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Cellular reprogramming is a term 
that encompasses multiple techniques that 
enable researchers to reverse or hijack the 
differentiation path of mature cells. Since 
2007 (refs1,2), the validation of cellular 
reprogramming in human cells has opened 
the gates for a wealth of applications in 
stem cell biology, disease modelling, drug 
discovery and regenerative medicine3. 
Human induced pluripotent stem cells 
(hiPSCs) and direct reprogramming 
(Box 1) have solved, at least in part, the 
problem of limited availability of primary 
cells from patients, and have facilitated a 
variety of studies on the recapitulation of 
physiological and pathological mechanisms 
in patient- derived lines, resulting in more 
accurate disease modelling platforms2,4.

The ability to generate virtually any 
cell type by differentiating in vitro hiPSCs 
is particularly relevant in the field of 
neuroscience, owing to the limited access 
to primary cells from the human CNS 
and peripheral nervous system. Moreover, 
the recent development of genome editing 
techniques has enabled researchers to 

for known drugs12. For example, disease 
modelling experiments on hiPSCs derived 
from individuals with amyotrophic lateral 
sclerosis (ALS) were used to identify the 
anti- epileptic drug ezogabine as a potential 
treatment for ALS13,14.

hiPSC- derived cells themselves could  
also have applications as treatments in the 
regenerative medicine field. In particular,  
the regenerative potential of differentiated 
hiPSCs could be used to stabilize the 
progression of neurological disease or 
heal traumatic injuries of the nervous 
system15–17. The use of human embryonic 
stem cells (hESCs) as donor cells for 
regenerative therapy is already in the 
advanced stages of testing, and hundreds 
of progenitor cell- based therapies are 
currently under investigation for a 
number of neurodegenerative diseases18. 
The advantage of hiPSCs for this kind of 
treatment is that they can be generated 
from the same individual who will receive 
the therapy, thus minimizing the problem 
of graft rejection19. Owing to the technical 
difficulties involved in hiPSC generation 
and differentiation, only a handful of 
clinical trials of hiPSC- derived cell 
transplants have been performed so far20 
(Box 2; TaBle 1). In contrast, many more 
studies aim to use patient- derived iPSCs for 
disease modelling (as listed on ClinicalTrials.
gov and the WHO International Clinical 
Trials Registry Platform).

This Perspective addresses the need for 
a new approach to the use of hiPSC lines, 
particularly in in vitro disease modelling. 
To date, disease modelling with hiPSCs 
has come in two ‘flavours’: recapitulation 
of known phenotypes, and discovery of 
new phenotypes (which need to be 
subsequently validated in patients). We 
believe that two more expressions of disease 
modelling are achievable: matching the 
heterogeneity of disease manifestations, 
and predicting phenotypes that will arise 
in patients. To this effect, the field should 
strive to integrate high- quality clinical and 
in vitro data to build effective integrative 
models that are able to predict age of onset, 
disease course and severity as well as the 
drug responsiveness in a cohort of patients. 
We use Huntington disease (HD) as a 
practical example to illustrate the feasibility 
of this approach.

reduce the variability between healthy 
and diseased hiPSC clones by genetically 
correcting a diseased hiPSC line to generate 
a matched control cell line. hiPSCs have 
proved to be important in a variety of fields 
from virology, in which applications include 
modelling the target organs of viruses 
such as HIV and SARS- CoV-2 (refs5,6), 
to toxicology, in which hiPSCs are used to 
evaluate hepatotoxicity7, cardiotoxicy8 and 
nephrotoxicity9. hiPSCs are also frequently 
used in drug discovery and safety studies, 
for example, in drug development for 
Alzheimer disease (AD) with the aim of 
identifying compounds that can inhibit 
or lower the levels of amyloid- β10. The  
hiPSC approach has been popular in 
the field of AD as evidence indicates 
that the characteristics of hiPSC- derived 
neurons from individuals with the disease 
reflect the biomarker changes observed 
in vivo11. Disease modelling platforms 
based on hiPSCs have also been used 
for drug repositioning, a practice that 
builds on previous toxicological and 
safety studies to find new applications 
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Recognizing fatigue and complexity
A waste of resources? A study that analysed 
research papers on hESCs and hiPSCs 
published between 2008 and 2016 found 
that, although the number of publications on 
hESCs is still much higher than the number 
of publications on hiPSCs, only 21 hESC 

lines are in use worldwide20. Indeed, two 
specific lines (H9 and H1) accounted for 
69.9% of the hESC publications. In contrast, 
the authors estimated that, during the same 
time period, ~10,000 hiPSC lines were 
generated, most of which were derived 
from individuals with genetic conditions. 

Notably, derivation methods, the quality 
and type of the starting material, culture 
conditions and differentiation protocols are 
not standardized across laboratories, thus 
complicating the interpretation of hiPSC- 
derived modelling data. This inconsistency 
was also highlighted by an analysis of the 
literature describing the in vitro generation 
of dopaminergic neurons, the neuronal 
subtype most frequently derived from 
human pluripotent stem cells (both hESCs 
and hiPSCs)21. The authors focused on 
research published between November 
2004 and May 2017 and identified 
158 publications describing the directed 
differentiation of human pluripotent stem 
cells into dopaminergic neurons. Almost 
half of these publications described new 
differentiation protocols or substantial 
modifications to pre- existing protocols, 
resulting in a total of 74 different methods 
for generating human dopaminergic 
neurons in vitro. However, only five of 
these 74 methods were substantially re- used 
by other research groups; the two most- 
cited publications were those published in 
journals with the highest impact factors21–23.

The establishment of new differentiation 
protocols that are highly efficient and 
reproducible takes time, and requires 
a process of trial and error. Although this 
process is a natural part of the scientific 
inefficiency of a nascent field, we should 
be aware that it could also disperse effort 
and resources. Clearly, improving existing 
differentiation protocols and developing 
alternative approaches is extremely valuable. 
However, we should also direct resources 
towards the identification and use of 
robust indicators of the desired cell type, 
including genetic and proteic markers, 
and electrophysiological characteristics. 
This approach would enable us to funnel 
research efforts towards the achievement 
of high- quality products, increasing the 
efficiency of the field.

