
Introduction 

Human pluripotent stem cells (embryonic or induced pluripotent cells) have the intrinsic property 

to self renew indefinitely and the capacity to differentiate into almost all mature cell types, 

making them attractive candidates for cell therapy based regenerative medicine [1]. The advent 

of human iPSC technology in 2007 further revolutionized this field [2, 3]. iPSCs are derived from 

patient somatic cells and reprogrammed into the pluripotent stage state using viral transfection 

[4] or footprint free reprogramming using Sendai virus [5]. They are typically derived from 

fibroblasts obtained from biopsy punch [6], while alternate less invasive cell source includes 

peripheral blood mononuclear cells [7], renal epithelial cells from urine [8], dental pulp [9]. The 

advantage of iPSC over embryonic stem cell lies in the avoidance of ethical concerns 

associated with hESCs. Furthermore, it allows the use of patient specific cells, paving the way 

towards personalized medicine.   

Hence, In addition to regenerative therapy, hPSCs have multiple critical in-vitro applications (Fig 1 

schematic), including in-vitro disease modeling, providing a human specific platform to perform 

efficacy and toxicity screens for novel chemical entities [10, 11]. The advent of CRISPR/ Cas9 

technology has further facilitated the generation of genetically defined human iPSCs, initiating 

the generation of human ‘disease in a dish’. Until now, the study of rare disease have been 

restricted by the limited availability of cell models adequately representing the disease 

pathophysiology [12]. Immortalized cancer cell lines typically served as the primary cell source, 

which is restrictive since its long term culture often results in accumulated genetic defects or 

chromosomal aberrations. In contrast, the iPSCs offer an unrestrictive cell source, they are 

genetically stable and are amenable to genetic manipulation either to reproduce a disease 

phenotype or correcting a genetic defect.  

In this review we provide a comprehensive discussion of the advances in the field of hPSCs, 

particularly focusing on its application in regenerative medicine and in disease modeling with 

subsequent application for drug discovery purposes. Future of iPSC based technology will be 

largely determined by the phenotype of the differentiated tissue/ organ, and its functional 

maturation. The advent of organoid technology has shown promise in reproducing the 

phenotype and function of the native organ to a certain extent. We have discussed the current 

advances in the organoid technology and offered our perspective on current challenges and 

future outlook on hPSC based technology.   

iPSCs in Regenerative Medicine Applications 

The potential of hPSCs to generate functional tissue, renders their impact in treatment of 

degenerative diseases, where the primary treatment option is replacement of damaged tissue with 

healthy donor tissue. While limited supply of donor tissue along with associated immune 

complications restricts this treatment option, hPSC derived tissues promises to overcome such 

restrictions by generating near functional tissue from isogenic or HLA matched cell source. The 

feasibility of replacing damaged tissue by iPSC derived tissue/ organ has been demonstrated in 

multiple studies, some of which have successfully progressed towards clinical trials.  The first clinical 

trial was initiated in 2014, using human iPSC derived retinal pigmented epithelial (RPE) cells to treat 

macular degeneration [13-15]. To date, 11 approved clinical trials involving hPSC-based therapies 

have been registered at the National Institutes of Health clinical trials website (listed in Table 1). 

However, the cell dose required to treat patients in a commercial scale is not yet achievable with the 

current culture practices. In addition, current hPSC culture procedure lacks stringent quality 

control, and do not meet good manufacturing practices (GMP) standards [16]. These 



shortcomings have inspired the development of techniques for controlled, scalable culture of 

hPSCs [17, 18] under GMP conditions [19]. 

 

Table 1: Clinical trials in the United States for human embryonic stem cell-based therapies 

 

 

Disease Modeling using iPSCs 

Study Ti tle
Regis tration 

Number
Status Sponsor/Col laborator Location

Estimated 

Enrol lment

Estimated Study 

Completion 

Safety and efficacy s tudy of OpRegen 

for treatment of advanced dry-form 

age-related macular degeneration

NCT02286089 Phase I/II  s tudy; 

recrui ting

BioTime Inc./ Cel lCure 

Neurosciences  Ltd.

United States : 

Ca l i fornia ;             

Is rael

24 Sep 2019

Safety and tolerabi l i ty of sub-retina l  

transplantation of hESC-derived RPE 

(MA09-hRPE) cel l s  in patients  with 

advanced dry age-related macular 

degeneration (Dry AMD)

NCT01344993 Phase I/II  s tudy; 

completed 

Astel las  Insti tute for 

Regenerative Medicine

United States : 

Ca l i fornia , Florida, 

Massachusetts ,  

Pennsylvania

13 Aug 2015

Sub-retina l  transplantation of hESC-

derived RPE (MA09-hRPE) cel l s  in 

patients  with SMD

NCT01345006 Phase I/II  s tudy; 

completed 

Astel las  Insti tute for 

Regenerative Medicine

United States : 

Ca l i fornia , Florida, 

Pennsylvania

13 Aug 2015

Long term fol low up of sub-retina l  

transplantation of hESC-derived RPE 

cel l s  in SMD patients

NCT02445612 Observational  

s tudy; long-term 

fol low-up s tudy to 

NCT01345006; 

active, not 

recrui ting

Astel las  Insti tute for 

Regenerative Medicine

United States : 

Ca l i fornia , Florida, 

Pennsylvania

13 Dec 2019

Long term fol low up of sub-retina l  

transplantation of hESC-derived RPE 

cel l s  in patients  with AMD

NCT02463344 Observational  

s tudy; fol low-up 

s tudy to 

NCT01344993; 

active, not 

recrui ting

Astel las  Insti tute for 

Regenerative Medicine

United States : 

