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Populating	organs-on-chip	with	cells	
derived	from	human	stem	cells



WHICH	HUMAN	STEM	CELLS	?	

pluripotent	
Stem	cells

Derived	from	
human	embryos

Adult
stem	cells

From	bone	marrow,	
gut,	lung,	liver,	
pancreas	
(as	organoids)	retina,	
cornea

Can	form	all	
cells	in	the	
body

Form	cell	
types	of	the	
tissues	from	
which	they	
are	derived

From	skin,	blood,	
urine	etc.

Induced
pluripotent	
stem	cells

‘Reprogramming’
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Lensch,	Mummery	Stem	Cell	Reports	2013

STEM	CELL	MODELS	OF	DISEASE



• No	drugs	for	many	chronic	diseases
• Existing	drugs	do	not	work	in	all	patients
• Drug	side	effects	are	the	4th leading	cause	of	death

WHY?
• Poor	insight	into	human	disease	mechanisms
• Lack	of	personalized	treatment	prediction
• Animals	are	poorly	predictive	for humans	

THE	PROBLEM

heart,	immune	system,	brain,	reproductive	system,	stomach….



CHALLENGES	TO	TRANSLATION	OF	hPSCs

Line-to-line	variability

Directed differentiation to functional cells

Maturation of	differentiated cells

Genetic stability



TISSUES	ARE	MULTICELLULAR	:	HEART	AS	EXAMPLE

Xin M. et al. Nat Rev 2013; Tirziu D. et al. Circulation  
2010; Furtado MB. et al. Dev. 2016

Cardiomyocytes
~	30%

Non-cardiomyocytes
~	70%

Endothelial	
cells

Epicardial-derived	
cells	(EPDCs)	

Smooth	
muscle	cells

Cardiac	
fibroblasts



DIRECTING	DIFFERENTIATION	IN	DEFINED	CONDITIONS
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Van	den	Berg	et	al	2015
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mTeSR day 10 CD31+ ECs

Supplemental Figure I

A

B

Supplemental Figure I. Schematic workflow of ECs differentiation. (A) 
Workflow schematic overview of the mesoderm induction and vascular 
specification from hPSCs. (B) Bright field images of undifferentiated hPSCs 
in mTeSR, endothelial cells  islands at day 10 of differentiation and isolated 
CD31+ ECs.

VE-Cadherin PECAM1 vWF

Cardiomyocytes

Vascular	endothelial	cells	and	pericytes

Orlova et	al.,	ATVB,	2013,			Nat	Protocols	2014



Are	these	cardiac	and	vascular	cells	functional?



chip

“personal”	heart	cells

J Physiol 578.1 Mouse models of long QT syndrome 45

decrease in repolarizing K+ current leads to cellular action
potential prolongation, QT prolongation on the surface
ECG, increased spatial dispersion of repolarization in
the heart, abnormal responses of APD to exercise and
increased heart rate, and arrhythmias. Some of the KvLQT1
and HERG mutations result in fewer functional channels
due to haploinsufficiency and cause long QT syndrome by
a loss of function mechanism (Sanguinetti et al. 1996).
Other mutant channels cause long QT syndrome by a
dominant negative mechanism, in which mutant subunits
coassemble with wild-type subunits to form an abnormal
or non-functional channel protein. It is now also clear that
mutations can affect channel function and/or trafficking
of the channel to the cell membrane (Zhou et al. 1998).

Patients with the autosomal recessive or Jervell and
Lange-Nielsen syndrome are homozygous for mutations
in either KvLQT1 or minK. These patients have a more
severe cardiac phenotype, and the complete loss of IKs in
the hair cells of the inner ear causes the congenital deafness.
The autosomal dominant long QT syndrome can often be
identified in members of the subject’s family.

Mutations that interfere with inactivation of the cardiac
Na+ channel (SCN5A) and prolong the inward Na+

current (INa) were identified in long QT syndrome families
linked to the LQT3 locus. The late inward Na+ current
causes action potential prolongation (Bennett et al. 1995).
Mutations in the ankyrin-B gene have been shown to cause
the LQT4 variant of long QT syndrome (Mohler et al.
2003). Ankyrin-B interacts with a number of cardiac ion
channels, receptors and exchangers, and alterations in INa

and/or the inward L-type Ca2+ current (ICa,L) may lead to
the QT prolongation and arrhythmias.