Several other factors contribute 
to the complexity involved in using 
hiPSCs for disease modelling. First, 
it has been clear from very early in the 
reprogramming field that hiPSCs show 
great interline variability24,25 owing to 
reprogramming- induced genetic and 
epigenetic aberrations (TaBle 2). These 
alterations can have profound consequences; 
for example, the retention of DNA 
methylation signatures characteristic of the 
parent cells — known as somatic memory 
— can restrict the differentiation potential 
of hiPSCs26,27. Second, reprogramming to 
pluripotency almost completely erases the 
epigenetic age of the donor28–30, although 

Box 1 | Reprogramming to pluripotency and direct reprogramming

Reprogramming to pluripotency
The concept that terminally differentiated cells are not irreversibly committed to their identity 
emerged in the 1950s following the work on nuclear transfer (replacement of the nucleus  
of an unfertilized oocyte with the nucleus of a somatic cell) performed in frogs by King and  
Briggs144 and Gurdon et al.145. Decades later, nuclear transfer was used for reproductive cloning  
of mice146 and sheep147, proving that genetic information can reprogramme mature cells. In 2006, 
Takahashi and Yamanaka found that overexpression of a cocktail of four transcription factors 
reprogrammed mouse148 and human1,2 fibroblasts into induced pluripotent stem cells (iPSCs).

Direct reprogramming
Transdifferentiation is the conversion of a mature somatic cell of one type into a mature somatic cell 
of another type, without transition through an intermediate pluripotent state. Transdifferentiation 
occurs naturally in some species but in mammals requires the forced expression of specific genes,  
a process known as direct reprogramming. In 1987, overexpression of MyoD was found to turn 
mouse fibroblasts into myoblasts149 — the first direct programming experiment. Subsequently, 
direct reprogramming across germ layers was achieved by the overexpression of three transcription 
factors relevant to the development of neuronal cells, inducing the transdifferentiation of mouse 
fibroblasts into neurons150.

Methods
Both reprogramming approaches use overexpression of a cocktail of transcription factors relevant 
to the target cell type (figure a, b); viral vectors are the most common tools for gene delivery.  
Direct reprogramming preserves the epigenetic age of the original cells and delivers relatively  
few differentiated cells. Conversely, iPSC generation erases epigenetic memory and produces 
embryonic stem cell- like cells that can be directed towards differentiation along different lineages 
by the use of small molecules and growth factors that mimic the naturally occurring development 
process (directed differentiation; figure c). The contents of the reprogramming cocktail and the 
delivery approach have been greatly modified over the years to increase efficiency and produce  
a safer product3.
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a  Direct reprogramming b  Reprogramming to pluripotency
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some epigenetic and mitochondrial 
signatures carried by cells from elderly 
donors can still be found in hiPSCs28,31. 
This removal of the majority of epigenetic 
landmarks renders hiPSCs similar to 
hESCs, and thus suitable for modelling 
developmental mechanisms and disorders, 
but poses some difficulties when attempting 
to recreate the status of an aged cell. Last, 
the variability encountered in the derivation 
of hiPSCs from human tissue is further 
increased by the variability introduced by the 
subsequent in vitro differentiation protocols, 
which can differ greatly between laboratories.

We believe that the stem cell research 
community has the skills to tackle these 
different sources of variability and the 
resulting loss of time, human resources and 
funds, and to leverage the full potential 
of hiPSC disease modelling. However, 
reliable descriptive and predictive disease 
modelling can be achieved only through 
the establishment of a high- quality 
protocol along clear guidelines, enabling 
a higher degree of data sharing and 
collaboration between laboratories, 
clinicians and industries. In this Perspective, 
we discuss these requirements of reliable 

disease modelling and focus on their 
implementation in the field of neurology.

Molecular- level scrutiny. Given the 
high degree of variability involved in 
the establishment of hiPSC lines, the 
standardized, methodical characterization 
of the starting cell population and resulting 
hiPSC lines, along with a high degree of 
protocol transparency, will be essential for 
developing new, shareable disease modelling 
tools. Ideally, for any given target disease, 
we should strive towards a standardization 
of the conditions for derivation, culturing, 
storing and differentiation of hiPSC lines. 
A practical example of the relevance of 
accurate phenotyping comes from the 
Parkinson disease (PD) research field, where 
specific cellular markers were found to 
correlate with the transplantation efficiency 
of dopaminergic progenitors in rats. The 
identification and use of these markers led 
to improvements in transplantation outcome 
and reproducibility32,33.

Prestigious scientific societies and 
international consortia had, and continue 
to have, an important role in promoting 
the excellence of stem cell science and its 

applications. For example, since 2006 the 
International Society for Stem Cell Research 
has issued hESC research guidelines with 
the aim of optimizing the use of these cells 
in preclinical and clinical studies34,35. More 
recently, the Innovative Medicine Initiative 
has led to the creation of a high- standard 
European Bank for induced Pluripotent 
Stem Cells (EBiSC) that is connected to the 
hiPSC registry36. Additionally, the New York 
Stem Cell Foundation repository contains 
a collection of disease- specific stem cell 
lines, some accompanied by a full genomic 
sequence, and the California Institute for 
Regenerative Medicine is in the process 
of collecting a large number of healthy 
and diseased tissues for the generation of 
an hiPSC repository with de- identified 
clinical and demographic information (see 
Related links). At the time of writing, the 
RIKEN BRC Cell Bank already contained 
480 disease- specific hiPSC lines and 
206 healthy control lines. Together with 
the Human Induced Pluripotent Stem 
Cell Initiative and the WiCell Research 
Institute, the repositories mentioned above 
constitute the largest hiPSC banks available 
today37. These entities all responded to the 
need for a unified framework to enable 
the sharing of high- quality cells across 
multiple stakeholders. Another attempt in 
this direction is provided by the journal 
Stem Cell Research, which publishes ‘Lab 
Resource’ articles describing the generation 
of new cell lines, including detailed 
information on line derivation methods 
and characteristics. These details are often 
omitted from conventional research articles.