Ca l i fornia , Florida, 

Massachusetts , 

Pennsylvania

11 Dec 2019

Study of subretina l  implantation of 

human ESC-derived RPE cel l s  in 

advanced dry AMD

NCT02590692 Phase I/II  s tudy; 

active, not 

recrui ting

Regenerative Patch 

Technologies , LLC

United States : Arizona, 

Ca l i fornia

16 Sep 2022

A Safety survei l lance s tudy in subjects  

with macular degenerative disease 

treated with human ESC-derived 

retina l  pigment epithel ia l  cel l  therapy

NCT03167203 Phase I/II  s tudy; 

enrol lment by 

invi tation

Astel las  Insti tute for 

Regenerative Medicine

United States : 

Missouri ;              

United Kingdom

36 Dec 2029

A Phase 1 Safety Study of GRNOPC1 in 

Patients  With Neurologica l ly 

Complete, Subacute, Spina l  Cord Injury

NCT01217008 Phase I  s tudy; 

completed

Asterias  

Biotherapeutics , Inc.

United States : 

Alabama, Ca l i fornia , 

Georgia ,                             

I l l inois , Maryland,               

Pennsylvania , 

Wiscons in

5 July 2013

Dose esca lation s tudy of AST-OPC1 in 

spina l  cord injury

NCT02302157 Phase I/II  s tudy; 

completed

Asterias  

Biotherapeutics , Inc.

United States : 

Ca l i fornia

25 Dec 2018

A safety, tolerabi l i ty, and efficacy 

s tudy of VC-01™ combination product 

in subjects  with type I  diabetes  

mel l i tus

NCT02239354 Phase I/II  s tudy; 

active, not 

recrui ting

ViaCyte/ Ca l i fornia  

Insti tute for 

Regenerative Medicine 

(CIRM)

United States : 

Ca l i fornia , Georgia ,  

I l l inois , Indiana, 

Missouri , 

Pennsylvania , 

Wiscons in

69 Jan 2021

Three year fol low-up safety s tudy in 

subjects  previous ly implanted with VC-

01™

NCT02939118 Observational  

s tudy; enrol lment 

by invi tation

ViaCyte not provided 200 Nov 2021

A safety, tolerabi l i ty, and efficacy 

s tudy of VC-02™ combination product 

in subjects  with type 1 diabetes  

mel l i tus  and hypoglycemia  

unawareness

NCT03163511 Phase I/II  s tudy; 

recrui ting

ViaCyte/ Ca l i fornia  

Insti tute for 

Regenerative Medicine 

(CIRM)

United States : 

Ca l i fornia , Maryland, 

Minnesota, Ohio;               

Canada: Alberta , 

Bri ti sh Columbia

55 Dec 2020

The Transendocardia l  Autologous  

Cel ls  (hMSC or hBMC) in Ischemic 

Heart Fa i lure Tria l  (TAC-HFT) (TAC-HFT)

NCT00768066 Phase I/II  s tudy; 

completed

Univers i ty of Miami/ 

The EMMES Corporation United States : Florida

65 Dec 2015

PercutaneOus  StEm Cel l  Injection 

Del ivery Effects  On Neomyogenes is  in 

Di lated CardioMyopathy (The 

POSEIDON-DCM Study) (PoseidonDCM)

NCT01392625 Phase I/II  s tudy; 

completed

Joshua M Hare/ 

National  Heart, Lung, 

and Blood Insti tute 

(NHLBI)

United States : Florida

37 Feb 2018

Diabetes

Ophthalmic 

Diseases

Neurological 

Disorders

Heart Disease



In parallel to regenerative medicine, iPSCs are emerging as an attractive platform for disease 

modeling and drug discovery applications. Conventionally, human diseases are studied in well 

established animal models, which offers an in vivo setting to investigate pathological 

mechanisms. Such animal models have also served a critical role in discovering therapeutic 

strategies to debilitating diseases. However, substantial interspecies differences between 

human and commonly used rodent models often restricts the adequate recapitulation of human 

disease pathophysiology [20, 21]. Thus therapeutic strategies developed on animal models 

have often failed in the clinic, thereby necessitating the development of human specific disease 

models to complement current animal models.    

 Human iPSCs are particularly useful in modeling human diseases with defined genetic causes. 

Disease modeling with iPSCs involve derivation of iPSCs with the disease causing mutation, 

followed by differentiation of the iPSCs into disease relevant cells. These iPSCs could 

potentially be derived directly from patients, to provide disease relevant cells, along with paving 

the way for personalized disease modeling, the central theme for precision medicine.  

Till date there has been multiple reports in developing disease models with iPSCs. Most 
prominently, Alzheimer disease [22-24] and Parkinson disease [25, 26] has been modeled using 
neurons derived from iPSCs. The pathology of amyotrophic lateral sclerosis (ALS) was modeled 
using a co culture of astrocyte with neuron [20] The Next Generation Genetic Association 
Studies consortium aims to generate iPSCs from patients with genetic variants correlated with 
cardiovascular disease [27]. Till date this initiative has produced a bank of iPSC lines from 
patients with various disease conditions, including insulin resistance, lipid disorders, myocardial 
infarction, pulmonary hypertension, coronary artery disease, platelet aggregation deficiency, QT 
intervals and ECG cardiac traits, left ventricular hepertrophy and sickle cell anemia 
(http://www.wicell.org/home/stem-cell-lines/collections/collections.cmsx). 
Modeling of infectious diseases have also been demonstrated, by introducing microbes into the 

disease models [28], including Helicobacter pylori (H. pylori) [29], Zika virus (ZIKV) and 

Norovius (NoV) [30, 31]. These models are expected to be instrumental in drug discovery efforts 

for future pathogenic organisms.  