Human                             Mouse 
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Figure 2. Cardiac ionic currents, action potentials
and ECGs in humans versus mice
Major depolarizing and repolarizing currents are shown
for the human and mouse heart. The size of the arrow
for each current is roughly proportional to its
magnitude, and arrows for outward currents point
upward. Long QT loci (LQT1–LQT8) are listed near the
current responsible for the phenotype. For each heart
beat, action potentials of the first cells to depolarize are
depicted as continuous lines and action potentials of
the last cells to depolarize are depicted as dotted lines.
APD90 is the time until 90% repolarization of the action
potential. The ECG of the mouse is the signal average of
five consecutive beats, and the ECG of the human is a
simulation. Note that the apparent QRS duration (‘QRS’)
in the mouse corresponds to both depolarization and
early repolarization.

Among long QT syndrome patients where a genetic
cause can be identified, KvQLT1 mutations are most
frequent (∼50%), HERG mutations are relatively frequent,
SCN5A mutations are uncommon (< 5%), and minK,
MiRP1 and ankyrin-B mutations are rare. Sudden infant
death syndrome (SIDS) is also associated with QT
prolongation, and both de novo and familial mutations
in the long QT genes are responsible for some SIDS cases
(Schwartz et al. 2000).

Andersen syndrome (Andersen-Tawil syndrome, LQT7)
and Timothy syndrome (LQT8) are congenital disorders
associated with musculoskeletal abnormalities, QT
prolongation, and arrhythmias distinct from Torsade de
Pointes. Andersen syndrome is caused by loss of function
mutations in KCNJ2, the gene encoding the inward rectifier
K+ channel Kir2.1, and results from a decrease in the inward
rectifier K+ current (IK1) which sets the resting membrane
potential of cardiac myocytes (Plaster et al. 2001). Timothy
syndrome is caused by mutations of CACNA1C that
disrupt inactivation of Cav1.2, the gene responsible for
ICa,L, and lead to prolonged inward currents (Splawski
et al. 2004). It is debated whether Andersen syndrome
and Timothy syndrome should be included with the other
forms of long QT syndrome.

The mouse as a model for long QT syndrome

Although ion channels in humans and mice are highly
conserved, significant electrophysiological differences are
present between the species (Fig. 2) (London, 2001;
Nerbonne et al. 2001). Mice have heart rates ∼10 times

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 The Physiological Society

 at Monash Universiy Library on April 29, 2008 jp.physoc.orgDownloaded from 

Electrocardiogram
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CARDIOMYOCYTES	FROM	HPSC	ARE	ELECTRICALLY	ACTIVE:
used in	drug	safety and toxicology

The	Comprehensive	in	Vitro	Proarrhythmia Assay	(CiPA)	initiative

Induction	of	cellular	arrhythmias

EADs

Beat-to-beat	variability

Dofetilide	Control

1	sec 1	sec
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VE-Cadherin CD34PECAM1 ENGKDR CD73

VE-Cadherin PECAM1 vWF

ENDOTHELIAL	CELLS	FROM	HPSC

Orlova et	al.,	ATVB,	2013,			Nat	Protocols	2014

CD31+



48	hpf transplantation	
(duct	of	Cuvier)
~400	hu	ECs

Fli1:GFP hiPSC-ECs

Fli1:GFP HUVEC

hiPSC-derived ECs integrate with
much higher efficiency than adult
ECs, such as human umbilical vein
endothelial cells (HUVEC).