We propose that the field should take the 
approaches described above as examples to 
generate one worldwide hiPSC certification 
system to confer the equivalent of a warranty 
label on each newly generated hiPSC line. 
In this approach, the cells would be stored in 

Box 2 | Clinical applications of hiPSCs

Pluripotent stem cells are a valuable resource for regenerative medicine because they hold the 
potential to replace any diseased cell type. Reprogramming techniques can produce pluripotent 
stem cells that are specific to an individual patient and are thus expected to carry a lower risk 
of immune rejection upon transplantation than embryonic stem cells. So far, few clinical trials of 
hiPSC transplantation have been approved (TaBle 1), and many more trials focus on the collection 
of biological samples and biopsies for the generation of patient- derived hiPSCs for disease 
modelling purposes20. The first interventional hiPSC trial started in 2013, and tested the autologous 
transplantation of hiPSC- derived retinal pigment epithelial cells to patients with age- related 
macular degeneration151. Similar trials in individuals with Parkinson disease, cardiac disease 
and graft- versus- host disease are ongoing, and preliminary results are becoming available19,152. 
In contrast to the work on hiPSCs, directly reprogrammed cells have not yet been used in the clinic 
owing to a requirement for further scrutiny of the safety of the reprogramming factors in use. 
Therefore, the application of directly reprogrammed cells remains in the disease modelling field 
for now.

Table 1 | Clinical trials of therapeutic hiPSC- derived cells

Study ID Condition Sponsor Start date Origin of hiPSCs Trial status

NCT04339764 Atrophic AMD National Eye Institute, USA 22 Apr. 2020 Autologous Ongoing

UMIN000032989 Cardiomyopathy Osaka University, Japan 11 Aug. 2019 Allogeneic Ongoing

NCT03759405 Chronic heart failure Beijing University, China 1 Jun. 2019 Autologous Ongoing

NCT03815071 Parkinson disease Allife Medical Science and Technology, 
China

1 Feb. 2019 Autologous Ongoing

UMIN000033564 Parkinson disease Kyoto University Hospital, Japan 1 Aug. 2018 Allogeneic Ongoing

NCT02923375 Graft vs host disease Cynata Therapeutics, Australia 1 Mar. 2017 Allogeneic Completed 
30 Jun. 2020

UMIN000026003 Neovascular AMD Ophthalmology Dept., Kobe City Medical 
General Hospital, Japan

6 Feb. 2017 Allogeneic Ongoing

UMIN000011929 Exudative AMD RIKEN, Japan 2 Oct. 2013 Autologous Completed 
28 Feb. 2019

AMD, age- related macular degeneration; hiPSCs, human induced pluripotent stem cells.
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appropriate and controlled conditions in the 
institute where they were produced, or in a 
cell bank, and made readily available to the 
scientific community via a globally accepted 
process overseen by an international entity. 
This system would work in a similar way to 
the ISO-9000 quality management systems38. 
The cells would be delivered to the recipient, 
accompanied by a quality control summary 
containing information on key aspects such 
as karyotype, genomic content, pluripotency, 
passaging, derivation method, number 
of clones generated and differentiation 
potential (TaBle 3). This process would be 
similar to that employed by J. Toombs and 
colleagues for the generation of hiPSC lines 
from individuals in the Lothian Birth Cohort 
of 1936 (ref.39). The use of the quality control 
criteria listed in TaBle 3 would increase the 
quality of research grade hiPSCs, without 
the need to implement the more expensive 
and restrictive good manufacturing 
practice40 conditions that are required for 
the generation of clinical grade hiPSCs. 
Most importantly, this process would create 
a unified and global real- time database that, 
for any given cell line, synthesizes research 
data from a range of sources.

In addition to the creation of an hiPSC 
certificate, the performance of hiPSC lines  
in standard directed differentiation protocols 
should be validated. Therefore, we should  
define experimental end points that represent 

the benchmarks that a differentiating hiPSC 
must achieve to qualify as a differentiated 
neuron, hepatocyte or cardiomyocyte. 
The G- Force PD initiative was launched 
in 2014 and aims to apply stem cell- based 
therapies to PD. Importantly, entities 
participating in the initiative use different 
cells and protocols, but they have agreed to 
use common clinical end points for their 
first- in- human clinical trials in order for 
the different approaches to be comparable41. 
Similarly, the coalescence of specific directed 
differentiation benchmarks into unified 
experimental end points would allow the 
establishment of certified and recognized 
cell lines and protocols, which would greatly 
advance the knowledge on differentiated 
patient- derived hiPSCs as they would 
stem from a common high- quality and 
state- of- the- art pipeline.

In our opinion, the adoption of these 
ambitious models is the gateway to predictive 
disease modelling. Indeed, making a reliable 
prediction requires a stable and defined 
starting assumption, which is why we need to 
increase the level of information we have on 
the hiPSC lines currently in use.

Switching gears
After the discovery of reprogramming 
technology, research into neurological 
disorders42–45 and neurodegenerative 
diseases46–49 initially focused on establishing 

whether the reprogramming process was 
equally efficient in cells from healthy 
individuals and in cells from individuals 
with disease. The aim of this work was 
to ensure that hiPSCs would provide 
a valid system for modelling disease. 
During this phase of research, a profound 
transformation in the technical aspects of 
the procedure occurred, the most relevant 
aspect of which was the transition from 
integrative to non- integrative delivery systems3. 
Thereafter, a progressive interest in 
leveraging hiPSC technology as a disease 
modelling platform was accompanied 
by an increase in the number of studies 
that used multiple hiPSC lines, and more 
precise and robust differentiation strategies, 
to minimize the effect of their intrinsic 
variability42–49. Unfortunately, barriers to the 
use of hiPSC- based disease modelling for 
more than the straightforward comparison 
of control and disease- perturbed regulatory 
networks remain. These barriers include the 
use of low numbers of hiPSC and control 
lines, missing patient- level data, and the 
difficulties involved in designing and 
performing well- powered in vitro studies, 
all of which are preventing a new, bolder, 
modelling approach from taking hold.

