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Abstract	

Human	 embryonic	 stem	 cells	 (hESCs)	 show	 significant	 therapeutic	 potential	 in	 treating	

degenerative	disorders.	This	is	in	part	because	of	their	ability	to	produce	a	limitless	supply	

of	starting	cells	and	their	potential	to	differentiate	into	more	than	200	different	cell	types.	

The	 aim	 of	 the	 current	 research	 was	 to	 generate	 a	 robust	 stage	 wise	 protocol	 for	 the	

differentiation	of	hESCs	to	respiratory	epithelial	cells.	The	epithelial	cells	could	then	be	used	

either	for	transplantation	studies	or,	as	an	in	vitro	model	for	drug	toxicity	testing.	In	order	

to	achieve	this	goal,	we	must	identify	the	key	steps	in	lung	development	and	apply	these	to	

the	differentiation	protocol.	

In	 this	 study,	 we	 maintained	 Shef3	 hESCs	 in	 their	 undifferentiated	 pluripotent	 state	 to	

expand	the	cells	prior	to	the	differentiated	towards	the	definitive	endoderm	(DE)	lineage.	I	

used	a	two-stage	protocol	based	on	culture	with	a	novel	glycogen	synthase	kinase-3	(GSK-

3)	 inhibitor	 (termed	1m),	along	with	Activin-A.	We	confirmed	the	status	of	 the	cells	by	a	

combination	 of	 immunostaining	 and	 PCR.	We	 showed	 loss	 of	 the	 pluripotency	markers	

(Sox2	and	Oct3/4)	and	gain	of	DE	markers	(Sox17,	FoxA2	and	CXCR4).	After	the	induction	of	

DE	from	hESCs,	we	then	treated	the	cells	with	transforming	growth	factor	(TGF)-β	and	bone	

morphogenetic	protein	(BMP)	pathway	inhibitors	(SB431542	and	Noggin	respectively).	This	

combinatorial	treatment	resulted	in	the	differentiation	into	the	anterior	foregut	endoderm	

(AFE)	lineage	based	on	expression	of	Pax9	and	FoxA2	plus	the	up-regulation	of	Sox2.	Further	

differentiation	of	AFE	derivatives	into	more	mature	epithelial	cells,	termed	lung	progenitor	

cells	 (LPCs),	was	achieved	 following	 the	 treatment	of	AFE	 cells	with	a	 cocktail	 of	 trophic	

factors	(BMP4,	EGF,	bFGF,	FGF10,	KGF	and	Wnt3a)	yielded	a	population	of	NKX2.1-positive	

and	 FoxA2-positive	 cells	 that	 potentially	 corresponded	 to	 the	 lung	 lineage.	 Finally,	

prolonged	treatment	with	FGF10	and	FGF2	on	LPC	derived	hESCs	induced	proximal	(CC10,	

MUC5AC)	 and	 distal	 (SPB,	 SPC)	 airway	 epithelial	 cells.	 In	 addition,	 we	 also	 utilised	 the	

ectopic	expression	of	an	adenovirus	expressing	NKX2.1	to	promote	lung	maturation.	

In	conclusion,	we	have	generated	a	protocol	 for	the	differentiation	of	hESCs	 into	mature	

lung-like	cells.		The	generation	of	these	cells	in	vitro	could	potentially	lead	to	a	better	in	vitro	

model	 for	 toxicity	 testing	 and	 the	 development	 of	 novel	 therapies	 for	 promoting	

regeneration	of	lungs	in	patients	with	severe	lung	disorders.	
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1.1	An	overview	of	the	lungs	

	

The	lungs	are	a	pair	of	cone-shaped,	air-filled	sponge-like	organs	found	in	the	chest	(thorax)	

that	function	in	gaseous	exchange.	The	purpose	of	the	lungs	is	to	bring	oxygen	into	the	body	

when	inhaled	via	the	trachea	(windpipe).	This	provides	us	with	energy	and	to	remove	carbon	

dioxide	when	exhaled	as	a	waste	product	of	metabolism	from	the	body.	The	other	functions	

of	the	lung	include	the	alteration	of	the	blood	pH	by	adjusting	the	levels	of	carbon	dioxide	in	

the	 body	 and	 the	 lungs	 can	 filter	 out	 small	 gas	 bubbles	 that	 may	 appear	 along	 the	

bloodstream.		

	

1.2	Lung	anatomy	and	function	

	

The	lungs	occupy	most	of	the	space	within	the	thoracic	cavity.	The	left	lung	is	slightly	smaller	

than	 the	 right	 lung	 due	 to	 2/3	 of	 the	 heart	 being	 located	 on	 the	 left	 side	 of	 the	 body.	

Moreover,	the	number	of	lobes	distinguishes	each	lung.	The	smaller	left	lung	consists	of	only	

two	lobes	(referred	to	as	superior	and	inferior)	whereas	the	larger	right	lung	consists	of	three	

lobes	 (superior,	middle	 and	 inferior).	 Each	 lung	 is	 surrounded	with	 a	 double-layered	 thin	

membrane	layer	called	the	pleura	and	it	contains	fluid	that	is	secreted	to	lubricate	and	reduce	

irritation	during	the	expansion	and	contraction	phases	of	lung	growth	(inhaling	and	exhaling).	

The	base	of	the	lungs	rests	on	a	dome	shaped	diaphragm,	and	when	the	diaphragm	contracts,	

it	pulls	the	pleural	membrane	thereby	allowing	the	lung	to	expand	taking	in	air.		

	

Air	 enters	 the	 body	 through	 either	 the	mouth	 or	 nose	 and	 is	 passed	 through	 a	windpipe	

known	as	the	trachea	into	a	right	and	left	tubes	known	as	the	primary	bronchi.	The	bronchi	

are	the	main	airways	that	lead	from	the	trachea	to	the	lungs.	Bronchi	are	large	hollow	tubes	

made	up	of	hyaline	cartilage	that	prevent	the	bronchi	from	collapsing	and	therefore	blocking	

airflow	 to	 the	 lungs.	 In	 addition,	 the	 bronchi	 are	 lined	with	 ciliated	 and	 pseudostratified	

epithelium	containing	goblet	cells.	Goblet	cells	secrete	mucus	to	coat	the	lining	of	the	bronchi	

whereas	the	cilia	are	hair-like	projections	that	move	mucus	secreted	from	the	goblet	cells	

away	from	the	lungs.	The	bronchi	divide	into	smaller	branches	called	bronchioles	that	branch	

out	from	the	tertiary	bronchi	to	become	a	microscopic	structure.	In	bronchioles,	the	walls	are	

made	of	elastin	fibres	and	smooth	muscle	tissue	to	expand	during	high	volume	of	air	intake	
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(e.g.	exercise)	or	constrict	in	response	to	any	pollutants	(e.g.	dust)	compared	to	the	hyaline	

cartilage	in	bronchi	walls.	At	the	tip	of	the	bronchioles	round	air	sacs	called	the	alveoli	are	

found	where	gas	exchange	takes	place.	The	oxygen	from	air	is	absorbed	into	the	blood	stream	

and	the	carbon	dioxide,	a	waste	product	of	metabolism,	travels	from	the	blood	to	the	alveoli	

to	be	exhaled.		

	

1.3	Lung	development	

	

1.3.1	Difference	between	human	and	mouse	lung	development	

	

Human	 lung	 development	 starts	 around	 week	 3	 of	 foetal	 development	 and	 continues	

postnatally	(PN)	up	to	3	years	after	birth.	However,	mouse	lung	development	starts	at	E9.5d	

of	mouse	development	and	continues	to	develop	up	to	PN20	days.	The	lung	evolves	as	an	

evagination	 from	 the	 laryngotracheal	 groove,	 which	 then	 branches	 out	 to	 produce	 the	

windpipe,	 trachea	 and	 larynx.	 The	 lung	 buds	 developing	 at	 the	 caudal	 end	 of	 the	

laryngotracheal	groove	undergo	branching	to	form	the	primary	bronchi	and	eventually	branch	

into	 the	bronchioles.	 Finally,	 the	bronchioles	end	 in	 thin-walled	 sacs	known	as	 the	alveoli	

where	gas	exchange	takes	place.	Human	and	mouse	lung	development	arises	from	5	different	

stages	but	differ	in	period	of	development	(Bishop	et	al.,	2006)	(Figure	1.3.1):	

	

1. Embryonic	 stage	 (E9-12	 in	 murine	 embryos,	 3-7	 weeks	 in	 human	 pregnancy)	 –	

organogenesis	 stage	 where	 the	 left	 and	 right	 lung	 buds	 originate	 from	 the	 foregut	

endoderm.			

	

2. Pseudoglandular	stage	 (E12-15	in	murine	embryos,	5-17	weeks	in	human	pregnancy)	–	

repeated	highly	coordinated	branching	of	the	original	lung	buds	to	form	approximately	

25,000	terminal	bronchioles	for	the	future	respiratory	bronchioles	and	the	alveolar	ducts.	

Cells	of	the	branching	epithelium	invade	the	surrounding	mesenchyme	in	a	stereotypical	

fashion	culminating	in	a	network	of	airway	tubules	resembles	the	architecture	of	the	adult	

organ	(Metzger	et	al.,	2008).	
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3. Canalicular	stage	(E15-17	in	murine	embryos,	16-26	weeks	in	human	pregnancy)	–	distal	

epithelium	continues	to	branch	to	form	the	respiratory	bronchioles	with	acinar	formation.	

Epithelial	cells	further	differentiate	into	mature	alveolar	epithelial	type	I	and	type	II	cells	

(AET-I	and	AET-II).	

	

4. Saccular	 stage	 (E17-Birth	 in	murine	embryos,	26-36	weeks	 in	human	pregnancy)	–	 the	

production	of	surfactants	and	the	epithelial	cells	continual	differentiation	into	AET-I	and	

AET-II	cells.	

	

5. Alveolar	 stage	 (Birth-PN	day	20	 in	mouse,	36	weeks	of	pregnancy	 to	3	years	of	age	 in	

humans)	–	growth	of	more	bronchioles	and	the	formation	of	the	alveoli.	A	human	infant	

is	born	with	approximately	20-50	million	alveoli	that	would	continue	to	develop	into	480	

million	by	adulthood	(Kotecha,	2000;	Ochs	et	al.,	2004).	

	

	
	

Figure	 1.3.1	 –	 Lung	morphogenesis	 in	 human	 and	mouse	 development.	 The	 5	 different	
phases	of	development:	1.	Embryonic,	2.	Pseudoglandular,	3.	Canalicular,	4.	Saccular	and	5.	
Alveolar.		
(Figure	obtained	from	http://www.cincinnatichildrens.org/research/divisions/p/pulmonary-
bio/lung-morphogenesi)	
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1.4	Mechanism	underlying	lung	development	and	fate	determination	

	

There	 are	 many	 signalling	 pathways	 that	 are	 activated	 and	 play	 in	 concert	 during	 lung	

organogenesis	including	TGF-β,	BMP,	Wnt,	FGF,	Shh	and	Notch.	Precisely	timed	signalling	is	

important	to	generate	correct	lung	formation.		I	will	now	summarise	the	key	pathways	in	lung	

development.	

	
	
1.4.1	TGF-β/Activin/Nodal	signalling	

	

Transforming	growth	factors	(TGFs)	has	been	discovered	from	isolated	from	murine	sarcoma	

virus-transformed	 3T3	 cells	 (secreted	 by	 cancer	 cells)	 that	 has	 been	 separated	 by	 high-

pressure	liquid	chromatography	into	two	subsets.	(Anzano	et	al.,	1982).	TGF-β	distinguished	

itself	from	TGF-α	because	it	did	not	bind	to	the	same	epidermal	growth	factor	(EGF)	receptor	

as	 TGF-α	 and,	 therefore,	 acted	 through	 different	 cell-surface	 receptors	 and	 signalling	

mediators	(Roberts	et	al.,	1983).	

	

TTGF-β	 superfamily	 signalling	 pathway	 is	 critically	 involved	 in	many	 functions	 such	 as	 the	

regulation	of	cell	survival,	growth	and	differentiation	in	a	wide	range	of	biological	systems.	

Signalling	 is	 initiated	 via	 the	 binding	 of	 ligands	 (TGF-β,	 Nodal	 or	 Activin)	 to	 type	 II	

transmembrane	 serine	 threonine	 kinase	 receptors.	 Hence,	 this	 recruitment	 and	

transphosphorylation	of	type	I	receptors	(ALK4/5/7)	involves	high	combinatorial	complexity	

which	 transduce	 their	 signalling	 through	 intracellular	 cytoplasmic	 phosphorylation	 of	

signalling	 molecules	 called	 SMAd2/3	 (Wrighton	 and	 Feng,	 2008).	 Carboxy-terminal	

phosphorylation	 of	 SMAD2	 results	 in	 the	 combination	 with	 an	 intracellular	 signalling	

transducer	 protein	 called	 SMAD4	 (Figure	 1.4.1).	 This	 results	 in	 the	 translocation	 and	

accumulation	 of	 active	 SMAD	 complexes	 to	 the	 nucleus	 that	 directly	 regulates	 gene	

transcription	in	conjugation	with	co-activator	(Co-Act)	(Kandasamy	et	al.,	2011).	SMAD6/7	are	

TGF-β	antagonist	and	play	a	role	in	a	negative	feedback	loop	which	prevents	phosphorylation	

of	type	I	receptors	and	blocks	the	intracellular	signalling	pathway	(Derynck	and	Zhang,	2003).	

SMAD1	and	SMAD7	are	shown	to	positively	regulate	branching	morphogenesis	of	the	lungs	

whereas	 SMAD2,	 SMAD3	 and	 SMAD4	 have	 the	 opposite	 effect	 in	 negatively	 regulating	
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branching	morphogenesis	(Zhao	et	al.,	2000;	Zhao	J	et	al.,	1998).	It	is	shown	that	Nodal/Activin	

signalling	is	essentially	required	to	control	the	differentiation	of	lung	epithelial	cells	in	vitro	

and	 induces	 the	 expression	 of	 the	 early	 lung	 progenitor	 transcription	 factor,	 NKX2.1	

(Ninomiya	et	al.,	2013).	

	

	
	
Figure	1.4.1	-	TGF-β	superfamily	signal	transduction	pathway.	TGF-	β/Nodal/Activin	ligands	
bind	to	Type	 II	 receptors	which	then	they	bring	 in	Type	 I	 receptors	 (ALK4)	resulting	 in	 the	
trans-phosphorylation	 of	 type	 I	 receptors.	 Activated	 type	 I	 receptors	 phosphorylates	
SMAD2/3	(R-SMADs)	which	then	recruits	SMAD4	(Co-SMAD)	and	translocate	into	the	nucleus,	
binds	DNA	and	regulates	gene	transcription.		Inhibitory	SMAD7	is	an	antagonist	to	the	TGF-β	
superfamily.	(Figure	obtained	from	Hou	and	Pamela,	Hoodless,	2009)	
	

1.4.2 BMP	signalling	

	

Bone	morphogenetic	proteins	(BMPs)	were	discovered	by	Dr.	Urist	in	1971	in	rat	cortical	bone	

matrix	which	showed	cause	modulation	and	differentiation	of	mesenchymal	cells	of	muscles	

into	 bone	 and	 bone	 marrow	 cells	 (Urist	 and	 Strates,	 1971).	 BMPs	 are	 another	 TGF-β	

superfamily	of	 ligands.	Ninomiya	et	al.	 (2009)	showed	that	BMP4	signalling	promotes	 lung	

morphogenesis	in	culture	by	enhancing	the	induction	of	distal	cell	lineages	of	the	alveolar	bud	

(mainly	Clara	and	mucus-producing	goblet	cells).	BMP	signalling	functions	similarly	to	TGF-	

β/Activin/Nodal	 pathway	 but	 through	 different	 type	 I	 receptors	 (ALK2/3/6)	 and	 R-SMAD	

intracellular	 proteins	 (SMAD1/5/8)	 (Heldin	 and	Moustakas,	 2012).	 Phosphorylated	 BMPRI	

subsequently	phosphorylates	receptor-activated	SMAD	proteins	(R-SMADs),	which	associate	

with	common	mediator-SMAD	(co-SMAD)	and	enter	the	nucleus,	where	they	regulate	gene	

expression	(Derynck	and	Feng,	1997).	BMP6/7	bind	to	the	type	II	receptor	(BMPRII/AktRII)	
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before	 it	 combines	with	 type	 I	 receptor	 (ALK2/3/6)	whereas	 BMP2/4	 first	 binds	 to	 type	 I	

receptor	which	then	attracts	the	type	II	receptor	to	form	the	complex	bond	(Figure	1.4.2)	(de	

Caestecker,	2004).	BMP	can	be	inhibited	via	several	extracellular	 inhibitory	factors	such	as	

Noggin	or	Follistatin.	BMP	ligands	activates	the	signalling	pathway	by	phosphorylation	of	the	

receptors	and	subsequently	SMAD1/5/8	allowing	them	to	form	a	heteromeric	active	complex	

with	 the	 signalling	 transducer	 SMAD4	 (Co-SMAD)	 (Jeong	 et	 al.,	 2010).	 This	 complex	

translocates	 to	 the	 nucleus	 and	 binds	with	 Co-Act	 or	 repressors	 to	 target	 BMP-regulated	

genes	which	leads	to	cell	proliferation,	differentiation,	apoptosis	or	survival	depending	in	the	

cellular	 context.	 SMAD6/7	 are	 inhibitors	 and	 form	 an	 inactive	 complex	 when	 bound	 to	

SMAD1/5/8	 transcription	 factors	 and	 inhibits	 intracellular	 signalling	 (Munoz-Sanjuan	 and	

Brivanlou,	2002).	We	know	that	BMP	signalling	is	essential	for	specifying	lung	fate	as	BMP4	

knockout	in	embryonic	mouse	lung	epithelial	cells	leads	to	tracheal	agenesis	with	retention	

of	the	branching	region	of	the	lungs	(Domyan	E	et	al.,	2011;	Eblaghie	et	al.,	2006;	Warburton	

et	al.,	2010).	

