro [reviewed in [6, 56–59]. In organoids, only stem cells are capable of self-renewal. In 

general, organoid cultures depend on the support form extracellular matrices and niche 

factors provide in the medium. Moreover, stem cells in organoids can differentiate toward 

adult tissues, which exhibit similar functionality as the tissue of origin, under proper 

differentiation conditions. There are diverse types of organoids based on their cell or tissue 

origins, which include hESC-, hiPSC-, adult stem cell (aSC)-, and primary tissue-derived 

organoids. Both hESC- and hiPSC-derived organoids are collectively named hPSC-derived 

organoids in the review.

Self-organized functional organoids have been generated using robust protocols for directed 

differentiation of hPSCs (Figure 2B). These organoids include: hepatic endoderm and 

functional liver buds with vasculature (i.e., miniature liver organoids) [49, 60], cerebral 

organoids (including cortical neurons, the 3D optic cup structure of the neural retina, and 

various brain regions containing progenitors) [61–63], hPSC-derived small intestine 

organoids [64], and hPSC-derived lung organoids [65].

Organoids retain the genetic and epigenetic signatures of original tissues or tumors, and as 

such, can be used to model human development and diverse types of diseases, including 

cystic fibrosis [reviewed in [6, 56–59]. Organoid systems have also been used to study 

infectious diseases to understand host–microbe interactions [57], such as replication of 

Norovirus in human intestinal stem cell-derived enteroid culture [66]. Brain organoids 

generated from hPSC-derived forebrain-specific regions and hPSC-derived neural stem cells 

can mimic the phenotypes of in vivo and in vitro Zika virus infection and damage [67, 68]. 

Moreover, forebrain organoids have been used to identify promising small-molecule 

inhibitors of Zika virus infection and induced neural cell death [69]. In addition, organoids 

derived from patients’ tumor specimens have been used to model different types of cancer, 

including colorectal carcinoma [70], pancreatic cancer [71], and liver cancer [72].

Thus, multi-dimensional organoids can be used to improve potential drug efficacy at the 

organ level. Furthermore, organoid conditions could be adapted to micro-bioreactor 
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platforms, with various controllable parameters (e.g., cell densities, humidity, osmolality, 

acidity, and oxygen concentrations) and stiffness of extracellular matrices, to form 4D- or 

5D-organoids (Figure 4). In brief, 3D-organoids are generated by self-organizing 

propagated and differentiated cells, including cocultured cells, in a three-dimensional 

geometric space (Figure 4J, 4H). 4D-organoids, as described here, are generated based on 

3D-organoid culture, with an emphasis on the inclusion of the dimension of time (Figure 

4K). Moreover, to enable the generation of physiologically-relevant organoids, we further 

propose the concept of 5D-organoids (Figure 4L). Theoretically, 5D-organoids could be 

established, based on 4D-organoid culture, by adding another dimensional complexity, 

which embraces many intercellular, immunological, and inflammatory signals that are 

absent from current 4D-organoid cultures [6, 7]. Thus, accurately providing additional 

extrinsic signaling factors (such as diverse types of cytokines) in 4D-organoid culture would 

facilitate the derivation of highly mature and physiologically-compatible 5D-organoids for 

regenerative medicine and drug screens. Clearly, the fidelity, maturity, and functionality of 

organoids are important for successful hPPD, and will be discussed next.

Evaluation of Maturity and Functionality of Differentiated Cells in 

Organoids

Although multi-dimensional hPSC platforms and 3D-cocultures are relatively easy to 

construct, such systems may not resemble live organisms in terms of physiological barriers, 

epigenetic factors, and immunomodulatory effects stimulated by in vivo environmental cues. 

Thus, they may not accurately represent human tissues in vivo. Immature cellular structures, 

similar to embryonic or neonatal tissues, are frequently encountered, which are largely 

associated with inadequate development of stem-cell niches. Therefore, these hPSC-derived 

models should be carefully evaluated and further optimized based on imitating stem-cell 

niche signals.