VASCULAR	COMPETENCE	OF	hPSC-ENDOTHELIAL	
CELLS	IN	ZEBRAFISH

Orlova et	al.,	ATVB,	2013,			Nat	Protocols	2014



PERICYTES/SMOOTH	
MUSCLE	CELLS	COVER	
VESSELS	TO	CREATE	
STABILITY

Each	vessels	has	its	own	
type	of	pericyte



PERICYTES	AND	SMOOTH	MUSCLE	CELLS	FROM	hPSCs
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CD146NG2PDGFRβ ENGCD73CD44

CNN1 SM22

CD31-

Orlova et	al.,	ATVB,	2013,			Nat	Protocols	2014
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CD146NG2PDGFRβ ENGCD73CD44

CD31-

+TGFβ +PDGF-BB

CNN1 SM22

Orlova et	al.,	ATVB,	2013,			Nat	Protocols	2014

PERICYTES	AND	SMOOTH	MUSCLE	CELLS	FROM	hPSCs
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CADASIL:	genetic	disease	caused	by	
defective	Notch	signalling

CO-CULTURES	OF	hPSC ENDOTHELIAL	CELLS	AND	PERICYTES
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Brouillard & Vikkula Hum. Mol. Genet. 2007

Cerebral cavernous (or capillary) malformation 
(KRIT1, CCM3, PDCD10)

Cutaneomucosal venous malformation (TIE2)

Ataxia-telangiectasia (ATM)

Capillary malformation-arteriovenous 
malformation (RASA1)

Hereditary hemorrhagic telangiectasia 
(ENG, ALK1, SMAD4)

Mutations causing arterial, venous and 
capillary malformations:

GENETIC	CAUSES	OF	VASCULAR	MALFORMATIONS	



1. Form the myocardial microvasculature, which supplies oxygen and free fatty acids to cardiomyocytes
2. Release paracrine factors that regulate cardiomyocyte metabolism, survival and contractile function

Cross	talk	between	cardiac	myocytes	and	cardiac	endothelial	cells

Brutsaert	DL.	Physiol Rev.	2003

Cardiac endothelial cells



Simultaneous	differentiation	of	hPSC into	cardiomyocytes	and	
endothelial	cells	from	cardiac	mesoderm

Giacomelli et	al	2017	Dev



Objective 25x; Zoom 0.90; Scale bar 100 μm

85%CM – 15%EC

• NKX2-5eGFP/w hESC

Cardiomyocytes	form	3D	microtissues	alone	or	in	combination	with	
endothelial	cells

Giacomelli et	al	2017	Dev



EXAMPLES	OF	CARDIOVASCULAR	DISEASES	MODELLED	ON	CHIP

• CARDIAC	DISEASE:	
• Heart-on-chip

- Heart	failure	(genetic)
- Myocardial	infarction	(somatic:	lack	
of	oxygen)

• VASCULAR	DISEASE:
• Vessels-on-chip

- Atherosclerosis
- Thrombosis
- Blood	Brain	Barrier
- Vasculitis
- Vascular	dementia

A.	vd Meer,	A.	vd Berg,	R.	Dekker	R.	Passier et	al,	UT,	TU/d,	LUMC		



Evolution	of	hiPSC in	disease	modelling

Passier,	Orlova,	Mummery	Cell	Stem	Cell	2016



Neural	diseases:	Isogenic	pairs	of	ALS	hiPSC :	
drug	repurposing
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SUMMARY

Amyotrophic lateral sclerosis (ALS) is a fatal neurode-
generative disease of the motor nervous system. We
show using multielectrode array and patch-clamp
recordings that hyperexcitability detected by clinical
neurophysiological studies of ALSpatients is recapit-
ulated in induced pluripotent stemcell-derivedmotor
neurons from ALS patients harboring superoxide
dismutase 1 (SOD1), C9orf72, and fused-in-sarcoma
mutations. Motor neurons produced from a geneti-
cally corrected but otherwise isogenic SOD1+/+

stem cell line do not display the hyperexcitability
phenotype. SOD1A4V/+ ALS patient-derived motor
neurons have reduced delayed-rectifier potassium
current amplitudes relative to control-derived motor
neurons, a deficit that may underlie their hyperexcit-
ability. The Kv7 channel activator retigabine both
blocks the hyperexcitability and improves motor
neuron survival in vitro when tested in SOD1 mutant
ALS cases. Therefore, electrophysiological charac-
terization of human stem cell-derived neurons can
reveal disease-related mechanisms and identify
therapeutic candidates.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a devastating, untreatable
disease of upper and lower motor neurons (Kiernan et al., 2011).
The excitotoxicity neurodegeneration hypothesis posits that
excessive glutamatergic synaptic activity in ALS leads to cal-
cium overload and cell death (Cleveland and Rothstein, 2001;
Pasinelli and Brown, 2006). However, nerve conduction studies