 

iPSCs for drug discovery applications 

iPSC based disease models are currently being utilized for drug screening application, including 

both phenotypic screening and target based screening [20, 32]. Such screening tests have 

demonstrated the feasibility of therapeutic compound identification [33-35] using iPSC models of 

multiple diseases including Alzheimer’s disease [36], Familial dysautonomia [37], long QT 

syndrome [38, 39], Rett Syndrome [40], schizophrenia [41], spinal Muscular Atropy [42, 43] and 

Timothy syndrome [44]. Importantly, in 2012 a high throughput screening of a large chemical 

library was conducted on iPSC model [37]. Compounds identified from this screening have 

proceeded to clinical trials [45] as a landmark iPSC utilization testbed.    

An important study was the report by Ogawa, in studying cystic fibrosis transmembrane 

regulator (CFTR) using patient derived cholangiocyte organoids. In this seminal study the 

authors demonstrated derivation of functional cholangiocyte from iPSCs using 3D culture 

models. They also demonstrated development of disease model from patient derived iPSCs, 

resulting in protein misfolding and translocation to cell membrane, and reversal of the diseased 

phenotype using inhibitors to reduce misfolding and stabilize protein [46].  



Organoid models derived from iPSC  

Success of both regenerative medicine and disease modeling/ drug discovery applications 

detailed earlier rely heavily on successful derivation of mature tissue/ organ from hPSCs. Over 

the last decade, hPSCs have been cultured, propagated and differentiated predominantly under 

adherent cultured configuration, which renders them a two dimensional (2D) monolayer 

geometric configuration [20, 21]. Derivation of tissue specific cells from iPSCs cultured under 

such 2D configurations have generally resulted in an immature phenotype, resembling a fetal 

state [47]. In the native tissue environment, the cells are exposed to a complex, heterotypic 3 

dimensional (3D) environment supported by multiple other cells types and extracellular matrix 

(ECM) [48]. Such dynamic, reciprocal interactions are beginning to be realized as essential to 

reproduce the adult mature function of the hPSC derived tissue [49]. Thus recent efforts are 

focusing on generating tissue/ organ specific ‘organoid’ models (meaning ‘resembling and 

organ’ [32] ) with the goal of reproducing the in vivo, tissue specific niche environment [48, 50].    

The development of intestinal organoids marked a major development in the stem cell field, 

when endogenous stem cell components were demonstrated to have long term and stable 

culture of near physiological epithelia [32, 51, 52]. In subsequent work, intestinal organoids were 

generated from iPSC derived cells [53, 54]. Over the last decade substantial efforts have been 

directed to derive organoids for various organs, using both adult stem cells as well as iPSCs 

(Table 2). Prominent examples include the derivation of stomach and gastric organoids from 

murine ESC [55], human ESCs and iPSCs [56]. Takebe et al generated liver organoids, referred 

as ‘liver bud’, using iPSC derived hepatocytes along with human endothelial cells and 

mesenchymal stem cells [57]. Upon implantation the liver organoids developed into 

vascularized, functional, liver tissue. Recently, cholangiocyte organoids have also been reported 

from hPSCs [46, 58]. Lung organoids have been derived from human ESCs, expressing both 

proximal and distal lung markers reminiscent of branching morphogenesis [59, 60]. Our group 

have reported the generation of pancreatic islet organoids by controlled aggregation of hPSC 

derived pancreatic progenitor cells using a novel hydrogel substrate [61]. This substrate allows 

inclusion of multiple cell population, towards generation of an islet mimetic with stromal and 

endothelial support along with the endocrine cells. Our group along with others have 

demonstrated that reproducing the native 3D islet configuration in hPSC derived organoids 

significantly enhanced the insulin secretion and glucose responsiveness of the derived islets 

[61-63].    

Organoids of the ectoderm lineage are primarily derived from embryoid bodies, which are 

further induced towards the neural fate. Accordingly, retinal organoids have been generated 

from mouse ESCs in combination with defined ECM components [64, 65]. Inner ear organoids 

have been generated from mouse ESCs possessing mechanosensitive hair and prosensory 

cells [66, 67]. Eiraku pioneered the Serum Free Culture of Embryoid Body (SFEBq) method to 

generate brain organoids, resembling telencephalon [68]. Lancaster generated cerebral 

organoids using the spinning bioreactor, representing multiple regions of the brain with 

functional neurons [69].  

Organoids are gaining popularity since they closely resemble the endogenous organ structure, 

including cellular organization. This will likely enable the study of disease pathology in a 

spatiotemporal context, and modeling of drug response at the level of an organ instead of 

individual cells.  



Organoid Type of 
Stem Cell 

Aggregation Method Cell Types/Structures Applications Refs 

Intestine Mouse ESCs  Differentiation Induced Aggregation; 
Matrigel Suspension Culture; 
Microinjection; Transwell Air-Liquid 
Interface; Microengineering Chip  

Polarized, Columnar Epithelial 
Cells; Enterocyte Cells; Goblet 
Cells; Paneth Cells; 
Enteroendocrine Cells; Villus 
Region; Crypt Region; 
Mesenchymal Cells 

Clostridium difficile Disease 
Model; Salmonella Disease 
Model; Developmental 
Model; Retroviral Infection 
Model; Transplantation; 
Small Intestine Model; In 
Vitro Matured Model 

 [52-54, 
70-79] 

Human 
iPSCs/ESCs 

Liver Human 
iPSCs 

Matrigel Surface Coat Induced Self-
Assembly; Culture with Hepatic Cells on 
Ultralow Cluster Dish; Collagen 
I/Matrigel-treated Surface; Matrigel 
Suspension Culture 

Liver Buds; Endothelial Cells 
(HUVEC); Primary 
Mesenchymal Stem Cells; 
Biliary Epithelial Cells 
(cholangiocytes)  

In Vitro Functional Liver 
Model; Biliary Disease Model; 
Transplant 

 [46, 49, 
57, 58, 
80] 