Stem-Cell Niche Concepts and Cellular Differentiation Commitments

Stem-cell niches are a specific microenvironment that allows stem cells to be maintained in 

an undifferentiated state [73–75]. Stem-cell niches function in a highly dynamic manner at 

different developmental stages of embryonic and postnatal tissues. We have recently 

proposed a paralogous stem-cell niche (PSN) concept that clarifies the coupling and 

uncoupling mechanisms between a specific stem-cell niche and its dynamic regeneration 

sites at different developmental stages [76]. Developmentally, PSNs are gradually 

transformed analogous niches within an individual species during development. After the 

first epithelial-mesenchymal transition (EMT) in the primitive streak, progressive variations 

of cell identity give rise to a cluster of adjacent stem-cell niches (i. e., PSNs) in order to 

foster specific types of progenitors and aSCs [76]. Notably, PSNs are distinct from each 

other in terms of their niche signaling pathways that are required for the commitment of a 

specific cell lineage. For example, long-term intestinal epithelial culture in vitro is made 

possible under a Wnt-dependent stem-cell niche [77]. In contrast, single Lgr5+ intestinal 

stem cells are able to form crypt-villus structures in vitro without the requirement of a 

“mesenchymal” niche, due to Wnt activation, mediated by the exogenous Wnt agonist R-

spondin 1 in growth medium. Thus, Lgr5+ intestinal stem cells, which are functionally 
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dependent on niche factors provided in the medium or produced by Paneth cells, can also 

self-organize epithelial structures [78]. Clearly, the above examples provide important 

insights into mechanisms regarding the dependency or independency of stem-cell niches in 

cellular differentiation and 3D-tissue organization. Therefore, it is important to provide basic 

niche components (e.g., extracellular matrices and proper niche-supporting cells) as well as 

critical signaling molecules (such as Wnt) to facilitate the generation of organoids with high 

fidelity (Figure 4K, 4L). Identification and implementation of the mechanisms behind 

faithful niche models may encourage maturity and functionality in hPSC-derived organoids 

for use in in vitro drug discovery.

Cell Maturity and Functionality at the Physiological Level

To assess the usefulness of a hPDD model, it is essential to examine the protein expression 

of multiple panels of tissue-specific regulators, enzymatic chemical metabolizers, and drug 

transporters. These regulatory proteins and drug transporters are key determinants of 

intracellular drug concentrations and activities. Critical proteins must also be expressed at 

the right time and in precise locations at physiologically relevant concentrations to faithfully 

implement their default functions. An unsatisfactory combination of any of the above 

parameters could undermine the success of any type of drug-discovery study. For example, 

defective or excessive expression of representative hepatic regulators, such as hepatocyte 

nuclear factor 4α (HNF4α), orphan nuclear receptor (PXR), oxysterol receptor LXR-α 
(LXR), bile acid receptor (FXR), and vitamin D3 receptor (VDR) [79, 80], might interfere 

with the function of generated hepatic organoids, thereby deterring their applications in 

hPDD. Moreover, compared with in vivo molecular standards, any altered expression of the 

predominant enzymes [e.g., cytochrome P450 family members (CYPs)] that metabolize 

drugs [81, 82] would significantly affect the metabolic profile of cells or hPSC-derived 

organoids. Similarly, altered ATP-binding cassette (ABC) transporters, which determine 

intracellular drug and ion concentrations [83–85], would dramatically affect the clearance of 

various drugs in cultured cells and hPSC-derived organoids.

Therefore, prior to any major drug-discovery projects, it is essential to determine the optimal 

maturity and functionality of differentiated cells and organoids in vitro and to characterize 

the hPSC-derived organoid tissues using native tissues as standards for comparison. Careful 

attention must be given to drug regulators and metabolizers (e.g., ABC transporters and 

P450 enzymes) that control the limiting steps of drug accumulation, excretion, and 

metabolism.