First, the patient- derived hiPSCs 
available to preclinical researchers generally 
do not represent the whole spectrum of 
manifestations for a given disease, which can 

Table 2 | Genetic and epigenetic alterations in hiPSCs

Alteration Risk factors Details Reported effects Refs

Genomic 
instability

Stable or transient expression 
of reprogramming factors

Residual expression of some of the 
reprogramming factors

MYC and KLF4 have known transforming 
properties

126–130

Random integration of 
reprogramming factors

Retroviral integration could potentially disrupt 
or aberrantly activate neighbouring genes

Hotspots of altered gene expression near 
viral insertion sites

131

Culture- derived mutagenesis Acquired from the cell of origin CNVs, altered gene expression and 
UV damage have been reported upon 
reprogramming

132

De novo mutation arising during 
reprogramming or in vitro clonal expansion

De novo CNVs, DNA methylation and 
transcriptional variation have been reported

133

Age- related mutagenesis Age of the donor correlates with mutational 
burden

Higher UV- related DNA damage in cells 
from older donors has been reported

134

Epigenetic 
memory

DMRs Reprogramming frequently induces aberrant 
methylation patterns that generate DMRs

DMRs have been reported in fibroblast 
derived iPSCs

135

Loss of genomic imprinting Genomic imprinting was altered in iPSC, with 
paternal imprints lost more frequently than 
maternal ones

Paternal imprints lost more frequently than 
maternal ones

136–138

Erosion of the inactive X 
chromosome

Altered X inactivation might induce lack of 
balance in the expression of X- linked genes

Reprogramming was reported to induce lack 
of balance in the expression of X- linked genes

139,140

Retention of parental DNA 
methylation signatures

This phenomenon restricts the differentiation 
potential of the generated iPSCs along the 
parental lineage

Restriction of the differentiation potential 
has been reported

26,27

Loss of epigenetic age Modelling age- associated neurodegenerative 
disease in epigenetically young cells might 
limit the validity of the in vitro study

Rejuvenated iPSCs might require 
an additional stressor to manifest 
disease- related phenotypes

29,141,142

CNVs, copy number variations; DMRs, differentially methylated regions; hiPSCs, human induced pluripotent stem cells.
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bias study results. Instead, sampling should 
take into account the diverse presentations 
that a disease can have; for example, 
the clinical manifestations of idiopathic 
diseases such as PD are influenced by the 
genetic background of the individual as 
well as environmental factors50. Similarly, 
individuals with monogenic diseases such 
as HD can exhibit different combinations of 
a wide range of symptoms, including motor 

and psychiatric disorders51. In addition 
to the lack of appropriate sampling, 
researchers conducting hiPSC studies are 
almost always blind to the clinical history 
of the donor patient, thus greatly limiting 
the interpretation of the resulting data. 
Indeed, in our experience, the majority of 
publications on patient- derived hiPSCs — 
including our own — include extremely 
limited information on the donor patient. 

This information typically consists of 
the donor’s disease, age at onset (when 
applicable), gender and age at the time of 
biopsy collection; very seldom could we find 
detailed information on the donor’s clinical 
symptomatology. This lack of information 
prevents researchers from being able to 
stratify hiPSC lines according to patient 
characteristics, confuses the interpretation 
of the resulting in vitro data and 

Table 3 | Quality control panel for hiPSC lines

Analysis Assays Recommended 
technologies

Alternative 
technologies

Acceptance 
criteria

Aim Estimated cost 
per sample (US 
dollars)

Priority

Genomic 
stability

Karyotyping Microarray- 
based 
comparative 
genomic 
hybridization

hPSC Genetic 
Analysis Kit, 
Stemcell 
Technologies; 
KaryoStat, 
Thermofisher; 
G- Banding; 
Q- banding

Normal 
karyotyping to a 
5–10 Mb resolution

Exclude 
chromosomal 
alterations

600–1,000 High

Genomic 
identity

STR STR test MSI analysis Confirmed identity 
with parental line

Establish identity 
between donor 
material and 
generated lots

150–300 High

WGS Long- read 
sequencing or 
next- generation 
sequencing 
technologies

WES Not required Determine exact 
genomic DNA 
sequence and 
allocation of 
relevant SNPs

WGS: 
3,000–5,000

WES: 1,500

Study dependent

Epigenetic 
landscape

ChIP- seq ATAC- seq Not required Confirm loss of 
epigenetic signature 
of the tissue of origin

2,000–5,000 Study dependent

Reprogramming 
footprint

qPCR- based – Absence of 
reprogramming 
factor expression

Test for residual 
expression of 
reprogramming 
factors

In- house High

Sterility Mycoplasma qPCR- based – Negative Exclude 
contamination

25–50 High

Viruses qPCR- based – Negative Exclude 
contamination

100–300 Recommended

Bacteria qPCR- based – Negative Exclude 
contamination

Variable Study- dependent

Toxins Endotoxin LAL assay – <1 EU/ml Guarantee 
endotoxin- free 
conditions

5–20 Recommended

Potency In vitro test Pluritest, 
Thermofisher; 
TaqMan hPSC 
Scorecard 
Assay, 
Thermofisher

Directed 
differentiation 
EB formation

Confirmed 
pluripotency

Show the ability 
to differentiate 
into all germ 
layers and exclude 
differentiation bias

300–500 Recommended

Expression of 
pluripotency 
markers

Flow cytometry Immuno -
cytochemistry

At least two of the 
following markers: 
OCT4 >80%, 
homeobox protein 
NANOG >70%, 
TRA 1–60 >80%, 
SSEA4 >80%

Assess expression 
of most common 
pluripotency 
markers

In- house High

Priority is based on the personal opinions of the authors of this Perspective. ATAC- seq, assay for transposase- accessible chromatin followed by next- generation 
sequencing; ChIP, chromatin immunoprecipitation followed by next- generation sequencing; EB, embryoid body; EU, endotoxin units; hiPSC, human induced 
pluripotent stem cell; hPSC, human pluripotent stem cell; LAL, Limulus amoebocyte lysate; MSI, microsatellite instability assay; OCT4, octamer- binding 
transcription factor 4; qPCR, quantitative PCR; SNPs, single- nucleotide polymorphisms; SSEA4, stage- specific embryonic antigen 4; STR, short terminal repeat; 
TRA, T cell receptor alpha locus; WES, whole- exome sequencing; WGS, whole- genome sequencing. Data from ref.143.
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frustrates attempts at conducting reliable 
meta- analyses.