	

	

	
	
Figure	1.4.2	–	Bone	morphogenic	protein	(BMP)	signal	transduction	pathway.	BMP	ligands	
bind	 to	 two	 receptors,	 type	 I	 BMP	 receptor	 (Alk2/3/6)	 and	 type	 II	 BMP	 receptor	
(BMPRII/ActRII)	 which	 then	 BMPRII	 phosphorylates	 and	 activates	 BMPRI.	 Therefore,	
phosphorylated	BMPI	activates	by	phosphorylating	R-SMAD	(SMAD1/5/8),	which	then	forms	
a	complex	with	a	common	mediator-SMAD	known	as	Co-SMAD	(SMAD4),	and	translocate	into	
the	 nucleus.	 Activated	 BMPRI	 phosphorylates	 further	 cytoplasmic	 signal	 transduction	
proteins,	MAPKs	including	JNK,	ERK	and	p38	which	in	turn	directly	or	indirectly	regulate	the	
transcription	of	target	genes	in	the	nucleus	BMP	signalling	can	be	blocked	via	extracellular	
(noggin,	 follistatin	or	chrodin)	and	 intracellular	 (SMAD6/7)	antagonists	which	prevents	the	
association	between	SMAD1/5/8	and	SMAD4	(Figure	obtained	from	Shore	and	Kaplan,	2010)	
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1.4.3 Wnt	signalling	

	

In	1982,	Roel	Nusse	and	Harold	Varmus	discovered	Int1,	the	first	gene	of	the	Wnt	signalling	

pathway	(Nusse	and	Varmus,	1982).	They	found	that	this	gene,	when	artificially	activated	in	

the	 mouse	 model,	 induces	 mammary	 gland	 tumors.	 At	 about	 the	 same	 time,	 Christiane	

Nüsslein-Volhard,	 who	 was	 later	 awarded	 the	 Nobel	 Prize	 discovered	 that	 the	 fruit	

fly	Drosophila	melanogaster	did	not	develop	wings	when	the	gene	Wingless	(Wg)	was	lacking	

(Nüsslein-Volhard	 and	 Wieschaus,	 1980).	 As	 it	 turned	 out,	 Int1,	 the	 mouse	 mammary	

oncogene	that	Nusse	had	discovered,	was	found	to	be	identical	to	Wingless	 in	Drosophila.	

Nusse	then	suggested	a	new	nomenclature,	combining	Wg	and	Int1	to	form	the	name	Wnt.	

Since	then,	researchers	have	discovered	more	than	100	additional	genes	that	play	a	role	in	

the	Wnt	signalling	pathway	

	

Wnt	 signalling	 plays	 an	 important	 role	 in	 embryonic	 lung	 development.	Wnt7b,	 the	 only	

member	of	autocrine/paracrine	signalling	molecules	of	Wnt	family,	is	expressed	in	the	airway	

pulmonary	epithelium	during	embryonic	development	(Weidenfeld	et	al.,	2002).	The	Wnt7b	

promoter	 activity	 is	 regulated	 in	 a	 combinatorial	 way	 by	 the	 transcription	 factor	 NKX2.1,	

GATA6	and	FoxA2	to	stimulate	Wnt7b	gene	expression	(Weidenfeld	et	al.,	2002;	Minoo	et	al.,	

1995).	Wnt/β-catenin/Tcf	 is	 involved	 in	 specifying	 NKX2.1-postive	 respiratory	 endoderm	

progenitors	during	development.	Wnt2/2b	are	expressed	at	the	ventral	anterior	mesoderm	

and	Wnt2/2b	knockouts	in	mice	show	a	complete	loss	of	NKX2.1-positive	cells	and	failure	to	

develop	the	trachea	or	branching	morphogenesis	(Gross	et	al.,	2009).		

	

There	 are	 different	 Wnt	 signalling	 pathways	 involved	 in	 the	 signal	 transduction	 process	

referred	to	as	canonical	and	non-canonical	signalling	pathways.	Wnt	molecules	have	been	

grouped	 as	 canonical	 (Wnt1,	 Wnt3,	 Wnt3a,	 Wnt7a,	 Wnt7b,	 Wnt8)	 and	 non-canonical	

pathway	activators	(Wnt4,	Wnt5a,	Wnt11)	(Torres	et	al.,	1996).		
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1.4.3.1	Canonical	pathway:	

	

The	canonical	Wnt	pathway	is	known	as	the	Wnt/β-catenin/Tcf	pathway.	In	the	absence	of	

Wnt	ligand,	glycogen	synthase	kinase	(GSK-3)	is	activated	and	phosphorylates	β-catenin	in	the	

protein	complex	of	adenomatous	polyposis	coli	(APC)	and	axin	(Yamamoto,	1999).	b-catenin	

then	undergoes	ubiquitination	and	26S	proteasome-mediated	degradation,	hence	reducing	

the	cytosolic	level	of	β-catenin	(Akiyama,	2000).	In	the	active	state	of	the	canonical	pathway,	

Wnt	ligands	bind	to	an	extracellular	receptor	know	as	Frizzled	and	Lrp5/6	co-receptor.	This	

complex	 recruits	 the	 scaffolding	 phosphoprotein	 dishevelled	 (DVL)	 and	 leads	 to	 the	

phosphorylation	and	inhibition	of	GSK-3	(van	Noort	et	al.,	2002).	Hence,	this	allows	β-catenin	

to	translocate	to	the	nucleus	where	it	forms	an	active	transcription	complex	with	T	Cell	factors	

(LEF1,	TCF1,	TCF3,	TCF4)	transcription	factor	family	(Figure	1.4.3)	(van	Noort	M	and	Clevers	

H,	2002).	This	would	lead	to	target	gene	activation	that	includes	matrix	metalloproteinases	

(MMP2/3/7/9;	Tamamura	et	al.,	2005),	cyclin	D1	(Shtutman	et	al.,	1999)	and	c-Myc	(He	et	al.,	

1998).	

	

1.4.3.2	Non-canonical	pathway:	

	

Intracellular	non-canonical	Wnt	signalling	can	be	divided	into	two	branches,	the	planar	cell	

polarity	 (PCP)	 pathway	 that	 involves	 the	 c-jun	 n-terminal	 kinase	 (JNK)	 and	 the	Wnt/Ca2+	

pathway.	PCP	is	necessary	for	regulating	epithelial	cell	shape	and	consequently	tube	shape	in	

the	branching	lung.	Hence,	losing	some	of	the	PCP	components	such	as	Scribbled	or	VangI2	

results	in	the	failings	in	lung	epithelial	development	including	early	branching	(Yates	et	al.,	

2010;	Yates	et	al.,	2013).		The	non-canonical	pathway	differs	from	the	canonical	pathway	in	

their	dependency	on	the	type	of	G-proteins	they	require	for	activation,	are	not	dependent	

upon	β-catenin	and	require	Ror2/Ryk	co-receptors	instead	of	Lrp5/6	(Malbon	et	al.,	2001).	In	

the	PCP,	Frizzled	activates	JNK	through	DVL,	binds	to	a	small	GTPase	protein	called	Rac	leading	

to	both	induction	of	ROCK	(Rho-associated	protein	kinase)	and	MAPK	activation	cascades	and	

in	 turn	 activates	 a	 complex	 of	 small	 proteins	 known	 as	 AP1,	 which	 can	 form	 homo-	 and	

heterodimers	to	target	gene	expression	(Kishida	et	al.,	2004;	Jones	and	Chen,	2007;	Oishi	et	

al.,	 2003).	 In	 the	Wnt/Ca2+	 pathway,	 the	 triple	 formation	 between	 frizzled,	 DVL	 and	 G-

proteins	result	into	the	activation	of	phospholipase	C	(PLC)	that	breaks	phosphatidyl	Inositol	
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4,5	biphosphate	(PIP2)	into	di-acyl-glycerol	(DAG)	and	inositol	1,4,5-triphosphate	(IP3)	which	

leads	 to	 a	 transient	 increase	 in	 cytoplasmic	 free	 calcium.	 This	 results	 in	 the	 activation	 of	

protein	kinase	C	(PKC),	calcium	calmodulin	mediated	kinase-II	(CAMKII)	and	calcineurin	that	

phosphorylates	and	translocates	nuclear	factor	of	activated	T-cells	(NFAT)	to	the	nucleus	to	

initiate	gene	transcription	(Figure	1.4.3)	(Staal	et	al.,	2008).	

	

	
	
Figure	 1.4.3	 –	 Wnt	 signalling	 pathways.	 Three	 different	 signalling	 branches	 of	 the	 Wnt	
pathway	(A)	Canonical	pathway	is	stimulated	in	the	presence	of	a	Wnt	ligand	that	brings	the	
complex	 (GSK3,	 DVL,	 Axin,	 APC	 and	 CK1)	 to	 the	Wnt	 receptor	 complex	 and	 inactivates	 it	
allowing	 β-catenin	 to	 accumulate	 and	 translocate	 to	 the	 nucleus,	 which	 activates	 gene	
transcription.	(B)	Planer	cell	polarity	(PCP)	signalling	triggers	the	activation	of	small	GTPases	
Rac	 and	 Rho	 which	 in	 turn	 activates	 JNK	 and	 Rho	 respectively	 leading	 to	 microtubule	
stabilization,	 JNK-mediated	 gene	 transcription	 and	 actin	 polymerization.	 (C)	 Wnt-Ca2+	
pathway	 activates	 phospholipase	 C	 (PLC)	 that	 in	 turn	 increase	 Ca2+	 in	 cytoplasmic	 free	
calcium,	 protein	 kinase	 C	 (PKC)	 and	 calcineurin	 which	 leads	 to	 actin	 polymerization	 and	
calcium-mediated	gene	 transcription	 respectively	 through	nuclear	 factor	of	 activated	 cells	
(NFAT).	(Figure	obtained	from	–	Berwick	and	Harvey,	2013)	
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1.4.4 FGF	signalling	

	

In	 1975,	Gospodarowicz	 found	 that	 the	bovine	pituitary	 gland	 contains	 a	potent	 agent	 to	

stimulate	cell	growth	and	division	in	tissue	culture	(Gospodarowicz,	1975).	Although	he	did	

not	identify	the	factor,	they	showed	that	it	induces	fibroblast	cell	growth	and,	hence,	named	

it	fibroblast	growth	factor	(FGF).	The	mitogenic	activity	was	found	to	be	due	to	a	molecule	

with	a	molecular	weight	of	14,000–16,000	Da	and	a	basic	isoelectric	point.	The	activity	was	

not	 restricted	 to	 fibroblasts,	 stimulating	 many	 cell	 types,	 including	 endothelial	 cells	 and	

chondrocytes	(Gospodarowicz	et	al.,	1978).	

	

FGF	signalling	is	required	in	various	cellular	processes	including,	differentiation,	proliferation,	

cell	survival	and	migration	(Bottcher	and	Niehrs,	2005).	FGFs	comprise	a	family	of	23	growth	

factors	that	bind	four	high	affinity,	ligand-dependent	FGF	tyrosine	kinase	molecules	(FGFR1-

4)	(Zhang	et	al.,	2006).	FGFR	signal	transduction	is	regulated	in	several	ways	such	as	activation	

through	 the	 Janus	 kinase/signal	 transducer,	 PI3	 kinase/AKT,	 activator	 of	 transcription	

(Jak/Stat)	 and	 mitogen-activated	 protein	 kinase/extracellular	 signal-regulated	 kinase	

(MAPK/Erk)	 pathways	 (Dailey	 et	 al.,	 2005).	 Heparin	 sulphate	 (HS)	 proteoglycan	 in	 the	

extracellular	 matrix	 aids	 the	 binding	 of	 the	 FGF	 ligand	 to	 the	 receptor	 that	 causes	 the	

receptors	to	dimerize	resulting	in	the	phosphorylation	and	activation	of	their	protein	tyrosine	

kinases	 (Spivak-Kroizman	 et	 al.,	 1994).	 Hence,	 initiating	 downstream	 signalling	 cascades	

results	in	transcriptional	regulation	in	the	nucleus.	Bendell	et	al.	(2007)	demonstrated	that	

FGF2	could	transiently	secrete	a	growth	factor	known	as	 insulin-like	growth	factor2	(IGF2)	

that	 can	 subsequently	 stimulate	 the	 pluripotency	 of	 hESCs	 in	 vitro.	 Lebeche	 et	 al.	 (1999)	

illustrated	that	FGF-10	and	FGF-7	signalling	is	important	in	the	regulatory	network	present	in	

the	embryonic	lung	controlling	pattern	formation,	differentiation	and	growth	of	the	lung	bud.	

	

FGFs	have	been	identified	as	a	crucial	signalling	factors	in	branching	morphogenesis	program.	

Integral	to	the	branching	process	is	FGF10	and	its	receptor	FGFR2b,	present	on	the	branching	

epithelium.	In	mice,	FGF10	or	FGFR2b	knockouts	lack	distal	lung	branching	(de	Moerlooze	et	

al.,	2000).	Functionally,	FGF10	is	produced	and	expressed	in	the	mesenchyme	surrounding	

the	developing	branch	(green)	(Figure	1.4.4).	This	expression	is	dependent	and	restricted	by	

epithelial	expression	of	BMP4	and	Shh	genes	(purple)	(Figure	1.4.4).	Moreover,	FGF10	is	also	
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involved	 in	 directing	 cell	 division	 through	 regulation	 of	 Ras	 and	 Sprouty	 (Sprouty,	 an	

intracellular	inhibitor	of	Ras/MAPK	cascade	crucial	for	development	process)	for	the	correct	

direction	 of	 lung	 branching.	 The	 expression	 of	 these	 FGF10	 producing	 cells	 changes	

dynamically	 around	 the	 branching	 epithelium	 conferring	 where	 branches	 will	 form	 and	

setting	the	appropriate	direction	of	branch	growth	(Herriges	and	Morrisey,	2014;	Bellusci	et	

al.,	1997).	Hence,	FGF10	acts	as	an	attractant	for	the	epithelial	cells	of	a	branch	by	signalling	

through	 epithelial	 FGFR2b	 and	 changes	 dynamically	 around	 the	 branching	 epithelium	 to	

direct	branching	morphogenesis	(Park	et	al.,	1998).		

	

FGF7	 is	 found	 in	 the	 lung	 mesenchyme	 later	 in	 the	 pseudoglandular	 stage,	 from	 E14.5	

onwards	(Finch	et	al.,	1995;	Mason	et	al.,	1994).	Addition	of	FGF7	to	isolated	lung	epithelium	

stimulates	the	growth	of	 large	cystic	structures	 from	the	 initial	epithelium	(Cardoso	et	al.,	

1997).	Antisense	knockout	of	FGF7	in	cultures	of	rat	lung	explants	results	in	the	impairment	

of	 branching	 (Post	 et	 al.,	 1996).	 Nevertheless,	mice	 lacking	 FGF7	 do	 not	 exhibit	 any	 lung	

abnormalities	suggesting	a	redundancy	for	FGF7	in	the	branching	program	(Guo	et	al.,	1996).	

FGF7	is	structurally	similar	to	FGF10	and	both	act	through	the	epithelial	FGFR2b	(Igarashi	et	

al.,	1998).	Interestingly,	both	factors	produce	different	morphological	effects	when	applied	

to	 cultures	 of	 isolated	 lung	 epithelium.	 FGF7	 promotes	 large	 uniform	 growth	 of	 the	

epithelium	 whereas	 FGF10	 direct	 branching	 growth	 (Cardoso	 et	 al.,	 1997;	 Bellusci	 et	 al.,	

1997).	
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Figure	1.4.4	–	FGF10	is	essential	for	early	branching	morphogenesis.	A	schematic	illustration	
of	FGF10	signalling	 (green)	restricted	to	site	of	branching	 in	the	mesenchyme	surrounding	
developing	 branch	 points.	 BMP4	 and	 Shh	 genes	 produced	 from	 the	 epithelium	 regulates	
FGF10	 expression	 (purple).	 FGF10	 regulates	 cell	 division	 through	 Ras	 and	 Sprouty	 for	
appropriate	direction	of	branch	growth.	(Figure	obtained	from	Herriges	and	Morrisey,	2014).	
	

1.4.5 SHH	signalling	

	

In	 1980,	 two	 scientists	 discovered	 the	 hedgehog	 gene	 (hh)	 in	 the	 fruit-fly	 Drosophila	

melanogaster	 in	 the	 classic	 Heidelberg	 screens	 (Nüsslein-Volhard	 and	 Wieschaus,	 1980).	

These	screens,	which	led	to	them	winning	the	Nobel	Prize	in	1995	along	with	developmental	

geneticist	 Edward	 B.	 Lewis,	 identified	 genes	 that	 control	 the	 segmentation	 pattern	 of	

the	Drosophila	embryos	(Lewis,	1978).	The	hh	loss	of	function	mutant	phenotype	causes	the	

embryos	 to	 be	 covered	with	 denticles,	 small	 pointy	 projections	 resembling	 the	 spines	 of	

a	hedgehog.	