Prospective Roles of ABC Transporters in hPDD

Evaluation of Maturity and Functionality of Organoids with ABC Transporters

It is well established that ABC multidrug transporters play essential roles in both the 

distribution and efflux of drugs in a broad range of cell types and tissues under both 

physiological and pathological conditions [reviewed in [84–89]. Some ABC transporters are 

also critical components of the blood-brain, blood-testicular, and blood-placental barriers 

[85]. It is known that ABC transporters are major determinants of intrinsic and acquired 

cancer drug resistance [84, 88]. Altered or suboptimal expression of ABC transporters could 
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hinder hPDD studies from achieving enhanced or decreased drug efflux in those hPSC-

derived organoids of interest.

As an example of the role of ABC transporters with regards to the functional maturity of 

differentiated cells (e.g., hepatocytes), the presence of important hepatic transporters [e.g., 

ABCA1, ABCB1 (P-glycoprotein), ABCB4, ABCB11, ABCC2, ABCC7 (CFTR), ABCG2, 

ABCG5, and ABCG8] defines both the maturity and functionality of hepatocytes [83]. 

These ABC transporters have been shown to have a major effect on the drug-discovery 

pipeline using other cellular models at different stages. Thus, experimental data obtained 

from organoids with altered ABC transporter expression could potentially provide inaccurate 

information concerning preclinical drug testing, since these transporters affect accumulation 

of drugs in target tissues.

Evaluation of Prospective hPDD Data with ABC Transporters

Many pre-clinical drugs (such as a substantial percentage of effective kinase inhibitors) and 

drugs in the clinic are substrates of ABC transporters. These chemical substrates can be 

differentially exported from diverse types of cells and tissues by ABC transporters. This 

differential efflux of intracellular drugs may confuse the interpretation of drug-screening 

data and increase the risk of drug resistance in clinical trials. Clinical drug resistance to the 

potent tyrosine kinase inhibitor, STI571 (also known as imatinib mesylate) and subsequent 

treatment failure in patients is a clear example, as STI571 is a model substrate of both 

ABCB1 and ABCG2 [90, 91].

Furthermore, mutant cells sometimes bear critical ABC transporter mutations at drug-

binding sites and pockets, or polymorphisms that affect substrate recognition [92–96]. Thus, 

ABC transporter-mediated drug assays should be compared between wild-type hPSC- and 

mutant hPSC-derived organoids. When using hPSC-derived 3D-organoids for drug 

screening and discovery, researchers should perform routine examinations to determine if 

preclinical drug candidates are bound by ABC transporters on cell surface membranes, are 

accumulated intracellularly, and are effluxed from various types of cells (including 

hepatocytes that are enriched with ABC transporter expression). In the following section, we 

will elucidate the role of ABC transporters in hPDD through a comprehensive analysis of 

CFTR mutations in CF organoids.

CF Organoids and Molecular Drug Discovery Based on CFTR

We have chosen to highlight CF-organoids in this review because drug-discovery studies 

using these organoids have confronted all the problems discussed in the previous sections. 

Significantly, CF-organoid studies have provided proof-of-concept examples from 

experimental investigation to clinical applications, and have thus accelerated the 

development of translational medicine. Therefore, CF-organoids serve as a good model for 

discussion.

CF is a life-threatening autosomal recessive disorder that affects approximately 70,000–

100,000 individuals worldwide (www.cfww.org). The predominant causes of CF are various 

mutations found in the ATP-gated channel gene, CFTR. It is likely that patient groups with 
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mixed drug responses may have considerable genetic heterogeneity, with rare mutations and 

complex alleles, all of which are difficult to recapitulate and assess pre-clinically in animal 

models. With regard to these complications, CF-organoid-based disease modeling offers an 

opportunity to identify responders for personalized medicine.