Second, only rarely do preclinical 
researchers have the chance to define 
ex ante the size of the patient- derived hiPSC 
population, and thus to organize their 
experimental pipeline to ensure a sufficiently 
controlled and powered study. The cells are, 
instead, graciously donated to research and 
to request a certain number of patient 
and control samples is not possible. As the 
number of donor patients is generally limited, 
in vitro hiPSC differentiation studies seem 
to often be underpowered, and correcting 
cells with gene editing to achieve a control 
cell line with the same genetic background 
as the patient cell line is an inferior substitute 
for a population of patient and control cells 
large enough for an adequately controlled and 
well- powered study.

If we attempt a comparison with clinical 
trials, we find that the 116 interventional 
studies for AD listed as currently active on 
ClinicalTrials.gov are using an average of 245 
patients each. The appropriate cohort size 
depends on the aims of the specific study 
and intervention; however, until 2015 hiPSC 
studies of familial and sporadic AD used 
four or fewer distinct hiPSC lines or clones47. 
Unfortunately, this limitation is not unique 
to research into idiopathic conditions such 
as AD but is also observed in hiPSC studies 
of genetic diseases (for example, HD52) and 
complex psychiatric conditions (for example, 
schizophrenia45), both of which are usually 
studied in clinical trials that include large 
cohorts of participants who are carefully 
stratified to maximize signal- to- noise ratio.

In direct contrast to clinical trials, 
sample size estimation and power analyses 
are not required when planning in vitro 
experiments, even if those experiments 
use patient- derived cells. In our opinion, 
power analysis should be a mandatory 
element of the planning of hiPSC studies. 
In clinical trials and animal studies, ethical 
considerations are the main reasoning 
behind mandatory power analyses — it 
is unethical to perform an inadequately 
powered study. We believe that the costs 
involved in the derivation, maintenance, 
differentiation and analysis of hiPSCs are 
important limiting factors that should be 
viewed in a similar way to these ethical 
considerations.

Nevertheless, a priori sample sizing for 
cell- based in vitro studies is challenging 
because it needs to account for many 
variables, including the nature of the disease 
(multifactorial versus monofactorial), the 
differentiation protocol and the variability 
of the readouts, which make the resulting 

estimation highly unreliable. Power analyses 
performed on historical data or a pilot 
experiment can calculate the variance  
of the system, which can be used to estimate 
the sample size needed to detect the desired 
effect53. Unfortunately, in our experience 
the results of this computation often greatly 
exceed the number of available cell lines or 
impose a substantial economic burden to the 
experiment. Nevertheless, it would be highly 
desirable to identify and implement power 
analysis methodologies that can aid the 
design of in vitro experiments.

The feasibility of performing hiPSC 
experiments with large sample sizes is 
substantially influenced by the available 
cell- handling approaches and experimental 
throughput. For example, the need for 
hiPSC- based studies with sample sizes 
large enough to represent the diversity of 
the patient population discourages the 
use of traditional low- content approaches. 
Technological advances in automated cell 
manipulation54,55, microfluidic systems56, 
3D bioprinting57,58, organ- on- chip59 and 
organoids60,61 can boost experimental 
throughput to hundreds of lines or clones 
while maintaining readouts with single- cell 
resolution.

With the above limitations in mind, 
we should strive to implement best practice 
from the clinical research field in an attempt 
to realize the full potential of patient- specific 
in vitro disease modelling. To reach this 
goal, we need closer collaboration between 
clinicians and preclinical researchers 
to enable the definition of appropriate 
sample sizes, keeping in consideration the 
epidemiological characteristics of the disease 
of interest. Moreover, a change in policies 
governing the use of donor patient clinical 
records is highly desirable62; better access 
to these records for preclinical researchers 
would enable us to gain more information 
from descriptive modelling studies and 
move us towards predictive modelling.

Predictive modelling
Modelling diseases in vitro is key to 
uncovering prognostic and predictive 
biomarkers at relevant surrogate end 
points. This knowledge is important for 
the development of preventive treatment 
approaches. To this end, there is a strong 
need to establish the most translatable and 
predictive in vitro cellular models, which 
we believe can be achieved via the precision 
medicine model.

Precision medicine is a relatively new 
operative paradigm that strives to optimize 
disease prevention and therapy by taking 
a predictive and preventive approach, as 

opposed to the reactive approach that is the 
current standard. The final goal of precision 
medicine is to predict the individual disease 
trajectory of each patient and to precisely 
intervene when the disease processes are 
preventable or reversible63. We believe that 
predictive disease modelling with hiPSCs 
should be considered in the context of 
the precision medicine guidelines64,65, and 
should encompass longitudinal studies that 
involve the stratification of patients and their 
cells, and the use of computational models to 
integrate data from different time points and 
generate information on disease trajectory.

Stratification. Stratification is a statistical 
procedure that splits a mass into several 
layers by grouping together units with 
common characteristics, and is a key aspect 
of precision medicine. The stratification of 
patients on the basis of a detailed molecular 
assessment, including biomarker analyses as 
well as the collection of genetic, epigenetic, 
phenotypic and psychosocial data66, enables 
the heterogeneity of complex multifactorial 
diseases to be broken down into simpler 
elements. For example, stratification based 
on multi- omics has proved extremely useful 
in oncology, where genomic data provide 
information on the state of key oncogenes 
or oncomirs as well as the presence of 
fusion proteins or rearrangements, and are 
analysed together with proteomic and 
metabolic data67,68. Artificial intelligence 
and machine learning are being used 
to generate increasingly well- refined 
algorithms to interpret this multi- omic data 
and aid clinicians in tumour stratification, 
choice of treatment regimen, risk evaluation 
and prognosis69–71. Similar approaches are 
beginning to be applied in neurology; for 
example, genomic data has been successfully 
used to stratify individuals with familial 
ALS72 with the aim of delivering different 
therapies to different patient cohorts.