evaluating axonal threshold (strength-duration time constant
and recovery cycle times) in ALS patients demonstrate
increased axonal membrane excitability, well away from any
synapses (Bostock et al., 1995; Kanai et al., 2006; Nakata
et al., 2006; Vucic and Kiernan, 2006), and the degree of hyper-
excitability correlates with patient survival (Kanai et al., 2012).
Increased membrane excitability may be important then as
a contributor to disease, and modeling suggests that either
increased persistent sodium or reduced delayed-rectifier potas-
sium currents could be responsible for the axonal hyperexcitabil-
ity (Kanai et al., 2006; Tamura et al., 2006). However, whether
excitability results from autonomous changes in motor neurons
cannot be determined by this technique (Fritz et al., 2013).
About 10% of ALS cases are familial, and, of these, superox-

ide dismutase 1 (SOD1) mutations account for about 20%.Motor
neurons from SOD1G93A mice, which overexpress this human
mutant SOD1 protein, also show hyperexcitability (Kuo et al.,
2004; Pieri et al., 2003; van Zundert et al., 2008), at least in
part due to increased persistent sodium currents. Because of
the distinct clinical and pathological features of SOD1 ALS
compared to other variants (Ince et al., 2011), it is unclear if pri-
marymotor neuron hyperexcitability represents a general feature
of ALS or a specific characteristic of SOD1-mediated disease.
Hyperexcitability in motor neurons of other familial ALS etiol-
ogies, such as C9orf72 hexanucleotide repeat expansions and
fused-in-sarcoma (FUS) mutations, have not yet been similarly
evaluated because of a lack of mouse models.
Induced pluripotent stem cell (iPSC) technology enables neu-

rons of specificdisease-relevant subtypes to bederived fromdis-
ease patients and control subjects and thereby provides an
in vitro platform for discovering human neuron phenotypes that
may reflect the individual diseases. However, the number of sub-
ject cell lines employed in studies utilizing this technique has so
far beensmall (SandoeandEggan, 2013). Thus, it is currently diffi-
cult to know how consistent such findings are across large
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Eggan,	Harvard

In addition to quantifying the electrical excitability of individual
neurons, patch-clamp recording enables quantitative investiga-
tion of specific currents that determine excitability. To identify
electrophysiological mechanisms responsible for the increased
firing of mutant motor neurons, we performed voltage-clamp ex-
periments using Hb9::RFP-positive motor neurons to examine
current components. As an index of excitatory and inhibitory
voltage-dependent ion channels, we quantified the ratio of out-
ward delayed-rectifier potassium current to inward transient so-
dium current. In four repeated differentiations of motor neurons
from control and SOD1A4V/+ iPSC lines, we observed that the
ratio of delayed-rectifier potassium to transient sodium current
was consistently smaller in SOD1A4V/+ motor neurons (p <
0.001, t test; Figures 2D and 2E). The difference was driven pri-
marily by the reduced delayed-rectifier potassium channel
component, as the difference in steady-state potassium current
amplitude normalized to individual cell capacitance between
ALS subjects and healthy controls was significant (control
137.0 ± 14.4 pA/pF, n = 23, versus ALS 94.4 ± 10.7 pA/pF, n =
25; p < 0.05, t test), whereas the peak sodium current normalized
to capacitance was not (control 190.3 ± 23.0 pA/pF, n = 21,
versus ALS 237 ± 21.2 pA/pF, n = 23; p = 0.2, t test). Because
voltage-gated potassium channels repolarize the membrane
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Figure 2. ALS Patient-Derived Motor Neurons Are Hyperexcitable
and Have Reduced Delayed-Rectifier Potassium Currents
Compared to Control-Derived Motor Neurons
(A) An iPSC-derived motor neuron identified by Hb9::RFP lentiviral trans-

duction (right) and during patch-clamp recording (left) after culture for 28 days.

Scale bar, 20 mm.