Lung Human 
iPSCs/ ESCs 

Matrigel Suspension Culture; 
Engineered/Decellularized Scaffold 
Aided Assembly 

Mesenchymal Cells; Alveolar-
like Epithelial Cells; Basal 
Cells; Goblet Cells; Clara Cells; 
Ciliated Cells; Type I and II 
Alveolar Epithelial Cells 

Cystic Fibrosis Disease Model; 
In Vitro Lung Model; 
Hermansky-Pudlak Syndrome 
Type 2 In Vitro Model  

 [59, 60, 
81-83] 

Brain Mouse ESCs Spinning Bioreactor; Matrigel 
Suspension Culture; Ultralow 
Attachment Plate on an Orbital Shaker 
Suspension Culture;  

Forebrain Region; Mid-brain 
Region; Hapothalamic Region; 
Cerebral Cortex Region; Outer 
Radial Glial Stem Cells;  

Mid-brain Disease Model; 
Cerebral Model; Zika Virus 
Models; Developmental 
Model; Autism Spectrum 
Disorder Model 

[30, 31, 
68, 69, 
84-91] 

Human 
iPSCs/ESCs 

Kidney Human 
iPSCs 

Transwell Culture; Collagen I/ Matrigel 
Suspension Culture; Microwell 
Aggregation; Ultralow Attachment Plate 
Culture; V-bottom Plate Culture 

Collecting Duct Network-
associated Nephrons; 
Endothelial Cells; Podocytes; 
Proximal Tubules 

Nephrogenesis Model [92-96] 

Pancreas Human 
iPSCs 

Matrigel Surface Coat Induced Self-
Assembly; Amikagel; Matrigel 
Suspension 

Exocrine Progenitor Cells; 
Endocrine Porgenitor Cells; 
Acinar-like Cells; Ductal-like 
Cells; Beta-like Cells; 
Endothelial Cells (HUVEC) 

Islet Model; Adenocarcinoma 
Model; Acinar/ductal Model 

[61, 97, 
98] 

Stomach Mouse ESCs Matrigel Suspension Culture; Gelatine-
coated Dish Culture; Differentiation 
Induced Aggregation;  

Antrum Domain; Corpus 
Domain (Fundic Epithelium); 
Gastric Gland-like Domain; Pit-
like Domain; Gastric 
Endocrine Cells;  

Gastric Disease Model [29, 55, 
56, 99] 

Human 
iPSCs/ESCs 

Inner Ear Mouse ESCs Ultralow Adhesion U- or V-bottom Plate 
Culture 

Sensory Epithelia; Sensory 
Neurons 

In Vitro Model; Inner Ear 
Development Model 

[66, 67, 
100] Human 

iPSCs/ESCs 

Retina Mouse 
ESCs/iPSCs 

Ultralow Adhesion Plate Culture; 
Rotating Wall Vessel Bioreactor; 
Lipidure-coated U-bottom Plate  

Optic Cup; Pigment 
Epithelium; Cone and Rod 
Photoreceptors  

Retinogenesis Model; 
Transplantation 

[64, 
101-
106] Human ESCs 

Thymus Human 
iPSCs/ESCs 
derived HSC 

Transwell Culture T-cells; Artificial Antigen 
Presenting Cells; Human 
Embryonic Mesodermal 
Progenitors  

T-cell Immunotherapy [107] 

Table 2: Overview of pluripotent stem cell derived organoid types and their applications  

 

Outlook and Future Perspective 

The great potential of iPSC technology is only beginning to be realized, with its applications in 

regenerative therapy along with human disease modeling for drug discovery applications. 

Significant progress has been made over the last decade in deriving various organ specific cell 

and tissue from hPSCs, several of which have proceeded to clinical trials. While highly 

promising, there are several challenges which needs to be overcome to realize the full potential 

of hPSCs.   



Success of iPSC based disease modeling depends both on the derivation and generation of 

relevant cells source along with its differentiation into mature cells representing the disease 

phenotype. The gene editing efficiency of human ESC and iPSCs have significantly improved by 

the advent of technologies such as zinc finger nucleases (ZFN) [108, 109], transcription 

activator like effector nucleases (TALENs) [110, 111] and the CRISPR Cas9 system [112, 113] 

These site specific nucleases can induce DNA double stranded breaks at the site of gene 

modification, which enables researchers to correct mutations in patient iPSCs or to introduce 

disease causing mutations into wild type iPSCs, to create isogenic controls for iPSC based 

disease modeling.  

Successful generation of mature functional organs is a critical factor component governing the 

success of this technology. In the current state while the iPSC derived cells are still representing 

an immature, fetal phenotype, they can still provide a relevant model to study disease with an 

early onset [20, 43, 114]. However the organoid models are proving to be valuable in enhancing 

the maturation and function of the hPSC derived organ models, by adequately reproducing the 

complexity of organ structure in 3D configuration and cellular composition [6].  

While the 3D multicellular heterotypic environment renders functional benefit to the organoid 

system, it also offers some restrictions, which needs to be overcome in order for this technology 

to emerge as a viable therapy. The 3D organoid structures are typically subjected to diffusion 

limitation in the organoid core, compromising the organoid function and fate. This issue could be 

resolved by in vitro vascularization, currently an active area of research [33, 57]. The 3D 

structure also hinders dynamic, real time readouts and microscopy, thereby affecting the 

throughput of organoid based studies [6]. However the major restriction is in the lack of control 

on the formation of self organized organoids, which introduces variability in organoid phenotype. 

It is expected that novel biomaterial design will play a critical role to facilitate 3D organoid 

architecture in a controlled and reproducible manner. Accordingly various scaffolds have been 

investigated and incorporated into organoid engineering, including collagen, fibrin and matrigel 

[115]. We have reported the feasibility of generating uniform, size controlled heterotypic 

organoids using a novel substrate [61].   