Today, the intrinsic variability of hiPSCs 
and the scarcity of hiPSC lines derived from 
single patients or patient cohorts compels us 
to average data from several lines to increase 
the strength of the recorded biological data. 
However, this approach might prevent the 
identification of biological mechanisms 
that are specific to a single donor or patient 
cohort. Therefore, during the creation of 
disease- specific hiPSC libraries, accurate 
molecular stratification of patients should 
be performed to ensure that hiPSC lines 
are generated from clinically relevant, 
homogeneous cohorts of patients. In the 
other direction, omics- based fingerprinting 
of patient hiPSCs could inform clinical- level 
patient stratification.
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Longitudinal studies. Longitudinal follow- 
up of patients is an essential aspect of both 
the development and the implementation 
of precision medicine. Follow- up enables 
the disease trajectory of a cohort of patients 
to be studied with the aim of predicting 
future decline and intervening before the 
development of full symptomatology. 
For example, the Alzheimer Precision 
Medicine Initiative has established 
several experimental cohorts that include 
participants at a range of disease stages, 
from early asymptomatic individuals to 
patients with late- stage AD73. Similarly, 
the Parkinson’s Progression Markers 
Initiative and the Parkinson’s Associated 
Risk study are following up cohorts of 
healthy individuals and individuals with 
prodromal symptoms of PD, including 
anosmia, abnormal dopamine transporter 
imaging and REM sleep behaviour disorder. 
The expectation is that the individuals 
with prodromal symptoms are likely to 
‘phenoconvert’ — that is, begin to display PD 
motor signs — enabling the identification of 
new prognostic biomarkers for the disease50.

In parallel with longitudinal patient 
follow- up, a cohort of patient- derived 
hiPSCs can be followed in vitro on a 
much shorter timescale and with the 
opportunity to modify the cell environment. 
This approach unlocks the full potential 
of longitudinal studies by enabling the 
correlation of in vivo and in vitro readouts. 
Therefore, sharing patient- level data is 
vital not only for the correct interpretation 
of in vitro modelling data, as discussed 
above, but also for the correlation of in vitro 
data with clinical phenotypes to uncover 
new prognostic biomarkers74. Conversely, 
re- use of clinical trial data on known 
patient biomarkers can inform the design 
of phenotypic assays in hiPSC- derived cells, 
and this generates more reliable modelling 
platforms12. Clearly, patient- level data need 
to be anonymized to protect patient privacy 
and avoid confidentiality violations. This 
anonymization can be achieved through 
dataset de- identification and quality control, 
as well as data access control — users should 
be authorized and legally bound to data 
sharing agreements75.

Integrative disease modelling. The last 
step in predictive disease modelling is the 
synthesis of data from patients and in vitro 
cellular models to generate in silico models 
of biological patterns and mechanisms. This 
systems biology perspective represents a shift 
from the current reductionist approach to a 
network- based scheme that models complex 
systems in their entirety50,64. Machine learning 

and artificial intelligence have the power 
to integrate diverse, longitudinal in vitro 
data from multiple sources with a wealth 
of clinical, radiological and biochemical 
data from patients to make predictions on 
the trajectory of the target disease76. For 
example, this approach has been used to 
create disease- specific molecular maps 
that enable navigation of the pathogenetic 
pathways involved in PD77 and AD78. In this 
framework, the omics- hiPSC approach can 
yield information that, when linked to the 
pathophysiology of a disease and its course 
in vivo, can lead to the identification of highly 
prognostic sets of biomarkers64.

Modelling disease trajectories has 
characteristics common to the modelling 
of the trajectories of other complex systems 
such as climate, ecosystems, societies, 
economics and finance76. These highly 
complex non- linear systems can undergo 
dramatic transitions that can be traced 
back to specific ‘tipping points’ or critical 
thresholds that, once passed, result in an 
abrupt change to the state of the system79. 
For example, critical thresholds (for example, 
specific bursts of brain activity measured 
with EEG) have been identified prior to 
epileptic seizures, and algorithms predicting 
an impending seizure have been under 
development since 1998 (ref.80). In 2013, 
after 10 years of unsuccessful attempts81, 
a first- in- human proof- of- concept study 
demonstrated seizure prediction with a 
sensitivity of 54–100% in ten patients with 
intractable epilepsy82. The continuous 
efforts of an international group of seizure 
prediction laboratories together with 
the recent advances in network theory, 
computational modelling, multimodal 
biosensing and multi- scale electrophysiology 
are now opening the gates to a life- changing 
innovation for individuals with epilepsy83.

Clearly, one aim of precision medicine is 
to be able to predict critical transitions in  
the course of disease development. In this 
respect, computational biology has intro-
duced the concept of a dynamic network 
biomarker; that is, a marker or molecular 
module the appearance of which precedes 
a dramatic change in state that marks the 
transition between pre- disease and disease84. 
This model- free approach takes advantage 
of higher- order statistical information to  
predict disease thresholds without the use  
of machine learning algorithms85.

Predictive modelling of HD
A sustained, collective effort. HD, an auto-
somal dominant neurodegenerative con-
dition, provides an excellent example for 
the potential implementation of predictive 

disease modelling as it is monogenic, has a 
range of clinical manifestations and a vari-
able age of onset86. The basic cause of the 
condition is the expansion of a CAG repeat 
— encoding glutamine — in the 5′ end of 
the Huntingtin (HTT) gene. Importantly, 
remarkable collective efforts by geneticists, 
clinicians, biologists, epidemiologists, statis-
ticians, funding agencies and patient associ-
ations have enabled the study, collection and 
deposition of HD- relevant information 
and patient- derived biological samples 
(peripheral cells, fluids) from several 
countries worldwide in a global, accessible 
repository87. This repository and collabo-
rative framework provide the ideal setting 
for the realization of the predictive, stratified, 
longitudinal and integrative hiPSC- based 
disease modelling approach proposed in this 
Perspective (fig. 1a).