(B) Representative current clamp recordings during ramp depolarization from

control and ALS patient-derived motor neurons (upper four panels); sample

recordings from separate experiments comparing the isogenic correction of

the 39b SOD1A4V mutation (39b-Cor) and 39b (lower two panels).

(C) Upper panel: average number of action potentials elicited by ramp depo-

larization from control (11a, n = 12; 18a, n = 11; control mean 2.5 ± 0.4) and

ALS (39b, n = 13; RB9d, n = 12; ALS mean 4.2 ± 0.5) motor neurons obtained

from four separate differentiations (p < 0.05, Mann-Whitney U test). Lower

panel: separate experiments showing average number of action potentials

during ramp depolarization from 39b-Cor (n = 17; mean 4.1 ± 0.5) and 39b

(n = 19; mean 6.4 ± 0.9) motor neurons from three additional differentiations

(p < 0.05, Mann-Whitney U test).

(D) Sample voltage-clamp recordings from control and ALS-derived

Hb9::RFP-positive motor neurons cultured for 28 days.

(E) Average delayed-rectifier (DR) steady-state potassium current amplitude

relative to peak sodium current amplitude in control (11a, n = 12; 18a, n = 11;

control mean 0.88 ± 0.087) and ALS (39b, n = 13; RB9d, n = 12; ALS mean

0.44 ± 0.054) patient-derived motor neurons from four differentiations (p <

0.001, t test).

(F) Experiments from three separate differentiations showing average delayed-

rectifier steady-state potassium current amplitude relative to peak sodium

current amplitude in 39b-Cor (n = 18; mean 0.54 ± 0.061) and 39b (n = 19;

mean 0.32 ± 0.036; p < 0.005, t test).

(G) Direct measurement of delayed-rectifier voltage-gated potassium current

isolated by holding at !30 mV, stepping to a test-potential of +40 mV for 2 s

and normalizing steady state current amplitude to cell capacitance in 39b-Cor

(n = 19; mean 42.6 ± 4.3 pA/pF) and 39b (n = 18; mean 30.3 ± 3.1 pA/pF; p <

0.05, t test) derived motor neurons using cells from two additional separate

differentiations.

(H) Peak sodium current amplitude normalized to cell capacitance in 39b-Cor

(n = 16; mean 400.4 ± 44.7 pA/pF) and 39b (n = 15; mean 387.1 ± 50.5 pA/pF;

p = 0.8, t test) derived motor neurons.

Error bars represent SEM.
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potential back to negative values after an action potential, a
decrease in such currents likely contributes to increased action
potential firing in ALS motor neurons.
Correction of the disease-causing SOD1A4V/+ mutation also

increased the relative steady-state delayed-rectifier potassium
current amplitude, showing that this phenotypic difference spe-
cifically resulted from the A4V mutation (p < 0.005, t test; Fig-
ure 2F). We found amarked reduction in delayed-rectifier current
magnitude in 39b compared to 39b-Cor motor neurons (p < 0.05,
t test; Figure 2G) but no difference in sodium current peak ampli-
tudes (p = 0.8, t test; Figure 2H). Thus, correction of the deficit in
delayed-rectifier potassium current in 39b-Cor motor neurons
may enable repolarization of the membrane potential back to
normal hyperpolarized values and reduction of excitability to
levels in wild-type motor neurons.

Retigabine Blocks Motor Neuron Hyperexcitability and
Increases In Vitro Survival of SOD1A4V/+ ALS Motor
Neurons
Motor neurons express many types of voltage-activated potas-
sium channels and pharmacological dissection and quantifica-
tion into distinct components is challenging. Regardless of which
currents produce the hyperexcitability in diseased motor neu-
rons, Kv7 (KCNQ) channels are attractive targets for correcting
the hyperexcitability because of their activation at subthreshold
voltages and subsequent powerful control of excitability (Brown
and Passmore, 2009). Given this and the reduced delayed-recti-
fier potassium currents in ALS-derived motor neurons, we hy-
pothesized that retigabine, a specific activator of subthreshold
Kv7 currents and clinically approved anticonvulsant (Porter
et al., 2007), might block hyperexcitability in the SOD1A4V/+ mo-
tor neurons. In whole-cell patch clamp, retigabine significantly
increased theminimal current step necessary for action potential
generation (rheobase) by 3.6 ± 2.4 pA (p < 0.05, Wilcoxon signed
rank test; Figure 3A). Retigabine also stopped spontaneous firing
of Hb9::RFP-positive motor neurons and hyperpolarized the
resting membrane potential by 6.0 ± 2.2 mV (p = 0.001, t test;
Figure 3B). Because these experiments were performed with
blockers of glutamatergic, GABAergic, and glycinergic recep-
tors, retigabine must have a direct effect on motor neuron excit-
ability. We used MEA recordings to determine a dose-response
for inhibition of spontaneous firing by retigabine of SOD1A4V/+