The Role of CF Organoids in Drug Discovery and Drug Repurposing

Simple CF intestinal organoids have a structure similar to that of a cellular cyst, in which the 

apical plasma membrane is located on the luminal side of the organoids (Figure 5A, 5B). 

Using these intestinal organoids, several powerful functional CFTR assays have been 

established [97]. One representative assay, termed forskolin-induced swelling (FIS), is based 

on adenylyl cyclase activator-mediated CFTR channel activation via increased cAMP 

concentrations. Through the FIS assay, CFTR activity can be directly determined by 

quantifying the amount of fluid secreted from the cells into the lumen and by measuring the 

size of the organoid lumen after adding the adenylyl cyclase activator, forskolin (Figure 5B). 

Hence, a rapid swelling phenotype is expected in healthy organoids after forskolin induction, 

whereas decreased or diminished swelling may be observed in CF organoids [97].

Through a CRISPR-meditated gene-editing approach, scientists were able to correct CFTR-

ΔF508 mutations in CF-iPSCs derived from patients in in vitro cell culture and then 

differentiate these corrected cells to lung epithelial cells [98]. As a result, defective 

processing of CFTR to the cell membranes of these airway epithelial cells was reversed to 

the wild-type level. CFTR chloride current was observed in response to increased cAMP 

stimulation mediated by a cocktail including forskolin, similar to that observed in wild-type 

lung epithelial cells derived from hiPSCs. The rescue of chloride current was blocked by 

CFTRinh-172, a specific CFTR inhibitor [98]. With a similar CRISPR approach, Clevers and 

colleagues were also able to revert the defect of the rapid chloride-channel swelling response 

in intestinal organoids, derived from intestinal stem cells of CF patients, to normal 

conditions [99].

The FIS assay has revealed differential responses of primary intestinal organoids from CF 

patients to a number of CFTR correctors (such as C8, Corr-4a, and VRT-325) in addition to 

VX-809 and VX-770 [97]. The rapid swelling phenotype seen in healthy organoids was 

restored in CF patient organoids in the presence of both VX-809 and VX-770. Thus, the FIS 

assay is an accurate functional assay of CF drugs in organoids, which could be used for drug 

screens and drug repurposing efforts using patient-specific organoids in personalized 

medicine.

There are many advantages to using organoids derived from hPSCs and aSCs (e.g., intestinal 

stem cells) of patients for drug screening, particularly for CF patients with rare mutations 

and complex alleles [100]. Rectal organoids derived from CF patients with the common CF 

mutation ΔF508 (in one allele) combined with various variant classes, rare mutations and 

complex heterozygous alleles showed differential responses to the CF drugs tested (VX-809, 

VX-770, and Orkambi) [101]. In these assays, homozygous mutations with a specific 

splicing defect in the CFTR gene [102] showed no response to the CF drugs tested. This was 

apparently due to a defect in CFTR protein synthesis from immature transcripts. Thus, this 

genotype could be used as a negative control when performing this assay.
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Compared with the homozygous ΔF508/ΔF508 genotype, the ΔF508/G1249R mutations are 

an extremely rare genotype, the functional impact of which on CF drug response was 

unknown. Two CF patients with the ΔF508/G1249R genotype were selected to test their 

response to CF drugs based on the results from their organoid assays [101]. Interestingly, the 

rectal organoids derived from these patients showed a strong response to VX-770 alone, but 

not to VX-809 or Orkambi in the FIS assay [101]. Notably, treatment of one patient with 

VX-770 rapidly relieved the patient’s symptoms, improved lung function, and elevated body 

weight [101]. This example highlights the clinical potential of an organoid-based assay for 

evaluation of drug efficacy and drug repurposing screen. We suggest that CFTR mutational 

organoids can be classified, patterned, assayed, and used for predicting the outcomes of CF 

drugs or drug combinations.