In individuals with HD, the CAG 
repeat has expanded in length beyond the 
threshold of 36–39 repetitions, resulting in 
extensive atrophy in cortical and subcortical 
striatal structures of the brain, which 
leads to the manifestation of motor and 
cognitive symptoms in mid- adult life88. 
Evidence collected over the past 20 years 
has shown that CAG expansion size is 
inversely correlated with disease severity 
and age at onset of motor symptoms89–91 and 
that the expansion can also lengthen over 
generations, owing to the intrinsic genetic 
instability of that DNA region92. CAG 
expansion also occurs in somatic tissue93, 
particularly in those brain regions that are 
more vulnerable to HD pathology94.

However, CAG repeat length only 
accounts for ~67% of the observed variation 
in disease severity and age at onset in 
individuals with HD95. The evidence 
collected so far indicates that part of the 
remaining variability is heritable, suggesting 
a genetic source96. Variants within and 
outside the CAG repeat region have been 
associated with age at onset of motor 
symptoms97–101.

Given this genetic complexity, patient- 
derived iPSCs represent an invaluable tool 
with which to explore the role and potential 
therapeutic value of subtle genetic variants 
in HD. For example, hiPSC- based screenings 
could be used to identify compounds that 
modulate the activity and function of these 
variants. In particular, we believe that the 
selection of relevant markers of disease 
progression, in combination with information 
on the genetic and clinical background of the 
donor patients, would enable researchers to 
stratify patient- derived hiPSCs in a clinically 
relevant manner and lay the foundations for 
predictive disease modelling in HD.
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From patients to cells, and back. As 
discussed above, access to the detailed 
clinical history of donor individuals is 
essential for realizing the full potential of 
hiPSC- based disease modelling. In the case 
of HD, several biomarkers, and cognitive 
and motor criteria have been approved by 
medical societies and regulatory bodies 
as tools for the definition of disease stage 
(both before and after onset of motor 

symptoms) and the prediction of disease 
progression in clinical practice. The main 
tool for assessing disease stage is the 
Unified Huntington’s Disease Rating Scale 
(UHDRS)102, which has several components 
that score motor, cognitive and functional 
abilities103. Also under development, and 
in early use, are rater- independent tests 
such as the Q- Motor assessment, which 
is a precalibrated, automated system that 

provides standardized measurements of 
the patient’s motor abilities to avoid rater 
bias104,105. On the molecular side, large efforts 
have been directed towards identifying fluid 
biomarkers, but so far only cerebrospinal 
fluid and plasma levels of neurofilament 
seem to be reliable indicators of HD 
progression106. On the contrary, a wealth of 
data are available on neuroimaging markers 
of disease progression, most of which are 
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based on structural MRI readouts107,108. 
Patients with HD can also be stratified on 
the basis of genetic data, that is CAG repeat 
length, genetic background or haplotype, 
and the presence of known genetic modifiers 
of disease course109. These multivariate 
and multimodal data are necessary for 
the accurate staging and stratification of 
patients, and the longitudinal follow- up 
of patients is fundamental to understand 
individual disease trajectories (fig. 1b).

In order for this detailed information 
on disease stage and trajectory to benefit 
hiPSC- based studies, the complete clinical 
data need to be gathered in a harmonized 
database together with data from the 
patient- derived cell lines, following — and 
going beyond — the guidelines of the 
EBiSC36 (fig. 1c; TaBle 3). Notably, a large 
collection of hiPSC lines derived from 
individuals with HD has been banked 
in the EBiSC by the CHDI Foundation 
and CENSO Biotechnologies. Although 
quality control information was submitted 
to guarantee high- quality hiPSC lines, no 
clinical data on the donor individuals are 
available.

In the future, we believe that all clinical 
trials that involve gathering HD patient 
samples for hiPSC generation should follow 
global guidelines, meet very strict criteria 
for patient enrolment and stratification, 
and implement quality control processes 
to ensure full traceability of the recovered 
biological specimens as well as the ability 
to communicate these data to researchers 
requesting them62. This approach would 
require a sizeable effort and a high 
degree of cooperation, transparency and 
understanding of common guidelines for 
study design, data acquisition and processing 
pipelines110. The HD field has substantial 
expertise in this area. For example, large 
observational studies such as ENROLL- HD 
have gathered longitudinal information and 
biological samples (including peripheral 
blood mononuclear cells that could 
potentially be used to generate hiPSCs)  
from >20,000 participants worldwide, and 
studies nested within ENROLL- HD aim to 
identify new prognostic biomarkers87.  

In this scenario, the final, missing link is 
effective collaboration and data sharing 
between clinicians and researchers  
to enable predictive HD modelling  
with hiPSCs.

Predicting onset and progression. 
Researchers have already generated and 
studied iPSCs from individuals with HD. 
In these studies, the presence of mutant 
HTT was associated with alterations in 
cell growth, cell adhesion, metabolism, 
apoptosis, proteasomal function, 
autophagic response and mitochondrial 
fragmentation111–114. In addition, our work 
and the work of other groups has identified 
defects in neuro- ectodermal fate acquisition, 
neural rosette formation and neural identity 
acquisition in HD hiPSCs115–117. This early 
phenotype was also observed in an isogenic 
hESC system118. Unfortunately, none of 
the above- mentioned studies included 
analyses of the clinical history of the donor 
individuals — either the data were not 
available to the researchers or they were 
heavily fragmented.