Rapid progress in iPSCs and associated technologies like genome editing and organoid 

modeling have resulted in a paradigm shift in biomedical research. iPSC based tissue/ organ 

models have paved the way to systematic modeling of human disease and its application to 

inform therapeutic development. Patient derived tissue/ organs and biobanking is expected to 

further enhance our understanding of heterogeneity between patients, paving the way to 

personalized therapies. Overall, stem cell based technologies are becoming invaluable tools for 

regenerative medicine, precision medicine, disease modeling, development of novel 

therapeutics and toxicity testing.     

Funding 

Work in the Banerjee lab was supported by grants from NSF (CBET 1547618, 1706674, 

1803781) and NIH (UG3DK119973, AI126335). 

References 

 



1. Robinton, D.A. and G.Q. Daley, The promise of induced pluripotent stem cells in research and 
therapy. Nature, 2012. 481(7381): p. 295-305. 

2. Takahashi, K. and S. Yamanaka, Induction of pluripotent stem cells from mouse embryonic and 
adult fibroblast cultures by defined factors. Cell, 2006. 126(4): p. 663-76. 

3. Takahashi, K., et al., Induction of pluripotent stem cells from adult human fibroblasts by defined 
factors. Cell, 2007. 131(5): p. 861-72. 

4. Yu, J., et al., Human induced pluripotent stem cells free of vector and transgene sequences. 
Science, 2009. 324(5928): p. 797-801. 

5. Seki, T., S. Yuasa, and K. Fukuda, Generation of induced pluripotent stem cells from a small 
amount of human peripheral blood using a combination of activated T cells and Sendai virus. Nat 
Protoc, 2012. 7(4): p. 718-28. 

6. Elitt, M.S., L. Barbar, and P.J. Tesar, Drug screening for human genetic diseases using iPSC 
models. Hum Mol Genet, 2018. 27(R2): p. R89-r98. 

7. Staerk, J., et al., Reprogramming of human peripheral blood cells to induced pluripotent stem 
cells. Cell Stem Cell, 2010. 7(1): p. 20-4. 

8. Xue, Y., et al., Generating a non-integrating human induced pluripotent stem cell bank from 
urine-derived cells. PLoS One, 2013. 8(8): p. e70573. 

9. Yan, X., et al., iPS cells reprogrammed from human mesenchymal-like stem/progenitor cells of 
dental tissue origin. Stem Cells Dev, 2010. 19(4): p. 469-80. 

10. Ebert, A.D. and C.N. Svendsen, Human stem cells and drug screening: opportunities and 
challenges. Nature reviews. Drug discovery, 2010. 9(5): p. 367-72. 

11. Grskovic, M., et al., Induced pluripotent stem cells--opportunities for disease modelling and drug 
discovery. Nature reviews. Drug discovery, 2011. 10(12): p. 915-29. 

12. Horvath, P., et al., Screening out irrelevant cell-based models of disease. Nat Rev Drug Discov, 
2016. 15(11): p. 751-769. 

13. Kimbrel, E.A. and R. Lanza, Current status of pluripotent stem cells: moving the first therapies to 
the clinic. Nat Rev Drug Discov, 2015. 14(10): p. 681-92. 

14. Scudellari, M., How iPS cells changed the world. Nature, 2016. 534(7607): p. 310-2. 
15. Trounson, A. and N.D. DeWitt, Pluripotent stem cells progressing to the clinic. Nat Rev Mol Cell 

Biol, 2016. 17(3): p. 194-200. 
16. Elseberg, C.L., D. Salzig, and P. Czermak, Bioreactor expansion of human mesenchymal stem cells 

according to GMP requirements. Methods Mol Biol, 2015. 1283: p. 199-218. 
17. Kempf, H., et al., Cardiac differentiation of human pluripotent stem cells in scalable suspension 

culture. Nat Protoc, 2015. 10(9): p. 1345-61. 
18. Rodrigues, G.M.C., et al., Defined and Scalable Differentiation of Human Oligodendrocyte 

Precursors from Pluripotent Stem Cells in a 3D Culture System. Stem Cell Reports, 2017. 8(6): p. 
1770-1783. 

19. Moreau, T., et al., Large-scale production of megakaryocytes from human pluripotent stem cells 
by chemically defined forward programming. Nat Commun, 2016. 7: p. 11208. 

20. Shi, Y., et al., Induced pluripotent stem cell technology: a decade of progress. Nat Rev Drug 
Discov, 2017. 16(2): p. 115-130. 

21. Liu, C., et al., Modeling human diseases with induced pluripotent stem cells: from 2D to 3D and 
beyond. Development, 2018. 145(5). 

22. Kondo, T., et al., Modeling Alzheimer's disease with iPSCs reveals stress phenotypes associated 
with intracellular Abeta and differential drug responsiveness. Cell Stem Cell, 2013. 12(4): p. 487-
96. 

23. Mungenast, A.E., S. Siegert, and L.H. Tsai, Modeling Alzheimer's disease with human induced 
pluripotent stem (iPS) cells. Mol Cell Neurosci, 2016. 73: p. 13-31. 



24. Israel, M.A., et al., Probing sporadic and familial Alzheimer's disease using induced pluripotent 
stem cells. Nature, 2012. 482(7384): p. 216-20. 

25. Cooper, O., et al., Pharmacological rescue of mitochondrial deficits in iPSC-derived neural cells 
from patients with familial Parkinson's disease. Sci Transl Med, 2012. 4(141): p. 141ra90. 

26. Devine, M.J., et al., Parkinson's disease induced pluripotent stem cells with triplication of the 
alpha-synuclein locus. Nat Commun, 2011. 2: p. 440. 