Empowering Organoid Studies with Molecular Insights

Despite the growing enthusiasm of applying organoids for hPDD, organoid-based 

technologies appear to have several inevitable limitations. The absence of immunological 

and inflammatory responses that occur in a human body may be a major limiting factor. 

There are also limitations in using organoids for HTS assays in their current platforms (due 

to spherical and often complicated cellular structures) (Figure 3 and see Outstanding 

Questions).

Outstanding questions

• Can human pluripotent stem cell (hPSC)-based drug discovery (hPDD) 

provide convincing platforms for in vitro drug discovery and drug 

repurposing with greatly reduced use of animal models? Could hPDD become 

a routine practice for any new drug discovery or drug repurposing at a 

reasonable cost?

• Can experimental variability be minimized and avoided with better designed 

hPSC models? Can physiologically relevant organoids be generated in vitro 
for modeling of diverse diseases and for drug screens?

• How can hPDD be optimized through existing coherent animal and human 

datasets, drug bank databases, and high-resolution protein structures to 

accelerate drug discovery for personalized medicine at a molecular level?

• How can hPDD be used to complement or even replace preclinical drug 

development? Would it be possible to establish complicated organoid models 

to simulate human body physiology and to predict or monitor diverse clinical 

trials (e.g., Phases I/II/III) in the laboratory?

Many unique and unknown structural features of proteins (e.g., CFTRs) could be used to 

design new compounds and for drug screens in the context of 4D- or 5D-organoids due to 

their usefulness in human disease modeling and drug discovery (Figures 4 and 5). Indeed, 

this could become a robust area of research, which would likely facilitate the development of 

translational medicine and particularly the implementation of precision medicine at a 

molecular level (see Clinician’s Corner, Box 1. Moreover, this is multi-disciplinary work 
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that requires cooperation between chemists, structural biologists, and stem-cell biologists, 

and physicians. In this collaboration team, chemists and structural biologists work on 

designing or modifying drugs based on high-resolution of desired protein structures. Stem-

cell biologists focus on optimizing hPSC-derived organoid models for identifying lead 

compounds and testing their cytotoxicity and efficacy in animal models. Finally, clinicians 

are responsible for implementing clinical trials to determine drug safety and efficacy in 

patients and then to feedback this information to the collaboration team for further drug 

assessments.

Clinician’s corner (Box 1)

• Human pluripotent stem-cell derived organoids faithfully retain genetic 

mutations of original tissues. Moreover, desired mutations in organoids can be 

generated by efficient gene-editing technologies such as CRISPR-Cas9. These 

organoids can be used to model human development and diverse types of 

diseases caused by mutations in one or multiple genes.

• Multi-dimensional organoids can be used for in vitro drug screens and for 

evaluating drug efficacy at the organ level. There are many organs and tissues 

that express abundant ABC multidrug transporters. Physiologically or 

pathologically relevant organoids with optimal membrane expression of ABC 

transporters might provide accurate information about intracellular drug 

concentrations. Thus, organoid-based drug-transport assays may be 

particularly useful for determining whether pre-clinically developed drugs are 

substrates of one or more ABC transporters. This information may help 

clinicians overcome potential drug-transporter-mediated drug resistance in 

patients.

• In clinics, patient groups often have considerable genetic heterogeneity, with 

various rare mutations and complex alleles that are difficult to assess pre-

clinically in animal models. CFTR-organoid-based disease modeling and drug 

screens provide a convincing proof-of-concept evidence that mutational 

organoids from these patient groups might be classified, assayed, and used for 

predicting the outcomes of drugs or drug combinations and for identifying 

responders.

• Different types of drug-response data from patients can be integrated with 

molecular and atomic structures of specific drug targets (e.g., CFTRs) to 

maximize a rational design of the next generation of clinical drugs. This is a 

multi-disciplinary effort that requires the cooperation between physicians, 

stem-cell biologists, and structural biologists, which would facilitate the 

implementation of precision medicine at a molecular level.