In the case of HD, having hiPSCs 
accompanied by in- depth and longitudinal 
clinical data would enable a wide range 
of additional experiments, with the 
potential to unravel key aspects of HD 
pathology. For example, modelling in vitro 
differentiation in hiPSCs derived from 
patients with the same CAG length and 
haplotype but a different age at onset could 
identify novel molecular mechanisms 
influencing age at disease onset. Cells could 
also be used to test the functional impact 
and temporal dynamics of new genetic 
modifiers identified through genome- wide 
association studies99,101,119. Conversely, we 
could investigate the molecular elements 
responsible for the same disease course 
and age at onset in patients with different 
CAG repeat lengths. Importantly, the young 
epigenetic age of hiPSCs would enable the 
correlation between early phenotypes (which 
might ‘set the stage’ for the changes that 
lead to atrophy later in life) and the disease 
course observed in the donor individuals. 
Furthermore, the derivation of hiPSCs 

from individuals with HD at different 
stages could enable us to establish whether 
disease vulnerability and disease progression 
are mechanistically distinct. However, 
reprogramming to pluripotency might 
hinder this kind of investigation, in which 
case direct reprogramming (Box 1) could  
be a useful approach as it better conserves 
the biological and epigenetic age of the 
donor cell120. Having clinical information 
on hiPSC donors could also permit the 
identification of molecular networks  
and mechanisms associated with HD 
phenotypes, thus opening in vitro  
modelling to a completely new branch  
of research that might incorporate  
studies using 3D systems and 
microfluidics56,121,122 (fig. 1d).

Ultimately, complementing exper-
imental data with longitudinal clinical 
data would constitute an important step 
towards the true implementation of clin-
ical trials ‘in- a- dish’, an approach that 
would test the safety or efficacy of poten-
tial new therapies on cells derived from a 
representative sample of patients, greatly 
empowering the bench- to- bedside trans-
lational process. In the cardiology field, this 
approach has already been developed by the 
Comprehensive in vitro Proarrythmia Assay 
(CiPA), a global initiative that ultimately 
aims to develop a large drug screening plat-
form that uses cardiomyocytes derived from 
hiPSCs to evaluate the cardiotoxicity profile 
of emerging drugs123,124. The ambitious 
concept of clinical trials in- a- dish includes 
the vital term ‘clinical’, highlighting the 
importance of bringing together clinical and 
in vitro preclinical research.

Finally, correlating and integrating 
experimental and clinical data from multiple 
time points during disease progression 
will take hiPSC disease modelling towards 
prediction (fig. 1e). In the case of HD, we 
expect that this approach will identify one or 
several molecular mechanisms or networks 
in patient- derived hiPSCs that show changes 
that correlate with the disease trajectory 
— that is, age at onset, disease progression 
and presence of comorbidities — of that 
patient cohort. This information could be 
used to generate an integrative predictive 
model that could then be used to predict 

Fig. 1 | Proposed approach to predictive HD modelling based on patient-derived hiPSCs.  
a | Patients with Huntington disease (HD) are enrolled worldwide. b | Patients are stratified into the 
smallest clinically rele vant cohorts on the basis of biographical information, clinical history, genetic 
information, neuroimaging data and liquid biomarker levels; these data are collected longitudinally. 
c | Human induced pluripotent stem cells (hiPSCs) derived from the stratified patients undergo strict 
quality control and certification (QC) before being deposited in a common resource together with 
information on the generation and origin of the quality-controlled cell line. d | The HD hiPSCs are used 
for in vitro disease modelling, drug discovery and repositioning, and implementation of clinical trials 
‘in- a- dish’. e | Integrative disease modelling correlates clinical his tory and in vitro readouts to gene rate 
a predictive model of HD progression and therapeutic potential of new drugs. f | Data from the  
predictive HD model enable preventive medical intervention in at- risk patients before disease onset.
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systems that favour the transient expression 
of reprogramming factors without their genomic 
integration.
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Cancer- associated microrNas.
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disease trajectories in new cohorts of patients 
on the basis of readouts from their hiPSCs, 
with the aim of modifying these trajectories 
before they move towards manifest HD125 
(fig. 1f). The great power of this system 
applied to HD lies in the speed with which 
hiPSCs can be generated, differentiated and 
studied — this happens on a much shorter 
timescale than disease progression, thus 
potentially enabling personalized predictions 
to be made early enough for preventive 
therapies to be effective.

Conclusions
We believe that the generation of effective 
and predictive in vitro model systems 
of human diseases is possible, and that 
relevant predictive modelling platforms 
can be used as clinical trials in- a- dish, 
thus greatly advancing the research for 
disease- modifying therapies. HD was used 
as an example here as it is a monogenic 
disease for which gene- silencing therapies 
are already in phase III clinical trials. 
The existence of these new therapies calls for 
biomarkers that can predict the emergence 
and progression of cognitive and motor 
decline, and thus identify the optimal 
point for therapeutic intervention and 
predict therapeutic efficacy in different 
patient cohorts. In our opinion, predictive 
modelling is also a valid approach for other 
diseases, monogenic and otherwise, as it 
relies on inclusive components of basic 
research that are applicable to all disease 
modelling approaches.

Several hiPSC lines have been generated 
from patients with HD to model the disease 
in vitro, and overall, these studies highlight 
the power of patient- specific cells in the 
discovery of pathogenic mechanisms and 
the remarkable flexibility of this technique, 
which enables the investigation of both  
neurodevelopmental and neurodegenerative  
mechanisms. However, we also highlighted 
a number of limitations of currently used 
hiPSC lines, including non- uniform repro-
gramming procedures, lack of standardized 
quality control of reprogrammed cells, 
underpowered representation of disease 
manifestations and lack of cell donor 
clinical history.

Now is the time to put in the effort 
required to make hiPSC modelling 
adherent to a common framework to 
extract maximal knowledge from clinical 
and in vitro data. We strongly advocate for 
a change of conduct in the use of hiPSCs 
for disease modelling, with the aim of 
producing robust guidelines and resources 
that the community can adopt to make 
hiPSC research effective in the delivery 

of predictive models that are intended to 
support the discovery of much- needed 
disease- modifying therapies.
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