ALS-derived neurons. Retigabine suppressed ALS neuron spon-
taneous firing with an EC50 of 1.5 mM (Figure 3C), a concentration
consistent with its pharmacological activity as an antiepileptic
agent and similar to its EC50 for Kv7 channels (Wickenden
et al., 2000). In line with this finding, analysis of RNA sequencing
(RNA-seq) data from FACS-sorted motor neurons (Kiskinis et al.,
2014) confirm expression of Kv7 channels (Table S3).
To evaluate the possibility that hyperexcitability is an upstream

modulator of motor neuron degeneration in ALS, we tested if re-
tigabine affects the survival of control and SOD1A4V/+ motor neu-
rons over 30 days in culture. As observed by Kiskinis et al. under
basal conditions, the loss of SOD1A4V/+ motor neurons was
greater than SOD1+/+ control motor neurons (Kiskinis et al.,
2014). Two weeks of treatment with retigabine (1 mM) increased
the number of ALS motor neurons in vitro by 25% (p < 10!4,
t test; Figure 3D) to levels found in controls.

A

B

D

C

Figure 3. Retigabine Reduces Motor Neuron Excitability and In-
creases Survival
(A) Rheobase measurements in a 39b Hb9::RFP-positive ALS-derived motor

neuron in whole-cell patch clamp before (left) and after (right) the application of

10 mM retigabine (baseline rheobase 4.8 ± 1.5 pA versus post-retigabine

rheobase 8.4 ± 2.2 pA; n = 11; p < 0.05, Wilcoxon signed rank test).

(B) Representative current clamp recording showing effect of 10 mM retigabine

on membrane voltage and spontaneous firing (baseline Vm !60.4 ± 2.9 mV

versus post-retigabine Vm!66.3 ± 3.6 mV, n = 11; p = 0.001, t test). In (A) and

(B), CNQX (15 mM), D-AP5 (20 mM), bicuculline (25 mM), and strychnine (2.5 mM)

were added to the external solution.

(C) Dose-response curve for retigabine on suppression of spontaneous action

potentials in MEA recording and Hill plot fit of mean data from 39b (n = 4) and

RB9d (n = 4) with EC50 1.5 ± 0.8 mM.

(D) Effect of vehicle (open circles) and 1mM retigabine (filled circles) treatment

from days 14–28 of culture on the survival of Islet-positive, Tuj1-positive motor

neurons measured at day 30 (total control n = 11; total ALS n = 9; F-test for

effect of retigabine on all cells p = 3.83 10!4; effect of retigabine in ALSmotor

neurons, red, 25.3% (SD 5.6; t test p = 6.4 3 10!5); effect of retigabine in

control motor neurons, black, 6.1% (SD 5.1, p = 0.23). Cell counts are from

individual wells for four separate differentiations.

See also Figure S4. Error bars represent SEM.
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hPSC FOR	ORGAN-ON-CHIP	MODELS	OF	DISEASE,	DRUG	
DISCOVERY	AND	SAFETY	PHARAMCOLOGY

• isogenic	hPSC lines	with	human	disease	mutations	with	functionally	relevant	
phenotypes

• documented	informed	consent,		genome	sequence,	donor	medical	history	
including	drug	responses

• “missing	link”	for	GWAS	through	precision	genetic	engineering	

• testing	of	drug	combinations	at	different	doses	for	effectiveness	and	toxicity	
in	patients

• High-throughput	bioassays	including	Organ-on-Chip	and	3D	formats	to	
develop	new	drug	treatments	that	delay	or	reverse	symptoms	of	disease
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