27. Cayo, M.A., et al., A Drug Screen using Human iPSC-Derived Hepatocyte-like Cells Reveals Cardiac 
Glycosides as a Potential Treatment for Hypercholesterolemia. Cell Stem Cell, 2017. 20(4): p. 
478-489.e5. 

28. Engevik, K.A., et al., Organoids as a Model to Study Infectious Disease. Methods Mol Biol, 2018. 
1734: p. 71-81. 

29. Bartfeld, S. and H. Clevers, Organoids as Model for Infectious Diseases: Culture of Human and 
Murine Stomach Organoids and Microinjection of Helicobacter Pylori. J Vis Exp, 2015(105). 

30. Qian, X., et al., Brain-Region-Specific Organoids Using Mini-bioreactors for Modeling ZIKV 
Exposure. Cell, 2016. 165(5): p. 1238-1254. 

31. Garcez, P.P., et al., Zika virus impairs growth in human neurospheres and brain organoids. 
Science, 2016. 352(6287): p. 816-8. 

32. Fatehullah, A., S.H. Tan, and N. Barker, Organoids as an in vitro model of human development 
and disease. Nat Cell Biol, 2016. 18(3): p. 246-54. 

33. Mansour, A.A., et al., An in vivo model of functional and vascularized human brain organoids. 
Nat Biotechnol, 2018. 36(5): p. 432-441. 

34. DiMasi, J.A., H.G. Grabowski, and R.W. Hansen, Innovation in the pharmaceutical industry: New 
estimates of R&D costs. J Health Econ, 2016. 47: p. 20-33. 

35. Scannell, J.W. and J. Bosley, When Quality Beats Quantity: Decision Theory, Drug Discovery, and 
the Reproducibility Crisis. PLoS One, 2016. 11(2): p. e0147215. 

36. Jin, M., et al., An in vitro paradigm to assess potential anti-Abeta antibodies for Alzheimer's 
disease. Nat Commun, 2018. 9(1): p. 2676. 

37. Lee, G., et al., Large-scale screening using familial dysautonomia induced pluripotent stem cells 
identifies compounds that rescue IKBKAP expression. Nat Biotechnol, 2012. 30(12): p. 1244-8. 

38. Limpitikul, W.B., et al., A Precision Medicine Approach to the Rescue of Function on Malignant 
Calmodulinopathic Long-QT Syndrome. Circ Res, 2017. 120(1): p. 39-48. 

39. Itzhaki, I., et al., Modelling the long QT syndrome with induced pluripotent stem cells. Nature, 
2011. 471(7337): p. 225-9. 

40. Marchetto, M.C., et al., A model for neural development and treatment of Rett syndrome using 
human induced pluripotent stem cells. Cell, 2010. 143(4): p. 527-39. 

41. Readhead, B., et al., Expression-based drug screening of neural progenitor cells from individuals 
with schizophrenia. Nat Commun, 2018. 9(1): p. 4412. 

42. Valetdinova, K.R., et al., Generation of two spinal muscular atrophy (SMA) type I patient-derived 
induced pluripotent stem cell (iPSC) lines and two SMA type II patient-derived iPSC lines. Stem 
Cell Res, 2019. 34: p. 101376. 

43. Ebert, A.D., et al., Induced pluripotent stem cells from a spinal muscular atrophy patient. Nature, 
2009. 457(7227): p. 277-80. 

44. Yazawa, M., et al., Using induced pluripotent stem cells to investigate cardiac phenotypes in 
Timothy syndrome. Nature, 2011. 471(7337): p. 230-4. 

45. McNeish, J., et al., From Dish to Bedside: Lessons Learned While Translating Findings from a 
Stem Cell Model of Disease to a Clinical Trial. Cell Stem Cell, 2015. 17(1): p. 8-10. 

46. Ogawa, M., et al., Directed differentiation of cholangiocytes from human pluripotent stem cells. 
Nat Biotechnol, 2015. 33(8): p. 853-61. 



47. Wu, S.M. and K. Hochedlinger, Harnessing the potential of induced pluripotent stem cells for 
regenerative medicine. Nat Cell Biol, 2011. 13(5): p. 497-505. 

48. Gattazzo, F., A. Urciuolo, and P. Bonaldo, Extracellular matrix: a dynamic microenvironment for 
stem cell niche. Biochim Biophys Acta, 2014. 1840(8): p. 2506-19. 

49. Takebe, T., et al., Generation of a vascularized and functional human liver from an iPSC-derived 
organ bud transplant. Nat Protoc, 2014. 9(2): p. 396-409. 

50. Brafman, D.A., Constructing stem cell microenvironments using bioengineering approaches. 
Physiol Genomics, 2013. 45(23): p. 1123-35. 

51. Barker, N., et al., Identification of stem cells in small intestine and colon by marker gene Lgr5. 
Nature, 2007. 449(7165): p. 1003-7. 

52. Sato, T., et al., Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal 
niche. Nature, 2009. 459(7244): p. 262-5. 

53. Cao, L., et al., Intestinal lineage commitment of embryonic stem cells. Differentiation, 2011. 
81(1): p. 1-10. 

54. Spence, J.R., et al., Directed differentiation of human pluripotent stem cells into intestinal tissue 
in vitro. Nature, 2011. 470(7332): p. 105-9. 

55. Noguchi, T.K., et al., Generation of stomach tissue from mouse embryonic stem cells. Nat Cell 
Biol, 2015. 17(8): p. 984-93. 

56. McCracken, K.W., et al., Modelling human development and disease in pluripotent stem-cell-
derived gastric organoids. Nature, 2014. 516(7531): p. 400-4. 

57. Takebe, T., et al., Vascularized and functional human liver from an iPSC-derived organ bud 
transplant. Nature, 2013. 499(7459): p. 481-4. 

58. Sampaziotis, F., et al., Cholangiocytes derived from human induced pluripotent stem cells for 
disease modeling and drug validation. Nat Biotechnol, 2015. 33(8): p. 845-852. 