	

Sonic	hedgehog	(Shh)	is	another	important	factor	that	contributes	to	the	formation	of	mature	

lungs.	 Bellusci	 et	 al.	 (1997)	 showed	 the	 expression	 of	 Shh	 transcripts	 throughout	 the	

epithelium	 of	 the	 developing	 mouse	 lung	 at	 11.5d	 where	 the	 highest	 concentration	 of	

transcripts	 is	 found	 at	 the	 tip	 of	 the	 epithelial	 buds.	 Over-expression	 of	 Shh	 in	 the	 lung	

epithelium	 via	 surfactant	 protein	 C	 (SPC)	 promoter	 resulted	 in	 an	 increase	 in	 interstitial	

mesenchyme	to	epithelial	tubules	ratio	as	well	as	the	downstream	Shh	signal	relaying	protein	

patched	 (PTCH)	 (Bellusci	 et	 al.,	 1997).	 Shh	 genes	 are	 highly	 conserved	 in	 human,	mouse,	

chicken	and	fish.	In	the	Shh	signalling	pathway,	Shh	ligand	binds	to	the	PTCH	receptor	which	

depress	the	smoothened	(SMO)	trans-membrane	receptor	that	activates	glioblastoma	(Gli)	

transcription	factors	(Gli2/Gli3A)	causing	an	intracellular	signalling	cascade	(Figure	1.4.5).	This	

signal	promotes	gene	 transcription	via	Gli1	 for	 cell	 cycle	progression,	 stem	cell	 activation,	

metastasis	or	angiogenesis.	Loss	of	Shh	function	results	 into	defects	 in	 lung	organogenesis	

associated	with	branching	morphogenesis	(Pepicelli	et	al.,	1998).	Moreover,	embryonic	lung	

epithelial	 cells	 that	 expresses	 Shh	 signals	 to	 the	 adjacent	 lung	 mesenchyme	 controls	

branching	morphogenesis	 (Litingtung	 et	 al.,	 1998).	 Crosstalk	 between	 the	 epithelium	 and	

mesenchyme	is	vital	for	coordinating	growth	and	branching	signals.	
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Figure	1.4.5	–	The	Hedgehog	(HH)	signalling	pathway.	A	schematic	representation	with	the	
absence	and	presence	of	Hedgehog	 (Hh)	 ligand.	Binding	of	Hh	 to	patched	 (Ptch)	 receptor	
causes	 the	 depression	 and	 activation	 of	 the	 adjacent	 transmembrane	 receptor	 known	 as	
smoothened	 (Smo)	 which	 activates	 an	 intracellular	 pathway	 through	 glioblastoma	 (Gli)	
transcription	factors	that	translocate	into	the	nucleus	to	activate	gene	transcription	(Figure	
obtained	from	Nike	et	al.,	2012).	
	

1.4.6 Notch	signalling	

	

In	1914,	 John	S.	Dexter	noticed	Notch	defect,	 loss	of	a	wing	margin	tissue	 in	the	distal	 tip	

wings	of	the	fruit	fly	Drosophila	melanogaster	(Dexter,	1914).	The	alleles	of	the	Notch	gene	

were	established	in	1917	by	Thomas	Hunt	Morgan	(Morgan,	1917).	Notch	signalling	likewise	

plays	an	important	role	in	many	aspects	of	development	and	homeostasis	of	organs	including	

the	lungs.	Mutation	in	Notch	signalling	components	results	into	many	diseases	including	lung	

cancer,	asthma,	chronic	obstructive	pulmonary	disease	(COPD)	and	progressive	pulmonary	

fibrosis	(Xu	et	al.,	2012;	Tsao	et	al.,	2016).	Notch	is	essentially	required	to	regulate	branching	

morphogenesis	and	airway	epithelial	cell	fate	specification	(Xu	K	et	al.,	2012).	Notch	is	a	cell	

surface	trans-membrane	receptor	that	binds	onto	ligands	known	as	Delta	or	Jagged	from	an	

adjacent,	signalling	cell.	This	activates	a	proteolytic	cleavage	event	that	breaks	a	portion	of	

the	receptor,	known	as	Notch	intracellular	domain	(NICD),	via	two	different	enzyme	cleavage	

families	(α-secretase	and	Υ-secretase	complex)	(Figure	1.4.6).	NICD	then	translocates	into	the	

nucleus	and	binds	to	a	complex	of	transcription	factors	(mastermind-like	protein;	MAML	and	
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CBF1/Suppressor	of	Hairless/LAG-1;	CSL)	to	activate	specific	genes	involved	in	differentiation,	

proliferation	and	apoptosis	in	numerous	tissue	types.		

	

	
	

Figure	1.4.6	–	Notch	Signalling	pathway.	Delta-like/Jagged	ligand	binds	from	a	signalling	cell	
to	the	Notch	receptor	on	the	receiving	cell	to	initiate	signalling	cascade.	A	portion	of	the	Notch	
receptor	get	cleaved	via	two	enzyme	cleavage	families,	α-secretase	and	Υ-secretase	complex,	
to	release	a	Notch	intracellular	domain	(NICD),	which	translocate	to	the	nucleus	and	bind	to	
mastermind-like	protein	 (MAML)	 and	CBF1/Suppressor	of	Hairless/LAG-1	 (CSL)	 to	 activate	
Notch	target	genes	(Figure	obtained	from	Anderson	and	Lendahl,	2014).	
	

1.5 Lung	physiology	along	the	respiratory	tract	and	disease	

	

The	 respiratory	 tract	 is	 composed	 of	 various	 different	 epithelial	 cell	 types	 located	 at	

distinctive	compartments	of	the	lung	tree	(Figure	1.5A).	Goblet,	Clara	and	ciliated	cells	are	

found	 in	 the	 proximal	 compartments	 in	 the	 bronchus	 whereas	 neuroendocrine	 cells	 are	

localized	in	the	bronchiolar	epithelium	(Figure	1.5A).	The	alveoli,	the	end	of	the	respiratory	

epithelium,	are	lined	with	two	specialized	types	of	cells	termed	the	Alveolar	epithelial	type	1	

(AET-I)	and	Alveolar	epithelial	type	II	(AET-II)	cells	or	in	other	terms	type	I	and	II	pneumocytes	

(Figure	1.5B).	The	histology	of	lung	cells	at	different	compartment	of	the	lung	tree	has	been	

addressed	in	Figure	1.5C.	
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Figure	 1.5A	 –	 Lung	 physiology	 along	 the	 respiratory	 tree.	 Proximal	 cells	 in	 the	
tracheobronchial	and	bronchiolar	regions	of	the	respiratory	tree	are	marked	by	CC10,	FoxJ1,	
p63,	MUC5AC	and	Cgrp.	Distal	cells	 in	the	alveolar	region	consists	of	AET-I	(Aqp5,	T1a	and	
Pdpn)	and	AET-II	(CFTR,	SPA,	SPB	and	SPC)	respiratory	epithelial	cells.	
	
	

	
	
Figure	1.5B	–	Diagrammatic	representation	of	the	cell	types	present	in	the	alveolar	lumen.	
Consist	 of	 type	 I	 and	 type	 II	 pneumocytes,	 subendothelial	 connective	 tissue	 (CT),	
macrophages	and	capillary	 lumen	with	erythrocytes.	Type	 I	pneumocytes	are	 long	narrow	
cells	as	shown	which	are	responsible	for	gaseous	exchange	between	the	alveoli	and	the	blood.	
Pneumocytes	II	are	cuboidal	cells	that	function	for	the	release	of	pulmonary	surfactant	that	
reduces	the	surface	tension	of	pulmonary	fluids	between	the	thin	alveolar	walls	and	avoids	
alveoli	collapsing.	(Figure	obtained	from	–		
http://www.vetmed.vt.edu/education/curriculum/vm8054/labs/Lab25/lab25.htm)	
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1.5C	–	Histology	of	 the	 respiratory	 system.	 (A)	Upper	 respiratory	 tract	section	shows	 the	
lumen,	 respiratory	 epithelium,	 basal	 lamina,	 elastic	 fibres,	 blood	 vessel	 and	 submucosal	
glands.	 (B)	Epithelium	of	upper	 respiratory	 tract	 consist	of	 cilia,	 ciliated	epithelial	 cell	 and	
goblet	 cell.	 (C)	 Mucus	 produced	 in	 goblet	 cells	 and	 secreted	 in	 the	 lumen.	 (D)	 Alveolar	
compartment	consists	of	the	Type	I	and	II	cells.	(Figure	obtained	from	–	Kotzamamins	et	al.,	
2013)	
	

1.5.1 Clara	Cells	

	

Clara	 cells,	 found	 in	 the	 respiratory	 bronchioles,	 are	 made	 up	 of	 non-ciliated	 columnar	

epithelium	 and	 are	 recognized	 as	 dome/club-shaped	 cells	 (Figure	 1.5.2).	 They	 secrete	

surfactant	 components	 and	 other	 products	 known	 as	 Clara	 cell	 secretory	 protein	 (CCSP;	

CC16).	CC16	is	a	protein	secreted	by	non-ciliated	Clara	cells	of	the	bronchioles	and	possesses	

anti-inflammatory	and	anti-oxidative	properties	 (Broeckaert	and	Bernard,	2000).	The	Clara	

cells	also	detoxify	inhaled	substances	such	as	nitrogen	dioxide	via	cytochrome	P450	enzymes	

found	in	their	smooth	endoplasmic	reticulum	(SER)	(Figure	1.5.2).	They	act	as	putative	stem	

cells	where	there	are	able	to	divide,	differentiate	into	ciliated	and	non-ciliated	bronchiolar	

cells	and	replace	damaged	cells	in	the	bronchiolar	epithelium	(Evans	and	Hunter,	2002;	Rock	

et	al.,	2010).	
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Figure	1.5.1	–	An	 illustration	of	 a	Clara	 cell.	 Shows	a	Clara	 cell	 between	 two	bronchiolar	
epithelium	ciliated	cells	are	mainly	found	in	terminal	and	respiratory	bronchioles.	Dome/club-
shaped	cells	Clara	cells	with	very	short	microvilli	are	also	termed	Club	cells,	which	function	to	
secrete	glycosaminoglycans	to	protect	the	bronchiole	epithelium.	They	are	also	required	for	
detoxifying	toxins	inhaled	into	the	lungs.	(Figure	obtained	from	–	Basic	Histology	–	Text	and	
Atlas;	10th	edition,	2003;	Janqueira	and	Cameiro,	Lange	McGraw-Hill;	Fig	17-21)	
	

1.5.2 Basal	cells	(BCs)	

	

Basal	 cells	 (BCs)	 are	 found	 in	 various	 tissues	 including	 the	 trachea	 and	 bronchi.	 They	

selectively	express	the	transcription	factor	p63,	a	homolog	of	 the	tumour	suppressor	p53.	

Knockout	of	p63	in	the	mouse	results	in	the	formation	of	a	simple	columnar	epithelium	that	

lacks	basal	cells	which	demonstrates	that	p63	is	important	in	regulating	in	the	development	

of	normal	tracheobronchial	epithelium	(Daniely	et	al.,	2004).	BCs	also	serve	as	stem	cells	for	

renewal	 of	 the	 epithelium.	 Keratins	 (Krt5	 and	 Krt14)	 (as	 well	 as	 the	 cell	 surface	 marker	

podoplanin)	are	expressed	selectively	in	BCs	(Rock	et	al.,	2009).	

	
1.5.3 Ciliated	cells	

	

One	of	 the	major	cells	composing	the	ciliated	pseudostratified	columnar	epithelium	 is	 the	

ciliated	cell.	FoxJ1	(HFH-4)	is	an	important	transcription	factor	that	is	required	for	ciliogenesis	
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in	many	organs	including	the	lung	(Tichelaar	et	al.,	1999).	FoxJ1	regulates	numerous	genes	for	

ciliogenesis	in	ciliated	cells	in	the	conducting	airways,	such	as	Ezrin	and	Calpastatin	(Gomperts	

et	al.,	2004;	Huang	et	al.,	2003).	Knockout	of	FoxJ1	results	in	the	failure	of	cilia	formation,	in	

turn	losses	expression	of	Lefty-2	that	influences	lung	lobulation	via	random	determination	of	

left-right	axis	asymmetry	(Zhang	et	al.,	2004).	Ciliated	cells	are	also	marked	by	the	expression	

of	the	cytoskeletal	protein	Tubb4	and	the	secretoglobins	SCGB3A1	and	SCGB3A2	(Reynold	et	

al.,	2002).	

	

1.5.4 Goblet	cells	

	

Goblet	cells	are	named	after	their	shape,	which	secretes	mucus	that	forms	a	blanked	over	the	

tops	of	the	ciliated	cells	to	trap	and	sweep	away	any	dust	or	toxins	inhaled	into	the	lungs.	The	

Goblet	cells	respond	to	irritating	stimuli	rather	than	in	response	to	hormones.	Secretion	of	

mucus	occurs	via	a	process	termed	exocytosis	of	secretory	granules	found	inside	the	goblet	

cell.	 Goblet	 cells	 are	 marked	 by	 the	 expression	 of	 the	 transcription	 factor	 SPDEF	 and	

glycosylated	 proteins	 called	mucin-5ac	 (Muc5ac).	 Goblet	 cells	 are	 found	 scattered	 in	 the	

epithelium	 of	 many	 organs	 especially	 in	 the	 respiratory	 (trachea,	 bronchi	 and	 large	

bronchioles)	and	intestinal	tract.	They	have	a	distinctive	nucleus	and	mitochondria	that	are	

located	at	the	base	of	the	cell	while	the	remainder	of	the	cell	is	filled	with	secretory	granules	

filled	with	a	viscous	fluid,	mucus.		

	

1.5.5 Pulmonary	neuroendocrine	cells	(PNECs)	

	

The	proximal	progenitors	give	 rise	 to	airway	neuroendocrine	 cells,	 secretory	 cells,	 ciliated	

cells	and	mucosal	cells.	Pulmonary	neuroendocrine	cells	(PNECs)	are	flask-shaped	cells	that	

are	 found	 in	 the	 respiratory	 epithelium	 where	 they	 act	 as	 local	 mediators	 by	 secreting	

serotonin	 and	 various	 neuropeptides	 when	 stimulated	 (Peake	 et	 al.,	 2000).	 These	

neuroendocrine	molecules	help	in	regulating	the	rate	of	mucus	secretion	and	ciliary	beating,	

contraction	of	the	smooth	muscle	that	constricts	the	airways,	can	respond	to	hypoxia	and	

other	functions.	PNECs	are	often	clustered	in	neuroendocrine	bodies	(NEBs)	and	marked	by	

the	expression	of	several	markers	such	as,	ubiquitin	carboxyl	terminal	esterase-L1	(UCHL1),	

the	 transcription	 factor	 Ascl1	 and	 calcitonin	 gene-related	 peptide	 (CGRP)	 (Kotton	 and	
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Morrisey,	2014).	Neuroendocrine	cells	can	also	regenerate	secretory	and	ciliated	cells	after	

loss	through	injury,	although	this	capacity	maybe	limited.		

	

1.5.6 Alveolar	epithelial	type	I	cells	(AET-I)		

	

The	distal	progenitors	give	rise	to	type	I	and	type	II	alveolar	epithelial	cells	(AET-I	and	AET-II).	

AET-I,	also	known	as	pnuemocytes	type	I,	are	responsible	for	gaseous	exchange	between	the	

alveoli	and	blood	(Wansleeben	et	al.,	2013).	They	can	also	be	termed	as	squamous	alveolar	

cells.	AET-I	can	be	recognized	as	a	simple	squamous,	 long	thin	(25nm),	flat	cells	with	well-

defined	nuclei	and	make	up	approximately	95%	of	the	alveolar	surfaces	(Figure	1.5B).	The	

cells	are	connected	to	each	other	by	tight	 junctions	(Zhao	et	al.,	2000).	This	type	of	cell	 is	

vulnerable	to	a	large	number	of	toxic	insults	and	importantly	cannot	replicate	itself.		

	

1.5.7 Alveolar	epithelial	type	II	cells	(AET-II)	

	

Alveolar	epithelial	type	II	cells	(AET-II),	also	termed	as	type	II	pneumocytes,	are	large,	cuboidal	

cells	with	rounded	nuclei	that	cover	approximately	5%	of	the	alveolar	surface	(Figure	1.5B)	

(Bishop	 et	 al.,	 2006).	 The	main	 function	 of	 AET-II	 is	 to	 synthesise	 and	 release	 pulmonary	

surfactant.	 Surfactant	 reduces	 the	 surface	 tension	 of	 pulmonary	 fluids	 between	 the	 thin	

alveolar	 walls	 and	 avoids	 the	 alveoli	 collapsing.	 Surfactant	 is	 a	 mixture	 of	 mainly	

phospholipids	and	proteins	such	as	surfactant	proteins	A	(SP-A),	SP-B,	SP-C	and	SP-D	(Zhao	et	

al.,	2000).	MUC1,	a	member	of	the	glycoprotein	family	of	mucins	is	also	highly	expressed	in	

AET-II	cells	(Chambers	et	al.,	1994).	AET-II	cells	can	be	precursor	cells	to	AET-I	suggesting	they	

have	the	potential	to	differentiate	and	replace	damaged	AET-I	cells	(Rock	and	Hogan,	2011).		

	

1.6	Human	embryonic	stem	cells	(hESCs)	

	

1.6.1	Discovery	and	the	history	of	stem	cells		

	

The	history	of	research	on	adult	stem	cells	began	more	than	60	years	ago.	In	the	1960s,	Ernest	

McCulloch	and	James	Till	discovered	that	the	bone	marrow	contains	at	least	two	kinds	of	stem	

cells	(Becker	et	al.,	1963;	Siminovich	et	al.,	1963).	One	population,	called	hematopoietic	stem	
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cells,	forms	all	the	types	of	blood	cells	in	the	body.	A	second	population,	called	bone	marrow	

stromal	stem	cells	(also	called	mesenchymal	stem	cells,	or	skeletal	stem	cells	by	some),	were	

discovered	a	few	years	later.	These	non-hematopoietic	stem	cells	make	up	a	small	proportion	

of	the	stromal	cell	population	in	the	bone	marrow	and	can	generate	bone,	cartilage,	and	fat	

cells	that	support	the	formation	of	blood	and	fibrous	connective	tissue.	