Concluding Remarks

hPDD studies have provided compelling platforms for in vitro drug discovery and drug 

repurposing with greatly reduced use of animal models and with the hope of complementing 
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or even replacing some preclinical drug development. Experimental variability could be 

minimized and avoided with better designed hPSC models and physiologically relevant 

organoids. The availability of multi-dimensional coculture systems, hPSC-based disease 

modeling, hPSC- and aSC-derived organoids, and informative functional assays in vitro, 

offers the possibility to optimize hPDD through existing coherent animal and human 

datasets, the drug bank database, and high-resolution protein structures. We believe that the 

use of patient-relevant organoids as a disease model system will revolutionize the methods 

for drug discovery and development as evidenced in studies using mutation-specific CF-

organoids for evaluation of drug efficacy.
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Glossary

Morphogenesis
a process by which a cell, tissue, organ, or organism acquires its architectural characteristics. 

Morphogenesis is induced and controlled by many cellular and developmental programs

Organogenesis
a process by which an organism develops and produces its body parts of specific tissue 

structures and functions (e.g., the liver and the limb) during development

Tissue integration
distinct types of cell clusters that incorporate into a preexisting cell group or host tissues to 

integrate their cellular effects

Naïve and primed
refer to naïve and primed pluripotent states established in the preimplantation embryos and 

the post implantation epiblast, respectively, during embryogenesis. This distinct pluripotency 

also extends to pluripotent stem cells that have identical pluripotent features under cell 

culture conditions

3D-cocultures
in vitro cell culture conditions that combine coculture elements with a three-dimensional 

environment

Organoids
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a stem-cell-derived 3D multicellular miniature of physiologically-relevant tissues in a 

culture dish, in which only stem cells are capable of self-renewal, self-organization, and 

differentiation toward adult tissues under corresponding conditions

Micro-bioreactor platforms
a microscale version of conventional bioreactors (macrobioreactors), including microfluidic 

bioreactors, biochips, and cell-chip, which integrate numerous monitoring features used by 

macrobioreactors

5D-organoids
Compared to 4D-organoids, 5D-organoids have one-dimensional higher complexity, which 

is regulated by providing additional extrinsic signaling factors in 4D-organoids to generate 

highly physiologically-relevant organoids
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Highlights

• Human pluripotent stem cells (hPSCs) and their differentiated derivatives 

represent valuable cell resources for organogenesis, disease modeling, and 

hPSC-based drug discovery (hPDD) in vitro.

• Abundant contributing variables, including the dimensionality of cell-culture 

methods, cell maturity and functionality, and experimental variability, 

epitomize the major challenges of hPDD research.

• Targeting various CFTR mutations in organoids derived from patients with 

cystic fibrosis provides a proof-of-principle drug discovery model, defining a 

potential pathway to the implementation of hPDD for personalized medicine.
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Figure 1. 
Schema of drug developmental timeline, projected phases, and their corresponding or 

expected achievements through hPSC-based drug discovery (hPDD): (A) Stage of infancy 

(2000–2011): characterizing hPSC properties; improving hPSC growth, differentiation, cell 

maturation conditions; applying stem-cell niche concept for coculture, iPSC-disease 

modeling; and premature drug screening; (B) Stage of adolescence (2012–2025): 

Optimizing stem-cell niche signaling in vitro to guide multidimensional (e.g., 3D to 4D) 

organoid cultures; validating downstream functional assays; anticipating frequent reports of 

successful drug discovery and repurposing based on hPDD. (C) Stage of adulthood (2025 

onwards): anticipation of optimized 5D-organoid models for hPDD, highly automatic and 

artificial intelligence (AI) managements; fast tracking preclinical trials in humanized 

models; monitoring diverse clinical trials (Phases I/II/III) in the laboratory with hPDD 

becoming a routine practice, and significantly enhancing probability of any new drug 