59. Miller, A.J., et al., Generation of lung organoids from human pluripotent stem cells in vitro. Nat 
Protoc, 2019. 14(2): p. 518-540. 

60. Dye, B.R., et al., In vitro generation of human pluripotent stem cell derived lung organoids. Elife, 
2015. 4. 

61. Candiello, J., et al., 3D heterogeneous islet organoid generation from human embryonic stem 
cells using a novel engineered hydrogel platform. Biomaterials, 2018. 177: p. 27-39. 

62. Velazco-Cruz, L., et al., Acquisition of Dynamic Function in Human Stem Cell-Derived beta Cells. 
Stem Cell Reports, 2019. 12(2): p. 351-365. 

63. Nair, G.G., et al., Recapitulating endocrine cell clustering in culture promotes maturation of 
human stem-cell-derived beta cells. Nat Cell Biol, 2019. 21(2): p. 263-274. 

64. Eiraku, M., et al., Self-organizing optic-cup morphogenesis in three-dimensional culture. Nature, 
2011. 472(7341): p. 51-6. 

65. Kuwahara, A., T. Nakano, and M. Eiraku, Generation of a Three-Dimensional Retinal Tissue from 
Self-Organizing Human ESC Culture. Methods Mol Biol, 2017. 1597: p. 17-29. 

66. Koehler, K.R., et al., Generation of inner ear sensory epithelia from pluripotent stem cells in 3D 
culture. Nature, 2013. 500(7461): p. 217-21. 

67. Koehler, K.R., et al., Generation of inner ear organoids containing functional hair cells from 
human pluripotent stem cells. Nat Biotechnol, 2017. 35(6): p. 583-589. 

68. Mariani, J., et al., Modeling human cortical development in vitro using induced pluripotent stem 
cells. Proc Natl Acad Sci U S A, 2012. 109(31): p. 12770-5. 

69. Lancaster, M.A., et al., Cerebral organoids model human brain development and microcephaly. 
Nature, 2013. 501(7467): p. 373-9. 



70. Leslie, J.L., et al., Persistence and toxin production by Clostridium difficile within human intestinal 
organoids result in disruption of epithelial paracellular barrier function. Infect Immun, 2015. 
83(1): p. 138-45. 

71. Finkbeiner, S.R., et al., Stem cell-derived human intestinal organoids as an infection model for 
rotaviruses. MBio, 2012. 3(4): p. e00159-12. 

72. Finkbeiner, S.R., et al., Transcriptome-wide Analysis Reveals Hallmarks of Human Intestine 
Development and Maturation In Vitro and In Vivo. Stem Cell Reports, 2015. 4(6): p. 1140-55. 

73. Forbester, J.L., et al., Interaction of Salmonella enterica Serovar Typhimurium with Intestinal 
Organoids Derived from Human Induced Pluripotent Stem Cells. Infect Immun, 2015. 83(7): p. 
2926-34. 

74. Fordham, R.P., et al., Transplantation of expanded fetal intestinal progenitors contributes to 
colon regeneration after injury. Cell Stem Cell, 2013. 13(6): p. 734-44. 

75. Zhang, C., et al., Behavior of stem cells under outer-space microgravity and ground-based 
microgravity simulation. Cell Biol Int, 2015. 39(6): p. 647-56. 

76. Watson, C.L., et al., An in vivo model of human small intestine using pluripotent stem cells. Nat 
Med, 2014. 20(11): p. 1310-4. 

77. McCracken, K.W., et al., Generating human intestinal tissue from pluripotent stem cells in vitro. 
Nat Protoc, 2011. 6(12): p. 1920-8. 

78. Workman, M.J., et al., Enhanced Utilization of Induced Pluripotent Stem Cell-Derived Human 
Intestinal Organoids Using Microengineered Chips. Cell Mol Gastroenterol Hepatol, 2018. 5(4): p. 
669-677.e2. 

79. Jung, K.B., et al., Interleukin-2 induces the in vitro maturation of human pluripotent stem cell-
derived intestinal organoids. Nature Communications, 2018. 9(1): p. 3039. 

80. Asai, A., et al., Paracrine signals regulate human liver organoid maturation from induced 
pluripotent stem cells. Development, 2017. 144(6): p. 1056-1064. 

81. Huang, S.X., et al., Efficient generation of lung and airway epithelial cells from human pluripotent 
stem cells. Nat Biotechnol, 2014. 32(1): p. 84-91. 

82. Firth, A.L., et al., Functional Gene Correction for Cystic Fibrosis in Lung Epithelial Cells Generated 
from Patient iPSCs. Cell Rep, 2015. 12(9): p. 1385-90. 

83. Korogi, Y., et al., In Vitro Disease Modeling of Hermansky-Pudlak Syndrome Type 2 Using Human 
Induced Pluripotent Stem Cell-Derived Alveolar Organoids. Stem Cell Reports, 2019. 12(3): p. 
431-440. 

84. Jo, J., et al., Midbrain-like Organoids from Human Pluripotent Stem Cells Contain Functional 
Dopaminergic and Neuromelanin-Producing Neurons. Cell Stem Cell, 2016. 19(2): p. 248-257. 

85. Camp, J.G., et al., Human cerebral organoids recapitulate gene expression programs of fetal 
neocortex development. Proc Natl Acad Sci U S A, 2015. 112(51): p. 15672-7. 

86. Wells, M.F., et al., Genetic Ablation of AXL Does Not Protect Human Neural Progenitor Cells and 
Cerebral Organoids from Zika Virus Infection. Cell Stem Cell, 2016. 19(6): p. 703-708. 

87. Cugola, F.R., et al., The Brazilian Zika virus strain causes birth defects in experimental models. 
Nature, 2016. 534(7606): p. 267-71. 