	

Later	 on,	 embryonic	 stem	 cells	 have	 been	 discovered	 in	 1981	 by	 Sir	Martin	 Evans	 of	 the	

University	of	Cardiff	sharing	his	Nobel	Prize	(2007)	with	Matt	Kuffman	(Evans	et	al.,	1981).	

They	were	the	first	to	identify,	isolate	and	successfully	culture	ES	cells	using	mouse	blastocysts	

in	1981.	This	discovery	opened	the	doors	to	the	creation	of	“murine	genetic	models,”	which	

are	mice	that	have	had	one	or	several	of	their	genes	deleted	or	otherwise	modified	to	study	

their	function	in	disease.	

	

1.6.2	hESCs	origin	and	differentiation	

	

Human	 embryonic	 stem	 cells	 (hESCs)	 are	 derived	 from	 the	 inner	 cell	 mass	 (ICM)	 of	 pre-

implantation	embryos	at	the	blastocyst	stage	of	development.	They	have	the	potential	to	give	

rise	to	all	three	embryonic	germ	layers:	ectoderm,	mesoderm	and	endoderm	(Thomson	A	et	

al.,	2008).	In	developmental	research,	mouse	embryonic	stems	cells	(mESCs)	have	been	used	

to	 elucidate	 questions	 related	 to	 the	 properties	 of	 ESCs,	 as	 well	 as	 hESCs.	 The	 highly-

conserved	transcription	factors	in	both	species	of	ESCs	are	Nanog,	Oct4,	and	Sox2,	all	of	which	

enable	 the	 cells	 to	 maintain	 the	 pluripotent	 properties	 (Schnerch	 al.,	 2010).	 hESCs	 have	

potential	 utility	 in	 regenerative	 medicine	 as	 a	 source	 of	 cells	 for	 the	 treatment	 of	

degenerative	disorders	and	as	a	source	of	cells	for	pharmaceutical	drug	toxicity	testing.	ESCs	

are	well	 suited	 for	 stem	cell	 therapy	because	 they	 retain	 the	ability	 to	generate	over	200	

different	 cell	 types	 (Gardner	 and	 Brook,	 1997).	 Given	 they	 are	 pluripotent,	 they	 can	

differentiate	into	a	wide	variety	of	mature	cell	types	when	given	the	correct	combinations	of	

extracellular	 signals	 in	 vitro	 that	mimic	normal	developmental	biology	 (Evans	and	Hunter,	

2002).	ESCs	are	also	known	for	their	long-term	self-renewal	capacity	where	they	can	remain	

in	their	undifferentiated	state	and	divide	indefinitely	providing	an	unlimited	supply	of	starting	

cells.		
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Nanog	and	Octamer-binding	transcription	factor	4	(Oct4)	are	transcription	factors	that	are	

produced	by	undifferentiated	hESCs	and	are	required	for	maintaining	pluripotency	and	the	

self-renewal	of	hESCs	(Wang	et	al.,	2012).	Oct3/4,	a	member	of	Pit	Oct	Unc	(POU)	domain	

transcription	 factor,	 is	 expressed	 in	 blastomeres,	 hESCs	 and	 primordial	 germ	 cells	 and	 is	

known	to	bind	in	partnership	with	Sox2	(regulator	for	ES	cell	pluripotency)	(Yuan	et	al.,	1995).	

Oct3/4	 knockout	 in	 ESCs	 causes	 spontaneous	 differentiation	 into	 trophoblasts	 lineages	

(Nichols	et	al.,	1998).	Despite	the	common	transcription	factors,	accumulating	evidence	has	

demonstrated	 the	 differences	 in	 the	 functions	 and	molecular	 networks	 between	 the	 two	

mammalian	ESCs.	The	raised	level	of	Oct4,	for	instance,	leads	to	endodermal	fate	in	hESCs,	

whereas	elevated	Oct4	in	mESCs	give	rise	to	mesodermal	and	endodermal	cell	populations	

(Niwa	et	 al.,	 2000;	Rodriguez	et	 al.,	 2007).	Similarly,	 the	mixed	mesoderm	and	endoderm	

specification	can	be	determined	by	the	suppression	of	Oct4	expression	in	hESCs	(Hay	et	al.,	

2004;	Zafarana	et	al.,	2009).	Nanog	also	plays	a	vital	role	in	regulating	pluripotency	and	self-

renewal	of	ESCs	where	 it	 is	expressed	 in	the	 ICM	of	 the	blastocysts.	Nanog	knockout	cells	

result	in	the	impairment	in	pluripotency	and	differentiate	into	other	distinctive	endodermal	

lineages	(Mitsui	et	al.,	2003;	Chambers	et	al.,	2007).	Navarro	et	al.	(2012),	demonstrated	that	

the	self-renewal	system	is	regulated	by	Nanog	auto-repression	which	is	independent	of	Oct4	

and	Sox2	in	mESCs.		

	

Deletion	of	Sox2	 results	 in	 trophectoderm	 induction	as	well	as	 that	of	Oct4	 in	mESCs	and	

hESCs	(Adachi	et	al.,	2010;	Hay	et	al.,	2004),	whilst	the	overexpression	leads	to	development	

of	 wide	 variety	 of	 embryonic	 lineages	 except	 for	 endoderm	 in	 mESCs	 and	 gives	 rise	 to	

trophectodermal	 cells	 (Kopp	 et	 al.,	 2008).	 Moreover,	 although	 Sox2	 is	 indispensable	 for	

mESCs	since	the	deficient	mice	failed	to	maintain	the	ICM	and	epiblast,	it	cannot	be	detected	

in	several	strains	of	hESCs	(Bhattacharya	et	al.,	2004),	indicating	the	usage	of	other	Sox	family	

members	like	Sox4	and	Sox11	as	alternative	factors	that	may	play	a	part	in	maintenance	of	

ESC	 capacity	 (Masui	 et	 al.,	 2007).	 Thus,	 because	 of	 many	 differences	 exist	 in	 the	

transcriptional	networks	and	signalling	pathways	that	control	mouse	and	human	pluripotency	

cell	 self-renewal	 and	 lineage	 development,	 it	 is	 obviously	 significant	 to	 study	with	 hESCs	

instead	of	mESCs	for	obtaining	more	clinically	practical	results	(Schnerch	et	al.,	2010).		
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Wingless-related	(Wnt)	signalling	pathway	(by	the	inhibition	of	GSK-3)	is	critical	to	regulating	

the	 stability	 of	 β–catenin	 and	 accumulation	 in	 the	 nuclei	 for	 transcription	 initiation.	 The	

activation	 of	 Wnt/β–catenin-signalling	 pathway	 is	 required	 to	 promote	 differentiation	 of	

hESCs	 and	 not	 self-renewal	 potency	 (Davidson	 et	 al.,	 2012).	 However,	 the	 use	 of	 small	

molecule	(1m)	GSK-3	inhibitor	in	mESCs	gave	a	conflicting	result	in	comparison	to	hESCs.	In	

mESCs,	 1m	 results	 in	 enhanced	 self-renewal	 rather	 than	 differentiating	 towards	 the	 PS,	

mesoderm	and	the	DE	in	hESCs	(Bone	et	al.,	2009).	

	

1.7	Induced	pluripotent	stem	cells	(iPSCs)	

	

John	 Gurdon	 and	 Shinya	 Yamanaka	 have	 been	 awarded	 the	 Noble	 prize	 (2012)	 for	 their	

discovery	of	Induced	pluripotent	stem	cells	(iPSCs).	iPSCs	can	be	generated	from	somatic	cells	

by	the	forced	expression	of	only	four	different	transcription	factors:	Oct4,	Sox2,	cMyc	and	Klf4	

(Yamanaka	 factors)	 (Takahashi	et	al.,	2007).	 Like	hESCs,	 iPSCs	are	pluripotent	and	possess	

similar	 morphological	 features	 and	 can	 differentiate	 into	 all	 of	 the	 three	 germ	 layer	

derivatives.	 iPSCs	 can	 be	 utilised	 for	 many	 applications	 such	 as	 regenerative	 medicine,	

pharmaceutical	 application	and	disease	modelling.	 Some	 studies	have	managed	 to	 induce	

different	regional	airway	epithelial	cells	such	as	mature	airway	epithelium	expressing	CFTR	

protein	or	purified	distal	 lung	alveolar	epithelium	from	iPSCs	to	a	fair	extent	(Wong	et	al.,	

2012;	Ghaedi	et	al.,	2013).	However,	optimization	protocols	are	required	before	these	lung-

derived	iPSCs	may	be	used	in	clinical	applications.	This	is	because	retro-	or	lentiviral	vectors	

are	used	for	the	delivery	of	Yamanaka	factors	to	produce	iPSCs.	Using	retroviral	or	lentivral	

vectors	raises	the	possibility	for	tumour	development	(Okita	et	al.,	2007).	

	

1.8	Definitive	endoderm	(DE)	

	

hESCs	can	directly	differentiate	 into	 the	definitive	endoderm	(DE).	The	DE	can	give	rise	 to	

tissues	 including	 the	 lungs,	 thyroid,	 liver,	 intestines	 and	 pancreas.	 The	 Wnt	 and	 TGFβ	

signalling	pathways	are	crucial	for	the	formation	of	the	primitive	streak	(PS),	mesoderm	and	

the	DE	(Tam	and	Loebel,	2007).	The	PS	is	the	first	morphological	mark	of	gastrulation	on	the	

surface	of	the	epiblast	that	is	formed	on	day	15	of	human	development.	It	is	the	progression	

in	which	the	ICM	give	rise	to	the	epiblast	which	in	turn	gives	rise	to	the	three	primary	germ	
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line	 layers	 but	 not	 the	 trophoblasts	 (Vincent	 et	 al.,	 2003).	 Nodal,	 a	member	 of	 the	 TGFβ	

superfamily,	plays	a	major	role	in	defining	the	DE	and	is	highly	dependent	on	its	concentration	

threshold	i.e.,	at	low	Nodal	signals	induces	formation	of	the	mesoderm	(Chuai	et	al.,	2006)	

whereas	higher	 levels	of	Nodal	 specifies	 the	DE	 (Lowe	et	al.,	2001).	 In	addition,	Activin-A,	

another	member	 of	 the	 TGFβ	 family,	mimics	 the	Nodal-signalling	 pathway	when	 cultured	

under	feeder-free	conditions	on	Matrigel	coated	plates.	In	terms	of	the	Wnt	pathway,	our	lab	

has	previously	shown	that	addition	of	a	novel	glycogen	synthase	kinase-3	(GSK-3)	inhibitor	

(termed	1m)	in	combination	with	Activin-A	generates	cells	with	a	DE	phenotype	(Bone	et	al.,	

2009).	 The	 Wnt	 and	 TGFβ	 signalling	 pathways	 play	 an	 important	 role	 in	 specifying	 the	

mesoderm	and	DE,	which	shows	to	induce	transient	increase	in	Nodal	gene	expression	(Gadue	

et	 al.,	 2006).	 Transcription	 is	 blocked	 by	 β-catenin	 phosphorylation	 by	

the	 serine/threonine	 kinases	 casein	 kinase	 1	 (CK1)	 and	 GSK3β,	 these	 kinases	 prime	 β-

catenin	for	ubiquitination	by	β-TRCP	(an	E-3	ubiquitin	ligase)	which	then	targets	β-catenin	to	

proteasome	which	degrades	and	prevents	β-catenin	entering	the	nucleus	(Stamos	and	Weis,	

2013).	Therefore,	generating	DE	cells	is	the	first	step	towards	the	generation	of	desired	lung	

cell	epithelial	lineage.	Understanding	development	of	the	DE	is	particularly	important	since	it	

can	give	rise	to	various	kinds	of	organs	including	liver,	lungs,	pancreas,	thymus,	and	thyroid	

(Zorn	and	Wells,	2009).		

	

1.9	Anterior	foregut	endoderm	(AFE)	

	

The	lungs	are	composed	of	a	number	of	different	epithelial	cell	lineages	that	arise	from	the	

anterior	foregut	endoderm	(AFE).	Mesenchymal	signals	play	a	major	role	 in	patterning	the	

development	 of	 the	 foregut	 endoderm	 in	 an	 anterior–posterior	 manner	 in	 early	

development.	It	is	therefore	necessary	to	understand	the	signalling	events	that	underlie	lung	

endoderm	development	to	generate	specific	epithelial	cell	types	from	the	DE.	Indeed,	the	FGF	

signalling	 pathway	 controls,	 in	 a	 dose	 dependent	 manner,	 the	 specification	 of	 organ	

development.	High	levels	of	FGF	signalling	promote	lung	and	thyroid	development	whereas	

low	levels	of	FGF	signalling	promotes	liver	specification	(Serls	et	al.,	2005;	Roszell	et	al.,	2009).	

Other	signals	that	are	essential	for	the	development	of	 lung	endoderm	include	BMP,	Wnt,	

retinoic	acid	(RA)	and	SHH	pathways.		
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A	 number	 of	 key	 transcription	 factors	 are	 involved	 in	 lung	 specification.	 NKX2.1	 is	 highly	

expressed	in	lung	and	thyroid	when	the	Wnt/β-catenin	pathway	is	activated.	Dual	inhibition	

of	 BMP/TGFβ	 signalling	 by	Noggin	 and	 SB431542	 respectively	makes	 embryonic	 stem	 cell	

derived	 endoderm	 competent	 to	 specify	 into	 NKX2.1+	 progenitors	 by	 suppressing	 the	

posterior	endoderm	fate	(Cdx2+)	in	favour	of	an	anterior	endoderm	fate	(SRY-related	high-

mobility-group	Box-2,	Sox2).	Cdx2	is	a	specific	intestinal	transcription	factors	that	is	expressed	

early	 in	 intestinal	 development	 and	 is	 involved	 in	 the	 regulation	 of	 proliferation	 and	

differentiation	 of	 intestinal	 epithelial	 cells	 (Gao	 et	 al.,	 2009).	 Sox2	 is	 expressed	 in	 the	

developing	AFE	and	it	has	been	observed	that	Sox2+	cells	can	act	as	tissue	specific	progenitors	

in	several	tissues	including	the	lung,	stomach,	and	testes	(Arnold	et	al.,	2011).	The	induction	

of	anterior	trophic	factors	BMP4,	FGF2,	Wnt-3a,	FGF10,	keratinocyte	growth	factor	(KGF)	and	

epidermal	growth	factor	(EGF)	stimulates	initial	lineage	specification	of	endodermal	NKX2.1	

expressing	lung	and	thyroid	primordial	progenitors	(Figure	1.9).	A	high	concentration	of	FGF2	

induces	NKX2.1	expression	of	the	early	lung	endoderm	(Serls	et	al.,	2005).	BMP4	is	also	has	

been	identified	as	a	specific	growth	factor	important	for	the	generation	of	lung	epithelial	cells	

from	the	NKX2.1-expressing	endoderm	(Kimura	and	Deutsch,	2007).	Therefore,	BMP4	and	

FGF	 signalling	 together	 have	 shown	 to	 be	 direct	 transcriptional	 targets	 of	Wnt/β-catenin	

signalling	and	 imposes	 lung	endoderm	progenitor	 fate	during	specific	temporal	window	of	

development	(Shu	et	al.,	2005).	

	

Most	 research	 into	 DE	 induction	 from	 hESCs	 has	 been	 keen	 on	 production	 of	 pancreatic	

endocrine	 cells	 and	 hepatic	 cells,	 which	 are	 derived	 from	 posterior	 foregut	 and	 midgut,	

respectively	 (Cai	 et	 al.,	 2007;	 Kevin	 et	 al.,	 2006;	Murry	 and	 Keller,	 2008).	 Some	 clinically	

important	 cell	 lineages,	 however,	 are	 dependent	 upon	 differentiation	 from	 AFE,	 and	 the	

representative	organs	originated	from	AFE	are	lungs,	thymus,	and	thyroid	(Zorn	and	Wells,	

2009).	Although	enhanced	expression	of	markers	identifying	cell	types	related	to	these	organs	

have	been	confirmed	after	DE	induction	from	ESCs	(Kumar	et	al.,	2014;	Lai	and	Jin,	2009;	Lin	

et	al.,	2003;	Wang	et	al.,	2007),	effective	ways	to	differentiate	ESCs	into	AFE	have	yet	been	

established.	One	study	has	revealed	that	downregulation	of	Wnt/β-catenin	signalling	plays	a	

crucial	part	in	AFE	induction	in	mammals	(Redmond	et	al.,	2011).	It	has	also	been	reported	

that	dual	suppression	of	TGFβ	and	BMP	signalling	following	specification	of	DE	predominantly	

induces	AFE	formation	(Green	et	al.,	2011).	The	inhibition	and	activation	of	BMP	signalling	at	
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specific	stages	of	our	differentiation	protocol	is	essential	to	induce	proper	lung	progenitors.	

Inhibition	 of	 BMP	 signalling	 at	 the	 DE	 stage	 to	 generate	 AFE	 progenitors.	 Thereafter,	

activating	of	BMP	signalling	after	AFE	specification	to	induce	NKX2.1	positive	cells.	Further	

investigation	 is	needed	to	explore	which	signalling	pathways	are	 involved	in	AFE	 induction	

and	the	most	effective	strategy	for	generating	lung	progenitors.		

	

	 	
	
Figure	 1.9	 –	 A	model	 of	 the	 directed	 differentiation	 of	 ESCs	 into	 lung/thyroid	 NKX2.1+	
progenitors.	Human	embryonic	stem	cells	(hESCs)	are	directly	differentiated	to	the	definitive	
endoderm	(DE)	via	the	induction	of	1m	and	Activin-A.	Dual	induction	of	the	inhibitory	factors	
Noggin	and	SB431542	would	establish	a	 lung/thyroid	component	DE	lineage.	Addition	of	a	
cocktail	 of	 trophic	 factors	 (FGF2,	 BMP4,	 Wnt3a,	 FGF10,	 KGF	 and	 EGF)	 would	 generate	
NKX2.1+	primordial	progenitors	to	differentiate	into	proximal	or	distal	precursors.	
	