discovery or drug repurposing at a reasonable cost.
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Figure 2. 
Schema of 2D- and 3D-dimenisonal culture platforms. (A) Flow chart of hPSC colony-type 

culture and its downstream applications: hESCs [generated from the inner cell mass (ICM)] 

and hiPSCs (established by reprogramming somatic cells to pluripotent stem cells) are 

collectively named hPSCs. hPSCs conventionally grow as colonies on plastic dishes that are 

coated with extracellular metrices, form embryoid bodies (EBs) in suspension culture, and 

differentiate into 3D-tissues for downstream applications. (B) Flow chart of 2D-monolayer 

and 3D-organoid culture: (top panel) Heterogeneous hPSC colonies (top view of one 

representative colony in a culture dish), showing different cellular states in the periphery and 

center of the colony, can be homogenized as a 2D-monolayer for high-content imaging and 

high-throughput drug screening (HTS). (lower panel) 2D-monolayer differentiation, 

optionally cocultured with different cells (e, g., human umbilical vein endothelial cells) in 

the presence of proper extracellular matrices, can self-organize into 3D-organoids for 

disease modeling and drug screening.
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Figure 3. 
Summary of advantages and limitations in 2D- and 3D-culture platforms in hPDD. The 

graphs depict a sectional view of cells and 2D- and 3D-culture environments supplemented 

with cell culture medium, growth factors, extracellular matrices, and drugs. Abbreviations: 

BM, basement membrane; D, dimension(al); EB, embryoid body; ECMs, extracellular 

metrices; NCM, non-colony type monolayer; PPJ, plastic-protein junction; PS, polystyrene 

surface of the cell culture dishes for hPSCs.
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Figure 4. 
Schema of multi-dimensional culture, differentiation, and drug discoveries based on 

pluripotent and multipotent stem cell models: (A–E) Human somatic cells and adult stem 

cells (aSCs) as cell resources for reprogramming to generate iPSCs, followed by 

differentiation toward progenitors and functional mature cells; (A–G) Human adult cells or 

tissues as cell resources for isolation of progenitor and aSCs, followed by expansion and 

differentiation toward functional mature cells; (H) 3D coordinates based on x, y, and z axis. 

(I–L) 2D to the proposed 4D- and 5D-organoid cultures based on cell sources indicated (in 

C, D, and F). Of note, the dimension of time in 4D-organoids includes both the experimental 

(i.e., the time course of organoid culture under a specific condition) and the developmental 

(determined by intrinsic genetic and epigenetic programs) timelines of cells. 5D-organoids 

may be generated by introducing extrinsic signaling factors that occur in a human body, 

which are absent from 3D- and 4D-organoid culture, into 4D-organoid culture via small 

arterial and luminal input modules. Moreover, organoid-based assays could also be 

implemented via venous and luminal output modules as indicated. Abbreviations: a, small 

arteries; EL, epithelial lumen; ESF, extrinsic signaling factors that are absent in 3D- and 4D-

organoid culture; v, small veins.
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Figure 5. 
ABC transporters as molecular targets of organoids derived from intestinal stem cells and 

hPSCs. (A) Cellular structure of adult intestinal cells, (B) an anatomical structure of cultured 

intestinal cell organoids and ABC transporter expression on the plasma membrane of the 

lumen; (C) 2D- and 3D- presentation of CFTR (ABCC7, a cystic fibrosis-associated chloride 

channel protein). The locations of CFTR mutations of interest, which are associated with 

cystic fibrosis, are indicated by asterisks.

Abbreviations: C, the carboxyl-terminus; N, the amino-terminus; NBD, nucleotide binding 

domain; PDB 5UAR: Protein Data Bank, dephosphorylated, ATP-free cystic fibrosis 

transmembrane conductance regulator (CFTR) from zebrafish; PM, plasma membrane; TM, 

transmembrane segment; TMD, transmembrane domain.
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