88. Dang, J., et al., Zika Virus Depletes Neural Progenitors in Human Cerebral Organoids through 
Activation of the Innate Immune Receptor TLR3. Cell Stem Cell, 2016. 19(2): p. 258-265. 

89. Xu, M., et al., Identification of small-molecule inhibitors of Zika virus infection and induced neural 
cell death via a drug repurposing screen. Nat Med, 2016. 22(10): p. 1101-1107. 

90. Mariani, J., et al., FOXG1-Dependent Dysregulation of GABA/Glutamate Neuron Differentiation in 
Autism Spectrum Disorders. Cell, 2015. 162(2): p. 375-390. 

91. Lancaster, M.A. and J.A. Knoblich, Generation of cerebral organoids from human pluripotent 
stem cells. Nat Protoc, 2014. 9(10): p. 2329-40. 



92. Takasato, M., et al., Kidney organoids from human iPS cells contain multiple lineages and model 
human nephrogenesis. Nature, 2015. 526(7574): p. 564-8. 

93. Freedman, B.S., et al., Modelling kidney disease with CRISPR-mutant kidney organoids derived 
from human pluripotent epiblast spheroids. Nature Communications, 2015. 6: p. 8715. 

94. Czerniecki, S.M., et al., High-Throughput Screening Enhances Kidney Organoid Differentiation 
from Human Pluripotent Stem Cells and Enables Automated Multidimensional Phenotyping. Cell 
Stem Cell, 2018. 22(6): p. 929-940.e4. 

95. Morizane, R. and J.V. Bonventre, Generation of nephron progenitor cells and kidney organoids 
from human pluripotent stem cells. Nature protocols, 2017. 12(1): p. 195-207. 

96. Garreta, E., et al., Fine tuning the extracellular environment accelerates the derivation of kidney 
organoids from human pluripotent stem cells. Nature Materials, 2019. 18(4): p. 397-405. 

97. Huang, L., et al., Ductal pancreatic cancer modeling and drug screening using human pluripotent 
stem cell- and patient-derived tumor organoids. Nat Med, 2015. 21(11): p. 1364-71. 

98. Hohwieler, M., et al., Human pluripotent stem cell-derived acinar/ductal organoids generate 
human pancreas upon orthotopic transplantation and allow disease modelling. Gut, 2017. 66(3): 
p. 473-486. 

99. Broda, T.R., K.W. McCracken, and J.M. Wells, Generation of human antral and fundic gastric 
organoids from pluripotent stem cells. Nature Protocols, 2019. 14(1): p. 28-50. 

100. Longworth-Mills, E., K.R. Koehler, and E. Hashino, Generating Inner Ear Organoids from Mouse 
Embryonic Stem Cells. Methods Mol Biol, 2016. 1341: p. 391-406. 

101. Kuwahara, A., T. Nakano, and M. Eiraku, Generation of a Three-Dimensional Retinal Tissue from 
Self-Organizing Human ESC Culture. Methods in molecular biology (Clifton, N.J.), 2017. 1597: p. 
17-29. 

102. Völkner, M., et al., Retinal Organoids from Pluripotent Stem Cells Efficiently Recapitulate 
Retinogenesis. Stem Cell Reports, 2016. 6(4): p. 525-538. 

103. Assawachananont, J., et al., Transplantation of embryonic and induced pluripotent stem cell-
derived 3D retinal sheets into retinal degenerative mice. Stem Cell Reports, 2014. 2(5): p. 662-74. 

104. Mellough, C.B., et al., Systematic Comparison of Retinal Organoid Differentiation from Human 
Pluripotent Stem Cells Reveals Stage Specific, Cell Line, and Methodological Differences. Stem 
Cells Transl Med, 2019. 

105. DiStefano, T., et al., Accelerated and Improved Differentiation of Retinal Organoids from 
Pluripotent Stem Cells in Rotating-Wall Vessel Bioreactors. Stem Cell Reports, 2018. 10(1): p. 
300-313. 

106. Hallam, D., et al., Human-Induced Pluripotent Stem Cells Generate Light Responsive Retinal 
Organoids with Variable and Nutrient-Dependent Efficiency. Stem Cells, 2018. 36(10): p. 1535-
1551. 

107. Montel-Hagen, A., et al., Organoid-Induced Differentiation of Conventional T Cells from Human 
Pluripotent Stem Cells. Cell Stem Cell, 2019. 24(3): p. 376-389.e8. 

108. Schlaeger, T.M., et al., A comparison of non-integrating reprogramming methods. Nat 
Biotechnol, 2015. 33(1): p. 58-63. 

109. Hockemeyer, D., et al., Efficient targeting of expressed and silent genes in human ESCs and iPSCs 
using zinc-finger nucleases. Nat Biotechnol, 2009. 27(9): p. 851-7. 

110. Christian, M., et al., Targeting DNA double-strand breaks with TAL effector nucleases. Genetics, 
2010. 186(2): p. 757-61. 

111. Hockemeyer, D., et al., Genetic engineering of human pluripotent cells using TALE nucleases. Nat 
Biotechnol, 2011. 29(8): p. 731-4. 

112. Cong, L., et al., Multiplex genome engineering using CRISPR/Cas systems. Science, 2013. 
339(6121): p. 819-23. 



113. Shalem, O., et al., Genome-scale CRISPR-Cas9 knockout screening in human cells. Science, 2014. 
343(6166): p. 84-87. 

114. Lee, G., et al., Modelling pathogenesis and treatment of familial dysautonomia using patient-
specific iPSCs. Nature, 2009. 461(7262): p. 402-6. 

115. Zhu, J. and R.E. Marchant, Design properties of hydrogel tissue-engineering scaffolds. Expert Rev 
Med Devices, 2011. 8(5): p. 607-26. 

 