1.10	Lung	associated	diseases	

	

During	2008-12,	lung	diseases	were	responsible	for	20%	of	all	deaths	in	the	UK	each	year.	In	

2012,	 there	 were	 114,225	 deaths	 from	 lung	 diseases	 compared	 to	 158,383	 from	

cardiovascular	diseases.	However,	over	the	5-year	period	2008–12,	the	proportion	of	deaths	

from	cardiovascular	diseases	declined,	whereas	the	proportion	due	to	lung	diseases	remained	

constant	 (All	 the	associated	 lung	diseases	epidemiological	 statistics	are	obtained	 from	the	
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British	lung	foundation	by	teams	at	St.	George’s	University	of	London,	Nottingham	University	

and	Imperial	College	London).		

	

Many	 lung	 diseases	 including	 asthma,	 CF,	 COPD,	 and	 IPF	 have	 no	 cure	 apart	 from	 lung	

transplantation.	The	shortage	of	donor	lungs	for	transplantation	causes	a	significant	number	

of	patient	deaths.	 The	availability	of	 laboratory	engineered,	 functional	organs	would	be	a	

major	advance	in	meeting	the	demand	for	organs	for	transplantation.	The	accumulation	of	

information	on	biological	scaffolds	and	an	increased	understanding	of	stem/progenitor	cell	

behaviour	has	led	to	the	idea	of	generating	transplantable	organs	by	de-cellularising	an	organ	

and	re-cellularising	using	appropriate	cells.	

	

1.10.1	Chronic	obstructive	pulmonary	disease	(COPD)	

	

An	estimated	1.2	million	people	are	living	with	diagnosed	COPD	–	considerably	more	than	the	

835,000	estimated	by	the	Department	of	Health	in	2011.	In	terms	of	diagnosed	cases,	this	

makes	COPD	the	second	most	common	lung	disease	in	the	UK,	after	asthma.	Around	2%	of	

the	whole	population	–	4.5%	of	all	people	aged	over	40	–	live	with	diagnosed	COPD	(British	

Lung	Foundation).	In	chronic	obstructive	pulmonary	disease	(COPD),	the	lungs	are	obstructed	

and	patients	find	it	difficult	to	breathe.	COPD	is	an	over-arching	term	for	conditions	such	as	

chronic	 bronchitis	 and	 emphysema.	 In	 chronic	 bronchitis,	 the	 lining	 of	 the	 bronchioles	

becomes	narrow,	 irritated	and	 inflamed.	This	produces	excess	mucus	that	then	blocks	the	

airways.	 In	contrast,	emphysema	is	a	term	used	to	describe	destruction	of	the	alveoli	that	

causes	less	oxygen	exchange.	Symptoms	may	include	wheezing	sound,	persistent	cough	with	

or	without	mucus	and	shortness	of	breath.	This	is	mainly	the	caused	by	smoking	or	exposure	

to	excess	air	pollution.	

	

1.10.2	Cystic	Fibrosis	(CF)	

	

In	2012,	of	the	111	people	who	died	from	cystic	fibrosis,	54	were	males	and	57	were	females	

(0.1%	of	deaths	from	lung	disease).	The	total	number	of	deaths	was	down	from	122	in	2008.	

Cystic	fibrosis	(CF)	is	an	autosomal	recessive	inherited	disorder	that	results	in	a	build-up	of	

thick	mucus	in	the	lungs	causing	blockage	of	the	airways.	The	more	the	mucus	builds	up	in	
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the	lung,	the	more	prone	it	is	to	bacterial	infection	thereby	causing	damage	to	the	lungs	over	

time.	CF	results	from	a	defect	in	cystic	fibrosis	trans-membrane	conductance	regulator	(CFTR)	

gene	on	chromosome	7.	CFTR	function	as	a	channel	to	move	chloride	ions	in	and	out	of	cells	

to	balance	salt	and	water	on	epithelial	surfaces.	Mutation	in	CFTR	leads	to	dysregulation	of	

chloride	channels	(channel	does	not	fold	correctly	and	does	not	reach	membrane)	of	the	cells	

resulting	in	impairing	the	usual	flow	of	chloride	ions	and	water	into	and	out	of	the	cells	(Welsh	

et	al.,	2001;	Agarwal	et	al.,	2008).	Most	common	CFTR	mutation	(around	90%	of	CF	patients)	

out	of	over	a	thousand	mutation	is	a	deletion	of	just	three	DNA	nucleotides	leading	to	the	

deletion	phenylalanine	at	position	508	of	the	protein	sequence.		

	

1.10.3	Pneumonia		

	

In	the	period	2001–10,	214	people	for	every	million	died	from	pneumonia	in	the	UK,	which	

sits	 just	 outside	 the	 top	 20	 of	 countries	 for	 deaths	 from	 pneumonia.	 Pneumonia	 is	 an	

inflammatory	condition	caused	by	microorganisms,	which	include	bacteria	and	viruses.		The	

most	 common	 cause	 of	 infection	 comes	 from	 a	 type	 of	 bacteria	 known	 as	 Streptococcus	

pneumoniae	 (Bogaert	et	al.,	2004).	This	results	 in	the	alveoli	 filling	with	fluid	and	pus.	The	

infection	disrupts	 the	normal	process	of	gas	exchange	and	results	 in	breathing	difficulties.	

Other	symptoms	include	coughing,	high	fever,	rapid	breathing,	chest	pain	and	nausea.	

	

1.10.4	Asthma		

	

It	has	been	found	that	8	million	people	–	over	12%	of	the	population	–	have	been	diagnosed	

with	 asthma	 (British	 Lung	 Foundation).	 This	 means	 more	 people	 have	 had	 an	

asthma	 diagnosis	 than	 have	 been	 diagnosed	 with	 all	 other	 lung	 diseases	 combined	 and	

around	1,200	people	a	year	are	 recorded	as	dying	 from	asthma.	Asthma	 is	a	chronic	 lung	

condition	that	affects	the	bronchioles	(smaller	airways)	of	the	lungs.	The	lung	airways	become	

inflamed,	the	muscle	walls	constrict	and	narrows	making	it	difficult	to	breath.	In	severe	cases	

of	asthma,	airways	fill	with	mucus	clogging	the	airways,	making	it	challenging	for	air	to	move.	

The	most	common	asthma	symptoms	are	shortness	of	breath,	coughing	and	chest	tightness.	

Asthma	may	be	inherited	from	the	parents	or	could	have	no	history	of	asthma	in	the	family.	
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Asthma	can	be	triggered	via	several	factors	that	include	allergies,	respiratory	infections	and	

other	irritants	such	as	chemicals,	dust,	weather	changes,	stress	or	vehicle	exhaust	fumes.	

	

1.10.5	Pulmonary	Fibrosis	

	

In	2012,	5,292	people	in	the	UK	died	from	pulmonary	fibrosis	(0.9%	of	all	deaths	and	4.6%	of	

deaths	 from	 lung	 disease),	 up	 from	 3,964	 in	 2008	 (British	 Lung	 Foundation).	 Pulmonary	

fibrosis	(PF)	as	its	simplest	sense	is	known	as	tissue	scarring	in	the	lungs	that	results	in	heavy	

breathing	and	persistent	dry	cough.	PF	is	described	to	be	a	group	of	diseases	that	leads	to	

interstitial	lung	damage	and	loss	of	elasticity	of	the	lungs.	Scarring	in	the	lungs	builds	up	in	

the	air	sacs	making	it	difficult	for	oxygen	to	diffuse	into	the	blood	stream.	Lung	damage	from	

PF	cannot	be	repaired,	only	medication	can	ease	symptoms	and	improve	the	quality	of	life	or	

for	severe	cases	lung	transplant	is	the	only	option.		

	

1.10.6	Lung	Cancer	

	

Lung	cancer	is	one	of	the	most	common	cancers	worldwide	where	8/10	cases	are	diagnosed	

in	people	over	the	age	of	60	(Data	were	provided	by	the	Northern	Ireland	Cancer	Registry	on	

request,	June	2013).	Lung	cancer	is	the	uncontrollable	outgrowth	of	abnormal	cells	in	one	or	

both	lungs	usually	in	various	cells	that	line	the	airways	(bronchi),	which	divide	rapidly	to	form	

tumours.	 There	 are	 two	 different	 lung	 tumours	 termed,	 benign	 or	malignant	 tumours.	 A	

benign	tumour	is	a	non-spreadable	tumour	and	retain	in	one	place.	Malignant	tumours	are	

more	dangerous	and	have	the	capability	to	metastasize	to	other	tissues.		

	

Lung	cancer	can	be	classified	into	two	distinct	types:	Non-small	cell	lung	cancer	(NSCLC)	and	

small	cell	lung	cancer	(SCLC)	(Peter	et	al.,	2011;	Meerbeeck	et	al.,	2011).	NSCLC	accounts	for	

approximately	85%	of	all	cases	of	lung	cancer	(Navada	et	al.,	2006;	Sher	et	al.,	2008).	NSCLC	

can	be	further	broken	down	into	3	different	types:	

	

1. Squamous-cell	carcinoma	–	the	most	common	type	of	lung	cancer	that	develops	in	the	

lining	of	the	bronchial	tubes.	

2. Adenocarcinoma	–	which	develop	in	the	mucus-producing	glands	of	the	lungs.	
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3. Large-cell	carcinoma	–	this	develops	near	the	outer	surface	of	the	lungs.	

	

1.11	In	vitro	lung	models	

	

Studying	the	normal	development	and	function	of	the	cell	types	present	in	the	human	lung	

has	been	hampered	by	lack	of	suitable	model	systems.	Indeed,	using	primary	cells	is	difficult	

due	to	lack	of	supply,	inherent	difficulties	in	isolation	and	culture	procedures	in	vitro	and	loss	

of	phenotype	in	culture.	A	number	of	alternative	model	systems	are	available	for	studying	

lung	development	and	function	in	vitro	and	each	of	these	will	be	reviewed	in	turn.	

	

1.11.1	Cell	lines	

	

The	 human	 lung	 adenocarcinoma	 epithelial	 cell	 line,	 known	 as	 A549,	 has	 been	 studied	

considerably	 for	modelling	 the	 type	 II	 cell	 or	 pneumocytes	 for	 drug	metabolism	 in	 vitro.	

However,	there	are	limitations	in	using	the	A549	cell	line	since	this	cell	line	lacks	formation	of	

tight	junctions	(Forbes	and	Ehrhardt,	2005).	A549	cells	are	characterized	as	adenocarcinomic	

human	alveolar	basal	epithelial	cells	and	the	normal	function	of	the	cells	in	vivo	is	the	diffusion	

of	water	and	electrolytes	across	 the	alveoli	of	 the	 lungs.	Another	cell	 line	 is	 the	NCI-H292	

bronchial	 epithelial	 cell	 line	 originated	 from	 a	mucoepidermoid	 carcinoma	 (Carney	 et	 al.,	

1985).	The	NCI-H292	cell	 line	has	been	extensively	used	as	a	COPD	model	for	toxicological	

evaluation	in	vitro	(Phillips	et	al.,	2005;	Newland.	and	Ricther,	2008).		

	

Another	cell	line	derived	from	a	normal	bronchial	epithelium,	human	bronchial	epithelial	cells	

(BEAS-2B),	used	to	model	the	human	bronchial	epithelium	and	to	explore	the	proximal	airway	

epithelium	diseases	 in	 vitro	 such	 as	 asthma.	 The	 non-primary	 broncho-epithelial	 cell	 line,	

BEAS-2B,	 are	 transformed	 and	 are	 capable	 of	 undergoing	 squamous	 differentiation	 in	

response	to	serum	(Reddel	et	al.,	1988).	The	cell	line	16HBE14α	cell	line	is	similar	to	BEAS-2B	

cells	 that	originate	 from	a	normal	bronchial	epithelial	 cell	 line	and	also	been	 transformed	

using	the	SV40	adenovirus	for	long-term	cultures.	16HBE14α	cells	retain	the	differentiated	

epithelial	 morphology	 and	 function,	 forming	 a	 monolayer	 that	 exhibits	 functional	 tight	

junctions	(Cozens	et	al.,	1994).	
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1.11.2	Organ	culture	
	

Embryonic	mouse	lung	culture	provides	an	understanding	of	the	mechanisms	underlying	lung	

branching	morphogenesis.	 Early	 lung	 organ	 isolation	 and	 culture	 of	 E11.5	mouse	 embryo	

under	specific	conditions	is	a	valuable	system	to	study	the	interaction	between	the	epithelial	

and	mesenchyme.	Active	reciprocal	signalling	between	the	surrounding	mesenchyme	and	the	

epithelium	progenitors	of	the	lung	buds	is	essential	for	lung	morphogenesis.	Gain	and	loss	of	

function	can	be	studied	 in	 lung	organ	culture	using	 recombinant	viral	vectors	and/or	RNA	

interference	(RNAi)	gene	knockdown.	There	are	mouse	model	and	currently	there	are	limited	

human	models	(Kolesnichenko	and	Nikonova,	1975).	Hence,	applying	information	from	the	

mouse	explants	model	to	the	hESC	model	 is	another	 ideal	model	for	studying	human	lung	

development	in	vitro.	

	

1.11.3	Lung-on-a-Chip	

	

Organs-on-chips	 is	 a	 model	 system	 that	 mimics	 the	 tissue	 properties	 and	 functions	 in	 a	

suitable	controlled	environment	(Gjorevski	et	al.,	2014).	Hud	et	al.	(2010)	have	utilised	this	

model	that	reconstituted	the	critical	functional	alveolar-capillary	interface	of	the	human	lung	

and	first	of	its	kind.	Lung-on-a-chip	utilises	lung	epithelial	cells	that	are	exposed	to	air	on	one	

side	 and	 pulmonary	 vascular	 endothelial	 cells	 exposed	 to	 flowing	 culture	medium	on	 the	

other	side	of	the	permeable	synthetic	membrane.	This	may	therefore	expand	the	potentials	

of	cell	culture	models	and	provide	a	low-cost	alternative	to	clinical	studies	for	regenerative	

medicine,	drug	testing	and	toxicology	applications	(Figure	1.11.3).	This	device	is	also	capable	

of	 mimicking	 gaseous	 exchange	 and	 an	 innovative	 approach	 for	 understanding	 disease	

processes.	 However,	 there	 are	 some	 limitation	 behind	 this	 model	 since	 it	 uses	 a	 flat	 2D	

membrane,	lacks	interstitial	fibroblast	and	uses	cell	lines	instead	of	primary	cells	(Fukumoto	

and	Kolliputi,	2013).	Another	study	improved	the	device	by	using	primary	human	pulmonary	

alveolar	 epithelial	 cells,	 co-cultured	with	 endothelial	 cells	 and	 are	 exposed	 to	 a	 3D	 cyclic	

mechanical	strain	to	mimic	respiration	(Stucki	et	al.,	2015).	In	all,	the	use	of	lung-on-a-chip	is	

a	 powerful	 interesting	 tool	 for	 creating	 a	 more	 realistic	 lung	 model	 by	 integrating	

microfluidics,	stretch	and	primary	cells	as	well	as	ALI	stimulating	the	interstitial	flow	in	the	

lung	(Blume	et	al.,	2015).	
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Figure	1.11.3	–	Example	of	a	human	lung-on-a-chip	microdevice.	Lung-on-a-chip	microfluidic	
device	with	compartmentalized	microchannels	to	mimic	a	breathing	lung.	(A)	 indicates	the	
creation	of	mechanical	breathing	movements	causing	mechanical	stretch	of	the	membrane,	
(B)	shows	the	physiology	of	the	normal	breathing	human	lung,	(C)	and	(D)	show	the	assembly	
and	 etching	 of	 the	 microdevice,	 and	 (E)	 visualizes	 the	 actual	 size	 of	 the	 device.	 (Figure	
obtained	from	Huh	et	al.,	2010)	
	

1.11.4	Organoids	

	

Organoids	are	3D	structures	which	represent	the	normal	organ/tissue-specific	morphogenetic	

and	histological	characteristics	(Yin	et	al.,	2016).	Screening	drugs	for	certain	tumours	might	

be	 better	 in	 organoids	 rather	 than	 cell	 lines	 because	 they	 resemble	 a	 very	 good	 genetic	

representation	 of	 the	 tumour	 in	 a	 3D	 fashion.	 Recently,	 the	 use	 of	 organoids	 in	 disease	

modelling	has	become	popular	in	tissue	engineering	and	drug	toxicity	testing	(Huch	and	Koo,	

2015).	However,	generating	organoids	from	a	single	stem	cell	is	still	in	progress	but	several	

studies	 have	 generated	organoids	 from	hESCs	 and	primary	 respiratory	 cells	 (Gotoh	 et	 al.,	

2014;	Delgado	et	al.,	2011;	Dye	et	al.,	2015).	These	organoids	acquire	both	proximal	airway-

like	 structures	 and	 immature	 alveolar	 airway-like	 structures	which	 are	 similar	 to	 a	 foetal	

human	 lung	 which	 makes	 them	 a	 suitable	 model	 to	 study	 lung	 development	 and	

regeneration.	There	are	 some	 limitations	on	using	organoids.	They	are	not	exposed	 to	air	

which	does	not	allow	exposure	 to	air	pollutants	 such	as	 toxic	gasses	making	 them	a	non-

suitable	model	to	study	the	effect	of	air	pollutants	on	the	airway	epithelium.		
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1.12	Current	progress	in	lung	regeneration	

	

So	far,	investigation	into	the	mechanisms	that	control	the	formation	of	various	epithelial	cell	

types	of	the	lung	has	included	the	mouse	and	human	ES	cells.	Ali	et	al.,	(2002)	was	the	first	to	

report	the	use	small	airway	growth	medium	(SAGM)	to	derive	of	a	lung-specific	cell	type	from	

stem	cells	in	differentiating	mESCs.	However,	the	outcome	was	a	heterogeneous	population	

and	the	differentiation	efficiency	was	not	quantified	hence	more	investigation	was	required	

to	optimise	the	protocol.	SAGM	has	been	shown	to	induce	a	higher	yield	of	AET-II	cell	marker	

SPC	(20-fold	increase)	in	comparison	to	Dulbecco’s	modified	Eagle’s	medium	(DMEM)	(Rippon	

et	al.,	2004).	The	generation	of	endodermal	derivatives	(in	our	case	the	lung	endoderm)	from	

hESCs	or	iPSCs	has	been	a	challenge	to	many	researchers	in	comparison	with	mesodermal	and	

neural	cell	lineages.	Consequently,	several	recent	studies	(Mou	et	al.,	2012;	Longmire	et	al.,	

2012;	Huang	et	al.,	2013)	have	demonstrated	that	ESCs	can	be	induced	to	differentiate	into	

the	basal	platform	of	lung	development	(the	AFE)	which	can	then	generate	proximal	and	distal	

lung	epithelial	cell	lineages.	In	addition,	Green	et	al.,	(2011)	generated	a	mixture	of	mature	

lung	population	of	distal	(AET-II	marked	by	SPC)	and	proximal	(ciliated	cells	marked	by	FoxJ1)	

via	the	addition	of	retinoic	acid	with	a	cocktail	of	trophic	factors	(combination	of	Wnt,	BMP	

and	FGF).	

	

Despite	the	progress	made	in	identifying	specific	lung	cell	types	from	ESCs	differentiation	in	

vitro,	it	would	be	very	beneficial	if	we	could	generate	a	homogenous	or	enriched	population	

of	airway	epithelial	cell	population.	This	would	facilitate	the	study	of	development	and	cell	

type	differentiation	of	the	human	lung	as	well	as	generate	the	source	of	various	lung	cell	types	

depending	 on	 individual	 requirements.	New	 strategies	 to	 use	 stem	 cells	 to	 regenerate	 or	

generate	new	lung	epithelial	have	been	growing	in	interest.	Several	reports	have	exploited	

the	identification	of	key	signalling	pathway	that	regulates	lineage	commitment	and	restriction	

in	mouse	lung	development	to	direct	the	differentiation	of	mESC/hESCs	to	mature	lung	cells.	

Current	methods	of	generating	lung	epithelial	cells	from	pluripotent	stem	cells	are	not	100%	

efficient	and	cultures	are	often	contaminated	with	other	endodermal	cell	types	making	it	very	

hard	to	use	these	cells	for	reliable	high-content	drug	screening	and	tissue	regeneration.	Our	

aim	is	to	modify	published	airway	cell	derivation	protocols	from	ESCs	to	develop	an	enriched	

or	a	homogenous	yield	of	proximal	or	distal	airway	epithelial	cell	population.	
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1.13	Project	aims	and	objectives	

	

The	 generation	 of	 respiratory	 epithelium	 in	 vitro	 is	 a	 potential	 approach	 in	 the	 study	 of	

specialized	epithelial	cells.	Cell	differentiation	methods	in	vitro	would	provide	a	useful	tool	to	

study	 tissue	 development,	 advancement	 in	 regenerative	 cell-therapy	 and	 drug	modelling	

assays.	Using	directed	differentiation	of	hESCs	to	different	lung	cell	types	would	permit	the	

understanding	 in	 developing	 patient-specific	 cell	 types	 for	 cell	 replacement.	 Generating	

mature	 multi-ciliated	 respiratory	 epithelium	 cells	 from	 hESCs	 may	 provide	 a	 prospective	

towards	modelling	a	number	of	human	respiratory	diseases	under	chemically	driven	cultures.	

However,	recent	methods	in	the	generation	of	lung	epithelial	cells	from	embryonic	stem	cells	

are	not	very	efficient	since	some	cultures	are	contaminated	with	other	endodermal	cell	types,	

making	them	hard	to	apply	in	tissue	regeneration	and	high-content	drug	screens.	

	

The	goals	of	this	project	are:	

	

• My	main	objective	is	to	recapitulate	of	the	steps	of	lung	endoderm	development	in	

vitro	to	promote	lung	cell	derivation	from	pluripotent	stem	cells.	

• To	develop	a	robust	protocol	to	direct	the	differentiation	of	human	embryonic	stem	

cells	(hESCs)	into	mature	lung	cells	(MLC)	for	the	use	as	either	screening	platforms	or	

any	pharmaceutical	 applications.	 In	 addition,	 to	 analyse	 the	 gene	expression	using	

polymerase	chain	reaction	(PCR)	and	optimise	the	efficiency	of	AFE	formation	using	

immunofluorescence	detection	and	flow-cytometry	(Chapters	3	and	4).		

o Stepwise	process	of	lung	cell	development:	

§ Maintaining	pluripotency	of	hESCs.	

§ Formation	of	the	DE	via	Activin-A	and	1m.	

§ Formation	of	 the	AFE	via	dual	 inhibition	of	BMP	and	TGFβ	signalling	

pathways.	

§ Specification	of	NKX2.1+	LPC	via	a	cocktail	of	trophic	factors	(BMP,	Wnt	

and	FGF	factors)	

§ Determination	of	proximal	(Sox2+)	and	distal	(So9+)	LPC.	

§ Differentiation	and	maturation	of	LPC	into	MLC	via	prolonged	culture	

with	FGFs.		
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• To	 use	 of	 mouse	 embryonic	 lung	 explant	 to	 test	 the	 effect	 of	 hormones	 on	 lung	

branching	and	dilation	of	airway	lumens	and	applying	them	into	our	hESCs	model	to	

promote	lung	maturation	(Chapter	4).	

• An	ectopic	expression	of	 the	early	 transcription	 factor	NKX2.1	by	an	adenovirus	 to	

establish	a	homogenous	or	enriched	population	of	NKX2.1-expressing	(Chapter	5).		

	

The	 overall	 aim	 of	 my	 project	 is	 to	 explore	 the	 potential	 of	 embryonic	 stem	 cells	 to	

differentiate	toward	different	lung	cell	 lineages	for	use	in	human	disease	and	drug	toxicity	

testing.	

	

	
	

Figure	1.12	–	Schematic	strategy	to	recapitulate	the	steps	of	mature	lung	cell	development	
in	vitro	promotes	lung	cell	derivation	from	hESCs.		
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Materials	
	
2.1	General	Chemicals	and	Reagent	Preparation:	
	

Product	Name	 Supplier	 Catalogue	
Number	

Preparation	Methods	

A-83-01	 Tocris	
Bioscience	

2939	 5mM	concentration	=	
Reconstitute	in	4.74mL	

DMSO	
Activin-A	 Peprotech	 140-09	 Reconstitute	in	PBS	+	0.1%	

BSA	(w/v)	
Agarose	Gel	

	
Sigma	 A9539-500G	 1.5%	Agarose	Gel	=	Dissolve	

1.5g	of	Agarose	in	100mL	X1	
TAE	Buffer	(w/v)	

Blocking		
Buffer	

Roche	 11096176001	 10%	Blocking	buffer	=	50g	
blocking	buffer	powder	
dissolved	in	Maleic	acid	

buffer	(100mM	Maleic	acid,	
150mM	NaCl,	pH7.5)	to	

500mL	(w/v)	
Blocking	Solution	 	 	 25mL	PBS/PVP	+	0.5mL	

Donkey	Serum	+	250μL	BSA	
10%	+	25μL	Tween	10%	(w/v)	

BMP4	 Peprotech	 AF-120-05-ET	 5mM	concentration	=	
Reconstitute	in	HCL,	pH3.0	to	

100μg/mL	
CHIR-99021	 Tocris	

Bioscience	
4423	 6mM	concentration	=	

Reconstitute	in	3.6mL	DMSO	
CsCl2	

	(Saturated)	
Sigma	 C4036-250G	 100g	of	CsCl2	to	TE	was	

required	to	saturate	50mL	
buffer	

DAB	Solution	 Vector	 SK-4100	 To	5mL	MilliQ	water,	add	2	
drops	of	Buffer	Stock	Solution	
and	mix	well.	Add	4	drops	of	
DAB	Stock	solution	and	mix	
well.	Add	2	drops	of	the	

Hydrogen	Peroxide	Solution	
and	mix	well.	

Dexamethasone	
(Dex)	

Sigma	 D4902	 20	μg/ml	concentration	=	
Add	1ml	absolute	ethanol	per	

mg	and	gently	swirl	to	
dissolve.	Add	49ml	complete	

BME	medium	per	ml	of	
ethanol	added,	while	mixing,	
to	achieve	final	concentration	

of	20	μg/ml.	
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Dialysis	Buffer	
(2L)	

Fisher	
Sigma	
Sigma	

BP152-1	
M8266-100G	
84421-2.5mL	

	

Dissolve	2.4228g	of	Tris	and	
0.19g	of	MgCl2in	MilliQ	water	
and	adjust	with	1.33mL	of	
12.1M	HCl	to	give	pH7.5	

Dorsomorphin	
Dihydrochloride	

(DSM)	

Tocris	
Bioscience	

3093	 5mM	concentration	=	
Reconstitute	in	5mL	DMSO	

FGF10	 R&D	Systems	 345-FG-025	 100μg/mL	concentration	=	
Reconstitute	in	250μL	PBS	

(0.1%	BSA)	(w/v)	
Fibronectin	 Gibco	 33010018	 50μg/mL	=	dilute	50μl	of	

stock	concentration	
(1mg/mL)	in	950μl	MilliQ	

Human	Vitronectin	
Solution	

Peprotech	
	

AF-140-09	
	

Dissolve	1mg	Vitronectin	into	
2mL	water	

Hypertonic	Citrate	
Solution	

Sigma	 W302600		
P9333	

	4.4g	of	sodium	citrate	and	
25g	of	potassium	chloride,	
dissolve	in	MilliQ	water	and	

adjust	osmality	to	
640mOsmol/kg		

IWP-2	 Tocris	
Bioscience	

3533	 5mM	concentration	=	
Reconstitute	in	4.2mL	DMSO	

KGF/FGF7	 R&D	Systems	 251-KG-
010/CF	

100μg/mL	concentration	=	
Reconstitute	in	100μL	sterile	

PBS	
Live/Dead	

Fluorescence	
Staining	solution	

Invitrogen	 L-3224	 1μM	working	solution	=	
Dilute	5μL	of	2000μM	EthD-1	
stock	in	995μL	PBS.	Dilute	
5μL	of	4000μM	Calein	AM	
stock	in	1995μL	of	PBS.	Mix	
together	100μL	of	both	

diluted	solutions	in	800μL	
PBS.		

LY-294002	
Hydrochloride	

Tocris	
Bioscience	

1130	 5mM	concentration	=	
Reconstitute	in	2.83mL	

DMSO	
MEMFA	 	 	 50mL	of	10X	MEM	salts,	50ml	

Formaldehyde	and	400mL	
DEPC	water;	1:1:8	(v/v)	

Noggin	 R&D	Systems	 6057-NG-100	 250μg/mL	concentration	=	
Reconstitute	in	400μL	PBS	

(0.1%	BSA)	(w/v)	
Parafolmaldehyde	

(PFA)	
Sigma	 F8775-500ml	 4%	PFA	=	Dissolve	20g	of	

paraformaldehyde	crystals	in	
400mL	PBS	and	place	in	a	

waterbath	at	60°C	for	several	
hours.	Alkalise	the	solution	to	
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pH	7.4	with	a	drop	of	1M	
NaOH	and	add	PBS	to	make	it	

up	to	500mL	(w/v)	

Phosphate	Buffered	
Saline	
(PBS)	

Sigma	 D5652-50L	 10X	PBS	=	Dissolve	477.5g	
PBS	in	H20	to	5L	

Retinoic	Acid	
(RA)	

Sigma	 R2625	 100mM	concentration	=	
Reconstitute	in	33.3mL	
ethanol	(95%)	(v/v)	

SANT-2	 Stemgent	 04-0031	 10mM	concentration	=	
Reconstitute	in	443.5μL	

DMSO	
SU-5402	 Tebu-bio	 10-2520	 10mM	concentration	=	

Reconstitute	in	330μL	DMSO	
Smoothened	Ligand	

(SAG)	
Enzo	Life	
Sciences	

ALX-270-426	 10mM	concentration	=	
Reconstitute	in	200uL	DMSO	

SB-431542	 Tocris	
Bioscience	

1614	 10mM	concentration	=	
Reconstitute	in	2.4mL	DMSO	

	Triiodothyronine	
(T3)	

Sigma	 T6397-
100MG	

20μg/mL	concentration	=	Add	
1mL	1N	NaOH	per	mg	and	
gently	swirl	to	dissolve.	To	
this,	add	49	ml	of	complete	
BME	medium	per	mL	1N	

NaOH	added.	
TAE	Buffer	

(X50)	
National	

Diagnostics	
EC-872	 X1	TAE	=	Add	40mL	of	TAE	in	

1960mL	MilliQ	water	

TE	Buffer	
(0.5L)	

Fisher	
Sigma	

BP152-1	
E5134-500G	

Dissolve	0.61g	of	Tris	and	
0.20g	of	EDTA	in	MilliQ	water	

100mM	Tris-HCl	
pH8	
(0.5L)	

Fisher	
Sigma	

BP152-1	
84421-2.5mL	

Dissolve	6.05g	Tris	in	MilliQ	
water	and	adjust	with	2.35mL	
of	12.1M	HCl	to	give	pH8	

Vectashield	 Vectorlabs	 H-1000	 25%	Vectashield	=	1	drop	of	
Vectashield	and	3	drops	of	

blocking	solution		
Wnt-3a	 R&D	Systems	 5036-WN-

010/CF	
200μg/mL	concentration	=	
Reconstitute	in	50μL	sterile	

PBS	
Table	2.1	–	General	Chemicals	and	Reagent	Preparation	
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2.2	Other	Reagents:	
	

Product	Name	 Supplier	 Catalogue	
Number	

1m	 Bone	HK	et	al.	
(2011)	

-	

N2	 Life-Technologies	 17502-048	

B27	 Life-Technologies	 12587-010	

FGF2	 Peprotech	 100-18B	

EGF	 Peprotech	 100-47	

FBS	
(Hyclone)	

Fisher	 HYC-001-3316	

FBS	
(Heat	Inactivated)	

Sigma	 F9665	

Glutamax	 Life-Technologies	 35050-038	

Activin-A	 Peprotech	 140-09	

Y-27632	
(ROCKi)	

Sigma	 Y0503-5mg	

Mouse	Embryonic	
Fibroblasts	

(MEF)	

R&D	Systems	 AR005	

Matrigel	 Corning	 354277	

Dispase	 Stem	Cell		
Technologies	

07923	

Accutase	 Innovative	Cell	
Technologies	

AT-104	

0.05%	Trypsin	
EDTA	

ThermoFisher-
Scientific	

25300-054	

BSA	Fraction	V	
(7.5%)	

Life-Technologies	 15260-037	

Titron	X100	 Sigma	 X100-500mL	

DMSO	 Sigma	 D2650	

DAPI	 Sigma	 D9542-5mg	

Fluorescent	
Mounting	Media	

DAKO	 S3023	

Vecta-Shield	 Vector	 H-1000	
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Methanol	 Sigma	 65550	

Ethanol	 Sigma	 32221	

Bleach	 The	Consortium	 049403	

DAB	Substrate	 Vector	 SK-4100	

Slide-A-Lyzer	
Dialysis	Cassette	

ThermoFisher-
Scientific	

66455	

DEAE-Dextran	 Sigma	 D9885-10G	

ReLeSR	 Stem-Cell	
Technologies	

05872	

Penicillin-
Streptomycin	

Fisher	 15140148	

Table	2.2	–	List	of	Other	Reagents	
	
2.3	Cell/Tissue	Culture	Medium,	Reagents	and	Exogenous	Factors:	
	
Cell	Line	or	
Primary	
Cells	

Cell	
Supplier	

Media	Composition	 Supplier	 Catalogue	
Number	

Shef3	 Sheffield-3	
NIBSC		

R-05-008	

mTeSR1	 Stem-Cell	
Technologies	

05850	

Shef6	 Sheffield-6	
NIBSC		

R-05-031	
	

mTeSR1	 Stem-Cell	
Technologies	

05850	

H9	 WiCell,	
WA09	

(Wae009-A)	
	

KO-DMEM	
20%	KO-Serum	
1%	Glutamax	
1%	NEAA	

B-Mercaptoethanol	
0.05%	FGF2	

Life-Technologies	
Life-Technologies	
Life-Technologies	
Life-Technologies	
Life-Technologies	

Peprotech	

10829-018	
10828-010	
35050-038	
11140-035	
31350-010	
100-18B	

Induced	
Pluripotent	
Stem	Cells	
(iPSCs)	

UMN	
PCBC16iPS	
(Sendai	9-1)	
	

Essential-8	Media	
	

Life-Technologies	
	

A1517001	
	

A549	 Dr.	Malcolm	
L.	Watson	
(University	
of	Bath)	

DMEM	
10%	FBS	

5%	Pen/Strep	

Life-Technologies	
Sigma	

Life-Technologies	

41965062	
F9665	

15140-122	

HEK293	 	 DMEM	
10%	FBS	

5%	Pen/Strep	

Life-Technologies	
Sigma	

Life-Technologies	

41965062	
F9665	

15140-122	
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Mouse	
Embryonic	
Fibroblasts	
(MEFs)	

R&D	
Systems	
(AR005)	

DMEM	
1%	L-Glutamine	

10%	FBS	
1%	NEAA	

1%	Pen/Strep	

Life-Technologies	
Life-Technologies	

Fisher	
Life-Technologies	
Life-Technologies	

41965062	
25030-081	

HYC-001-3316	
11140-035	
15140-122	

ALI	Mouse	
Embryo	
Lung	

Culture	

University	
of	Bath	
Animal	
House	

DMEM	
0.5%	FBS	

Sigma	
Sigma	

	

D5546	
F9665	

	

Fibronectin	
Mouse		
Embryo	
Lung	

Culture	

University	
of	Bath	
Animal	
House	

BME	
10%	FBS	

1%	Pen/Strep	
1%	L-Glutamine	

Sigma	
Sigma	

Life-Technologies	
Life-Technologies	

	

B1522	
F9665	

15140-122	
25030-081	

	
Table	2.3	–	List	of	Cell	Culture	Medium	
	
2.4	Primers	for	PCR:	
	

Gene	 Primers	 Annealing	
Temp	
(°C)	

Cycles	 Product	
Size	
(bp)	

β-actin	
(House	
Keeping)	

S:	5’-TAGGCACCAGGGTGTGATGG-3’	
A:	3’-CATGGCTGGGGTGTTGAAGG-5’	

62	 25	 283	

Nanog	 S:	5’-CCTGATTCTTCCACCAGTCCC-3’	
A:	3’-GTCGGGTTCACCAGGCATCCC-5’	

55	 30	 174	

Oct3/4	 S:	5’-TGAGGGTGAAGCAGGAGTCGG-3’	
A:	3’-AAGATTTTCATTGTTGTCAGC-5’	

58	 32	 367	

Sox2	 S:	5’-GCACATGAAGGAGCACCCGGATTA-3’	
A:	3’-CGGGCAGCGTGTACTTATCCTTCTT-5’	

62	 32	 86	

AFP	 S:	5’-GAGATGTGCTGGATTGTCTGC-3’	
A:	3’-TAACTCCTGGTATCCTTTAGC-5’	

60	 30	 326	

Sox17	 S:	5’-TCATGGTGTGGGCTAAGGACG-3’	
A:	3’-CGGTACTTGTAGTTGGGGTGG-5’	

58	 32	 190	

HNF4α	 S:	5’-
CTGCTCGGAGCCACCAAGAGATCCATG-3’	
A:	3’-ATCATCTGCCACGTGATGCTCTGCA-5’	

60	 30	 371	

CXCR4	 S:	5’-CACCGCATCTGGAGAACCA-3’	
A:	3’-GCCCATTTCCTCGGTGTAGTT-5’	

60	 30	 264	

NKX2.1	 S:	5’-CGGCATGAACATGAGCG-3’	
A:	3’-GCCGACAGGTACTTCTGTTGCTTG-5’	

62	 32	 266	

Krt5/CK5	 S:	5’-GGAGTTGGACCAGTCAACATC-3’	
A:	3’-TGGAGTAGTAGCTTCCACTGC-5’	

60	 30	 151	

Sox9	 S:	5’-GTACCCGCACTTGCACAAC-3’	
A:	3’-GTGGTCCTTCTTGTGCTGC-5’	

60	 30	 130	

Pax1	 S:	5’-TTAGACTGCCGTACCCTCCTCACAA-3’	 60	 32	 175	
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A:	3’-
AGGAAGGGAAAGAGAAAGGGAAGGGA-5’	

Pax9	 S:	5’-TGGTTATGTTGCTGGACATGGGTG-3’	
A:	3’-GGAAGCCGTGACAGAATGACTACCT-

5’	

60	 30	 136	

Hhex	 S:	5’-CCTCTGTACCCCTTCCCG-3’	
A:	3’-GGGGCTCCAGAGTAGAGGTT-5’	

60	 32	 211	

p63	 S:	5’-TTGCCCCTCCTAGTCATTTG-3’	
A:	3’-TACTGTCCGAAACTTGCTGC-5’	

58	 35	 200	

Tbx1	 S:	5’-CGGCTCCTACGACTATTGCCC	
A:	3’-GGAACGTATTCCTTGCTTGCCCT-5’	

60	 30	 124	

FoxA2	 S:	5’-GCGACCCCAAGACCTACAG-3’	
A:	3’-GGTTCTGCCGGTAGAAGGG-5’	

60	 32	 162	

FoxJ1	 S:	5’-TGGATCACGGACAACTTCTG-3’	
A:	3’-AAGTTGCCTTTGAGGGGTTC-5’	

58	 40	 225	

MUC5AC	 S:	5’-TACGTGTTCTCCGAGCACTG-3’	
A:	3’-GGTTCCACATGAGGACAAGG-5’	

58	 30	 622	

CC10	 S:	5’-GTCACACTGGCTCTCTGCTG-3’	
A:	3’-GAGCAGTTGGGGATCTTCAG-5’	

58	 40	 399	

AQP5	 S:	5’-ATCTTCGCCTCCACTGACTC-3’	
A:	3’-TTTCTTCTTTTCCCCCTTGG-5’	

58	 40	 167	

CFTR	 S:	5’-GCCAGCGTTGTCTCCAAAC-3’	
A:	3’-CGATAGAGCGTTCCTCCTTG-5’	

58	 30	 221	

SPB	 S:	5’-AAGTTCCTGGAGCAGGAGTG-3’	
A:	3’-AGAGGAATGGGGAATTGCTG-5’	

58	 40	 138	

SPC	 S:	5’-AACGCCTTCTTATCGTGGTG-3’	
A:	3’-AAGACTGGGGATGCTCTCTG-5’	

58	 35	 288	

Pax6	 S:	5’-CTAATGGGCCAGTGAGGAGC-3’	
A:	3’-AGTCTTCCCCCTTTATGAGGC-5’	

60	 32	 343	

Pax8	 S:	5’-TGCCTCACAACTCCATCAGA-3’	
A:	3’-CAGGTCTACGATGCGCTG-5’	

60	 32	 227	

NESTIN	 S:	5’-AGCGTTGGAACAGAGGTTGG-3’	
A:	3’-AGCTTGGGGTCCTGAAAGC-5’	

60	 32	 412	

Table	2.4	–	Human	primers	used	in	PCR	reaction.	(S)	Sense	strand	sequence,	(A)	Anti-
sense	strand	sequence.	All	Primers	purchased	from	Eurofins.	
	
2.5	Primary	Antibodies	Used	for	Immunostaining:	
	

Antibody	 Species	 Supplier	 Catalogue	
Number	

Dilution	 Fixative	

Oct3/4	 Rabbit	 Santa	Cruz		 H-134	 1:100	 4%	PFA	
Nanog	 Mouse	 e-Bioscience	 14-5768-82	 1:100	 4%	PFA	
Sox2	 Goat	 R&D	Systems	 AF2018	 1:100	 4%	PFA	

Tra-1-60	 Mouse	 ABCAM	 Ab16288	 1:200	 4%	PFA	

Sox17	 Goat	 R&D	Systems	 AF1924	 1:200	 4%	PFA	
CXCR4	 Rabbit	 Sigma	 SAB-3500383	 1:200	 4%	PFA	
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Pax9	 Rabbit	 Sigma	 SAB-1100392	 1:500	 4%	PFA	
AFP	 Rabbit	 DAKO	 A008	 1:100	 4%	PFA	
CDX2	 Mouse	 Bio-Genex	 MU392A-UC	 1:50	 4%	PFA	

E-Cadherin	 Mouse	 A	Becton	
Dickinson	Co.	

610182	 1:100	 4%	PFA	

Hnf4α	 Rabbit	 Santa	Cruz	 SC-8987	 1:100	 4%	PFA	
NKX2.1/TTF1	 Rabbit	 Seven	Hills		

Bio	Reagents	
WRAB-1231	 1:500	 4%	PFA	

Shh	 Rabbit	 Santa	Cruz	 SC-9024	 1:50	 4%	PFA	
Sox9	 Rabbit	 Millipore	 Ab5535	 1:100	 4%	PFA	
FoxA2	 Goat	 R&D	Systems	 AF-2400	 1:100	 4%	PFA	
Hexon	 Mouse	 Santa	Cruz	 SC-58085	 1:1000	 4%	PFA	
SPA	 Goat	 Santa	Cruz	 SC-7703	 1:100	 4%	PFA	
SPB	 Goat	 Santa	Cruz	 SC-7700	 1:100	 4%	PFA	
p63	 Rabbit	 Santa	Cruz	 SC-8343	 1:50	 4%	PFA	
CK5	 Rabbit	 Covance	 AF-138	 1:100	 A:M	

GATA6	 Rabbit	 Santa	Cruz	 SC-9055	 1:100	 4%	PFA	
Table	2.5	–	List	of	Primary	Antibodies.	PFA	(Paraformaldehyde)	and	A:M	
(Acetone:Methanol).	Antigen	retrieval	was	performed	on	A:M	fixed	cells	using	1x	(v/v)	
EDTA-buffer	at	37°C	for	30	minutes.	All	mouse	embryonic	lungs	are	fixed	with	MEMFA.	
	
2.6	Secondary	Antibodies	Used	for	Immunostaining:	
	

Antibody	 Raised	in	 Supplier	 Catalogue	
Number	

Dilutions	

Anti-Mouse-FITC	 Horse	 Vector		 FI-2000	 1:100	
Anti-Rabbit-	FITC	 Goat	 Vector		 FI-1000	 1:100	
Anti-Sheep-	FITC	 Rabbit	 Vector		 FI-6000	 1:100	
Anti-Goat-	FITC	 Rabbit	 Vector		 FI-5000	 1:100	
Anti-Goat	Texas	

Red	
Rabbit	 Vector	 TI-5000	 1:200	

Anti-Goat-Alexa	
Fluor	488	

Chicken	 Invitrogen	 A21467	 1:1000	

Anti-Rabbit-Alexa	
Fluor	594	

Chicken	 Life	Technologies		
	

A21442	 1:1000	

Anti-Mouse-HRP	 Horse	 Vector	 PI-2000	 1:1000	
Table	2.6	–	List	of	Secondary	Antibodies	
	
2.7	Conjugated	Antibodies	Used	for	Flow	Cytometry:	
	

Antibody	 Conjugated	 Supplier	 Catalogue	
Number	

Dilutions	

CD56	 PE	 Bio	Legend	 355503	 1:100	
CD271	 APC	 Bio	Legend	 345107	 1:100	
EpCAM	 FITC	 R&D	Systems	 FAB9601F	 1:100	
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Table	2.7	–	Conjugated	Primary	Antibodies	(FACS)	
	
2.8	Nuclear	Stains	used	for	Immunofluorescence:	
	

Nuclear	Stain	 Supplier	 Catalogue	
Number	

Dilution	

DAPI	 Sigma	 D9542-5mg	 1:1000	
Table	2.8	–	Nuclear	Stain	
	
2.9	RNA	Extraction	and	PCR	Extraction	Reagents:		
	

Product	Name	 Supplier	 Catalogue	
Number	

TRI-Reagent	 Sigma	 T9424-100mL	

EGTA	 Sigma	 E3889-100G	
Chloroform	 Sigma	 132950	
Isopropanol	 Sigma	 33539	

DEPC	 Sigma	 D5758-100mL	
10X	DNase	Buffer	 Ambion	 8170G	

Dnase	 Ambion	 AM2222	
RNAsin-Plus	 Promega	 N2611	
Oligo-dT	 Promega	 C1101	

Omniscipt	KIT	
	(10X	Buffer	RT)		
(5mM	dNTP)		

(RT-Omniscript)	

Qiagen	 205113	

2X	PCR	Master-Mix	 ThermoFisher-
Scientific	

AB-0575/DC/LD/B	

Table	2.9	–	List	of	RNA	and	RT-PCR	reagents	
	
2.10	Adenovirus	(Ad)	Reagents:	

Table	2.10	–	Adenovirus	constructs.		
	

CD117	 APC	 Invitrogen	 CD11705	 1:100	
CXCR4	 PE	 Invitrogen	 MXCXCR404	 1:100	

Virus	 Titer	
(PFU/mL)	

Supplier	 Catalogue	Number	

Ad-h-CMV-NKX2.1	 5.7x1010	

7.4x1011	
Vector	
Biolabs	

ADV-216761	

Ad-CMV-GFP	 1x1010	 Vector	
Biolabs	

1060	

Ad-Null	 6.6x1010	 Vrije	
Universiteit	
Brussel,	
Belgium	

-	
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2.11	Localization	of	Marker	Expression:	
	
Gene	of	Interest	 Localization	/	Marker	
NKX2.1/TTF1	 Ventral	Anterior	Foregut	Endoderm	

Pax8	 Anterior	Foregut	Endoderm	(Thyroid)	
Sox2	 Undifferentiated	Stem	Cells	/	

Anterior	Foregut	Endoderm	
FoxA2	 Definitive	Endoderm,	AFE	/	LPC	
Nanog	 Undifferentiated	Stem	Cells	
Oct3/4	 Undifferentiated	Stem	Cells	
CDX2	 Hindgut	
PDX1	 Posterior	Foregut	
Hhex	 Anterior	Foregut	Endoderm	(Thyroid)	
p63	 Basal	Cell	
Krt5	 Basal	Cell	
FoxJ1	 Ciliated	Cell	

SCGB1A1	 Club	/	Clara	Cell	
Sox9	 Distal	Progenitor	
HOPX	 Ventral	Anterior	Foregut	Endoderm	/	

	AET-I	
PDPN	 AET-I	

MUC5AC	 Goblet	Cell	
NESTIN	 Neural	(Ectodermal)	
Pax6	 Neural	(Ectodermal)	
GATA6	 Ventral	Anterior	Foregut	Endoderm	
ID2	 Distal	Progenitor	

B-Actin	 House	Keeping	
Tbx1	 Anterior	Foregut	Endoderm	/		

Pharynx	
Pax9	 Anterior	Foregut	Endoderm	/		

Pharynx/Thymus	
Brachyury	 Mesoderm	
FoxP2	 Lung/airway	epithelium	
Sox17	 Definitive	Endoderm	
Hnf4α	 Definitive	Endoderm/	

Early	liver	marker	
Nkx2.5	 Ventral	Anterior	Foregut	Endoderm	
CXCR4	 Definitive	Endoderm/	

Hepatocyte		
AQP5	 AET-I	
CFTR	 AET-II	
Pax1	 LPC	
Pdx1	 Posterior	Foregut	Endoderm	
SPA	 AET-II	
SPB	 AET-II	/	

Clara	Cell	
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SPC	 AET-II		
CD133	 Cancer	Stem	
CC10	 Clara	Cells	

CD56	(NCAM)	 Nerve	Cell	Adhesion	Molecule/	
Anterior	Foregut	Endoderm	

CD271	(NGFR)	 Nerve	Growth	Factor	Receptor	/	
Anterior	Foregut	Endoderm	

EpCAM	 Epithelial	Cells	
CK5	 Epithelial	Cells/	

Early	lung	progenitors	
Table	2.11	–	Localization	of	Marker	Expression.	
	

2.12	Summarised	Table	of	Markers	Used	in	This	Project:	

Pluripotent	Stem	Cell	 Sox2,	Oct3/4,	Nanog,	Tra-1-60	

Definitive	Endoderm	(DE)	 FoxA2,	Sox17,	CXCR4,	CDX2,	AFP,	Hnf4α	

Anterior	Foregut	Endoderm	(AFE)	 PAX9,	Sox2,	FoxA2,	Tbx1,	CD56,	CD271	

Lung	Progenitor	Cell	(LPC)	 NKX2.1,	Sox9	

Mature	Lung	Cell	(MLC):	

Clara	Cell	

Basal	Cell	

Ciliated	Cell	

Goblet	Cell	

AET-I	

AET-II	

	

CC10	

p63,	CK5	

FoxJ1	

Muc5ac	

AQP5	

CFTR,	SPA,	SPB,	SPC	

Thyroid	Cell	 PAX8	

Neural	Cell	 NESTIN,	PAX6	

Table	2.12	–	A	summarised	table	of	markers	used	in	this	project.	
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Methods	

	

2.12	Mouse	Embryonic	Lung	(E11.5)	dissection	and	culture	in	either	Air	Liquid	Interface	

and	on	Fibronectin.	

	

	 2.12.1		Air	Liquid	Interface	(ALI)	Culture	of	Lung	Buds	

	

Mouse	embryos	were	removed	from	pregnant	clostridium	difficile	infection	(CD-1)	mice	

following	 cervical	 dislocation	 at	 gestational	 stages	 E11.5-E13.5.	 All	mouse	work	was	

regulated	 by	 the	 Home	 Office	 under	 the	 Animals	 (Scientific	 Procedures)	 Act	 1986	

incorporating	the	EU	Directive	1010/63/EU,	approved	by	the	University	of	Bath	Animal	

Welfare	and	Ethical	Review	Body	(AWERB)	(Schedule	1	kill).	The	lungs	were	removed	

from	 the	 embryos	 (Figure	 2.12.1).	 Embryos	 were	 transferred	 to	 ice-cold	 Minimum	

Essential	 Medium	 Eagle	 (MEME)	 with	 Hank’s	 balanced	 salt	 solution	 (HBSS,	 Sigma),	

containing	 10%	 Foetal	 Bovine	 Serum	 (FBS,	 Invitrogen),	 1%	 Glutamax	 (Gibco)	 and	

20μg/mL	 gentamicin	 (Invitrogen).	 The	 lungs	 were	 carefully	 dissected	 under	 a	

stereoscopic	dissecting	microscope	as	described	previously	(Del	Moral	and	Warburton,	

2010).	At	these	stages	of	development,	the	lung	buds	are	present	as	small	protrusions	

extending	from	the	ventral	foregut	behind	the	heart.	Isolated	lungs	were	placed	under	

Air	Liquid	Interface	(ALI)	conditions	on	8μm	nuclear	pore	size	membrane	(Nuclepore™	

Track-Etched	Membranes,	WHA110414;	Sigma)	containing	Dulbecco’s	Modified	Eagle’s	

Medium	 (DMEM,	 Sigma)	with	 0.5%	 FBS,	 1%	 L-Glutamine,	 1%	Penicillin/Streptomycin	

and	cultured	for	up	to	3	days	at	37°C	in	a	humidified	95%	air	/	5%	CO2	incubator.	Images	

of	isolated	lungs	were	taken	from	day	0-3.	On	the	third	day,	the	media	was	removed	

from	 the	 ALI	 cultures,	 washed	 3	 times	 with	 phosphate	 buffered	 saline	 (PBS)	 for	 10	

minutes	on	a	rocker	and	fixed	with	MEMFA	(10x	MEMFA	with	37%	formaldehyde	and	

milliQ	water	in	a	1:1:10	ratio).	
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Figure	 2.12.1	 –	 Embryonic	 murine	 lung	 isolation.	 Representing	 the	 E11.5d	 murine	
embryo	in	culture.	Lung	tissue	isolated	from	E11.5d	embryos	and	cultured	either	at	Air-
Liquid	Interface	or	on	Fibronectin-coated	coverslips.	t	–	trachea,	o-	oesophagus,	lb	–	lung	
bud,	s	–	stomach	and	i	–	intestine.	(Figure	obtained	with	permission	from	Ward,	A	and	
Tosh,	D,	Mouse	cell	culture	methods	and	protocol,	Springer	Protocols	2010)	(Bright	light	
microscopy)	
	

2.12.2	 	Lung	Buds	Cultured	on	Fibronectin	

	

The	E11.5d	lung	buds	were	dissected	out	as	described	above	(Section	2.11.1)	and	then	

cultured	in	a	cloning	ring	on	coverslips	coated	with	50μg/mL	Bovine	Plasma	Fibronectin.	

Cloning	 rings	 were	 removed	 after	 24hrs	 once	 the	 lung	 bud	 has	 attached	 to	 the	

fibronectin-coated	 coverslips.	 Buds	 were	 maintained	 for	 up	 to	 7	 days	 at	 37°C	 in	 a	

humidified	95%	air	/	5%	CO2	incubator.	The	complete	media	Basal	Media	Eagle	(BME,	

Sigma)	 with	 10%	 FBS,	 1%	 Penicillin/Streptomycin	 and	 1%	 L-Glutamine	 was	 changed	

every	other	day	and	images	of	lung	buds	were	collected	on	a	microscope	(Leica	Inverted	

Microscope,	model	DMIRB).		

	

	 2.12.3	Lung	Bud	Treatment	with	Triiodothyronine	(T3)	and	Dexamethasone	(Dex)	

	

E11.5d	 lung	buds	are	 isolated	as	described	 in	Section	2.11.1	and	placed	on	a	porous	

membrane	or	on	a	fibronectin	(50μg/mL)	coated	cover	slip	with	complete	BME	for	24	

hours	 before	 it	 was	 switched	 to	 a	 complete	 BME	 media	 supplemented	 with	

Triiodothyronine	(T3)	(10nM,	100nM	or	1μM)	or	Dexamethasone	(Dex;	10nM,	100nM	

or	1μM)	or	both	for	5	days	changing	media	every	other	day.	
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2.13	Cell	Culture	

	

2.13.1	hESCs	(Shef3)	Culture	and	Maintenance		

	

Shef3	(Sheffield-3	cell	line)	human	embryonic	stem	cells	(hESCs)	were	obtained	from	the	

National	 Institute	 for	 Biological	 Standards	 and	 Control	 /	 UK	 Stem	 Cell	 Bank	 (NIBSC;	

Accession	 number	 R-05-028).	 Dishes	 (60mmm)	 were	 coated	 with	 3ml	 Matrigel	 and	

warmed	 in	 a	 fume	 hood	 at	 room	 temperature	 for	 45-60	 minutes	 to	 allow	 for	

solidification.	Shef3	cells	were	cultured	and	maintained	in	their	undifferentiated	state	

under	feeder-free	conditions	on	Matrigel-coated	plates	in	mTeSR1	basal	media	(Stem	

Cell	 Technologies,	 cat.	 no.	 05850).	 Passaging	 of	 cells	was	 carried	 out	when	 the	 cells	

reached	80%	confluency	by	adding	2mL	of	dispase	(1mg/mL;	Stem	Cell	Technologies,	

cat.	 no.	 07913)	 per	 60mm	 dish	 for	 3-4	 minutes	 at	 room	 temperature.	 Dispase	 is	 a	

protease	which	cleaves	fibronectin,	collagen	IV,	and	to	a	lesser	extent	collagen	I	which	

can	 separate	 intact	 epidermis	 from	 the	 dermis.	 It	 can	 also	 separate	 intact	 epithelial	

sheets	 in	 culture	 from	 the	 substratum.	 The	 enzyme	 preserves	 the	 viability	 of	 the	

epithelial	cells	while	cleaving	the	basement	membrane	zone	region.	Dispase	is	gentler	

and	milder	than	trypsin	digestion.	Cells	were	visualized	under	an	EVOS	XL	cell	imaging	

system	microscope	to	determine	when	the	edges	of	the	colonies	started	to	curl	up	in	

the	dish	and	becomes	phase	bright	(but	colonies	were	not	permitted	to	fully	detach).	

The	 dispase	 was	 aspirated	 and	 the	 dishes	 were	 gently	 rinsed	 1-2	 times	 with	 5mL	

DMEM/F-12	(Gibco	Life	Technologies).	5mL	of	DMEM/F-12	was	added	to	the	dish	and	

the	cells	were	scrapped	off	with	a	cell	scraper.	Aggregates	were	transferred	to	a	15mL	

tube.	Then,	5mL	of	DMEM/F-12	was	added	again	to	the	dish	to	rinse	off	any	remaining	

aggregates	and	transferred	to	the	same	15mL	tube	to	make	it	up	to	a	total	of	10mL.	The	

tube	was	then	centrifuged	at	1000rpm	for	3	minutes	at	25°C	and	the	supernatant	was	

removed	and	re-suspended	in	mTeSR1	(i.e.	10mL	for	1:10	passage).	

	
An	 alternative	 approach	 to	 passaging	 Shef3	 cells	 was	 via	 an	 enzyme-free	 reagent,	

ReLeSR	(StemCell	Technologies,	05872).	This	reagent	dissociates	hESCs	cell	colonies	into	

cell	aggregates	without	manual	scraping	(Figure	2.13.1).	Cells	were	washed	with	3mL	of	

DMEM/F12	and	 then	2mL	of	 room	temperature	ReLeSR	was	added	and	 immediately	
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aspirated	within	30	seconds	so	that	colonies	were	exposed	to	a	thin	film	of	liquid	in	a	

60mmm	dish.	Then	60mm	dish	was	incubated	in	a	37°C	incubator	(95%	air/5%	CO2)	for	

2-3	minutes,	removed	from	the	incubator	and	then	1.5mL	of	mTeSR1	was	added	to	the	

60mmm	dish.	The	sides	of	the	dish	were	then	gently	tapped	for	30-45	seconds	to	detach	

the	colonies.	Cell	aggregates	were	transferred	to	a	15mL	tube,	made	up	to	6mL	with	

mTeSR1	 and	plated	onto	 a	 pre-coated	Matrigel	wells.	 The	dish	was	 then	 swirled	 (to	

evenly	distribute	the	cells	aggregates)	and	returned	to	the	37°C	incubator.	

	

	
	

Figure	2.13.1	–	A	manual	scraping	of	a	Shef3	hESCs	colony	prior	to	passaging.	Using	an	
EVOS	(AMG)	microscope	to	manually	passage	hESCs	via	needle	to	make	a	grid	and	collect	
cell	aggregates	by	a	pasture	pipette.		
	

2.13.2	Induction	of	the	Definitive	Endoderm	

	

A	previous	established	protocol	by	Bone	et	al.,	(2011)	was	used	to	generate	DE	lineage	

from	 hESCs.	 Differentiation	 of	 the	 Shef3	 hESC	 line	 to	 definitive	 endoderm	 (DE)	 was	

induced	following	2	days	of	treatment	in	RPMI-1640	medium	with	the	GSK-3	inhibitor	

(1m)	at	2μM	concentrations	and	the	addition	of	Activin-A	(100ng/mL)	for	24hours.	Then	

it	is	switched	to	Activin-A	(100ng/mL)	with	Hyclone	serum	(0.2%)	for	48hours.	Images	of	

undifferentiated	and	differentiated	state	of	Shef3	were	collected	every	day	using	a	Leica	

DM	IRB	at	20x.	
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2.13.3	Addition	of	PI3K	inhibitor	(LY-294002)	on	endoderm	induced	cells	

	

PI3K	inhibitor,	LY294002	has	been	widely	used	to	explore	involvement	of	FGF	signalling	

pathway	in	endodermal	fate	specification,	and	many	studies	have	gained	results	agreed	

upon	 effective	 induction	 of	 definitive	 endoderm	 from	 ESCs	 with	 FGF	 signalling	

suppression	(McLean	AB	et	al.,	2007;	Singh	AM	et	al.,	2012;	Villegas	SN	et	al.,	2013).	PI3K	

inhibitor	 LY-294002	 (which	 acts	 on	 the	ATP	 binding	 site	 on	 the	 p85α	 subunit	 of	 the	

enzyme)	was	treated	for	24hours	during	the	DE	induction	using	different	concentration;	

2.5,	5.0,	10,	and	20μM.	Targeting	the	PI3K/AKT/mTOR	pathway	is	an	emerging	target	for	

squamous	cell	lung	carcinoma	and	ovarian	cancer	(Beck	et	al.,	2014;	Li	et	al.,	2014).		

	

2.13.4	Preparation	of	Single	Cell	Suspension	and	AFE	induction	

	

After	 the	2	days	of	 treatment	to	 induce	DE,	cells	were	gently	washed	3-4	times	with	

DMEM/F-12	to	remove	any	dead	cells.	Accutase	(2mL)	enzyme	was	then	added	to	each	

60mm	dish	and	 incubated	for	10	minutes	at	37°C	 in	the	 incubator	 (95%	air/5%	CO2).	

Cells	were	 checked	under	 the	microscope	 (Leica	DM	 IRB	 at	 20x)	 every	 5	minutes	 to	

determine	if	cells	had	detached.	In	the	case	of	un-detached	cells,	a	Pasteur	pipette	was	

used	to	help	detach	cells	and	60mm	dish	was	replaced	back	in	the	incubator	(at	37°C)	

for	a	further	5	minutes.	After	all	the	cells	detached,	they	were	transferred	to	a	15mL	

tube	and	 rinsed	with	DMEM/F-12.	The	cells	were	 then	centrifuged	at	1000rpm	for	3	

minutes	at	25°C,	and	the	supernatant	was	removed	and	the	cells	re-suspended	in	2.5mL	

of	anterior	foregut	endoderm	induction	media	(AIM)	(Table	2.14).	AIM	was	used	to	yield	

an	enriched	population	of	cells	with	strong	expression	of	markers	associated	with	the	

AFE	from	the	DE.	Cells	were	then	passed	through	a	70μm	filter	and	filter	washed	with	

2.5mL	of	AIM	to	make	the	volume	up	to	5mL.	Cells	were	counted	using	trypan	blue	in	

order	 to	 count	only	 live	 cells	using	a	haemocytometer.	 The	number	of	 live	 cells	was	

calculated	using	the	formula:	

	

[Cells	in	grid	=	y,	therefore	cells/mL	=	2y	x	104,	therefore	total	cells	=	(2y5)	x	104]		
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A	volume	of	100,000	cells/mL	was	made	up	(i.e.	0.1	x	106	cells/mL)	and	10μM	of	Y-27362	

Rho-associated,	 coiled-coil	 containing	 protein	 kinase	 inhibitor	 (ROCKi)	 was	 added	 at	

1:1000	dilutions.	Y-27362	increases	the	survival	of	hESCs	when	they	are	dissociated	into	

single	cells	via	competing	with	ATP	for	binding	to	the	catalytic	site.	After	24	hours,	the	

ROCKi	 media	 was	 removed	 and	 the	 cells	 washed	 with	 anterior	 foregut	 endoderm	

induction	 media	 (AIM;	 DMEM/F-12,	 N2	 x1,	 B27	 x1,	 L-Glutamax	 x1,	 Pen/Strep	 50	

units/mL).	

	
We	have	adopted	the	generation	of	AFE	precursors	from	Green	et	al.,	(2011)	protocol	

with	modification	in	the	period	of	culture.	On	D5,	DE	cells	were	plated	out	on	Matrigel-

coated	plates	with	AIM	supplemented	with	200ng/mL	Noggin	(BMP	inhibitor)	and	10μM	

SB431542	(TGF-β	inhibitor)	(Nog/SB	media)	for	96	hours.	Differentiating	hESCs	into	AFE	

cells	was	the	base	platform	from	which	DE	could	be	differentiated	into	lung	or	trachea	

tissue.	An	alternative	approach	to	induce	AFE	was	yielded	with	AIM	supplemented	with	

2μM	Dorsomorphin	(DSM)	and	10μM	SB431542	for	96	hours.	

	

2.13.5	Hormone	treatment	following	AFE	specification	

	

After	AFE	specification	as	described	in	Section	2.13.4	with	NOG/SB	AIM,	the	cells	were	

cultured	without	or	with	T3	(100nM),	Dexamethasone	(100nM)	or	with	a	combination	

of	both	hormones	at	the	concentrations	indicated	with	AIM	for	8	days.	

	

	 2.13.6	Maintenance	and	passaging	of	H9	cells		

	

The	human	embryonic	stem	cell	line,	H9,	was	cultured	with	mouse	embryonic	fibroblasts	

(MEFs)	as	described	previously	(R&D,	AR005).	MEFs	have	been	shown	to	support	hESCs	

growth	 and	maintain	 ESC	 pluripotency	 in	 the	 presence	 of	 bFGF	 factor.	 In	 this	 case,	

mTeSR1	 is	 substituted	with	MEFs	 feeders	 in	 the	H9	embryonic	 stem	cell	 line.	Before	

thawing	MEFS,	60mm	dishes	were	coated	with	3mL	of	Matrigel	for	at	 least	1	hour	at	

room	temperature.	Then,	MEFs	were	quickly	thawed	from	frozen	in	a	37°C	water	bath.	

Next	the	thawed	contents	were	transferred	to	a	15mL	centrifuge	tube	containing	10mL	

DMEM/F-12	 and	 spun	 down	 at	 200g	 for	 3	 minutes.	 The	 supernatant	 was	 carefully	
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removed	so	as	not	to	disturb	the	pellet.	The	pellet	was	re-suspended	in	10mL	of	MEF	

media	 (DMEM,	 L-Glutamax	 x1,	 FBS	 10%,	 Pen/Strep	 50	 units/mL	 and	 NEAA	 x1).	 The	

Matrigel	was	removed	and	the	MEFs	added	to	the	dishes.	The	inactivated	MEFs	were	

plated	out	as	follows	–	250,000/well	of	6-well	tray	or	500,000/60mm	dish.	 iMEFs	has	

been	thawed	and	cultured	in	MEF	media	overnight	prior	to	H9	culture.	

	

A	vial	of	H9	cells	was	quickly	thawed	from	frozen	in	a	37°C	water	bath	and	transferred	

into	a	15mL	falcon	tube.	The	cells	were	made	up	to	10mL	in	the	15mL	falcon	tube	with	

DMEM/F-12	(warmed	to	37oC).		The	cells	were	then	spun	down	at	200g	for	3	minutes.	

The	supernatant	was	carefully	removed	so	as	not	to	disturb	the	pellet	and	re-suspended	

with	 10mL	 H9	 media	 (KO-DMEM,	 KO-Serum	 20%,	 L-Glutamax	 x1,	 NEAA	 x1,	 2-

Mercaptoethanol*	and	bFGF	0.5	%).	Cells	were	fed	with	H9	media	every	day	or	every	

other	day.	(*7μl	2-Mercaptoethanol	is	added	to	5ml	L-Glutamax.)	

	

Passaging	of	H9	cells	was	similar	to	the	protocol	described	for	the	Shef3	stem	cell	line	

but	used	1mg/mL	collagenase	instead	of	1mg/mL	dispase	enzyme,	H9	growth	media	in	

place	of	mTeSR1.		H9	cells	were	split	every	5	days	instead	of	every	7	days	for	Shef3.	

	

2.13.7	Thawing,	passaging	and	maintenance	of	human	iPSCs	

	

T25	flasks	were	coated	with	Vitronectin	(5μg/mL)	and	left	for	at	least	1	hour	at	room	

temperature.	Stock	Vitronectin	(500μg/mL)	was	diluted	in	PBS	to	a	final	concentration	

of	5μg/mL.	Meanwhile,	a	frozen	vial	from	the	liquid	nitrogen	was	removed	and	thawed	

in	a	37°C	water	bath	and	all	cells	were	very	gently	added	to	a	15mL	tube	containing	

DMEM-F12	to	a	final	volume	of	10mL.	The	tube	was	then	centrifuged	at	1000rpm	for	3	

minutes,	the	supernatant	was	removed	and	the	pellet	re-suspended	in	5mL	of	complete	

Essential-8	media	(Life	Technologies).	The	Vitronectin	was	then	aspirated	away	from	the	

flask.		

	

The	media	was	changed	daily	to	fresh	complete	Essential-8	media.	Prior	to	passage	of	

cells	(every	5	days),	freshly	Vitronectin	(5μg/mL)	flask	was	prepared	as	described	above.	

Cells	were	gently	rinsed	with	2.5mL	hypertonic	citrate	solution.	The	hypertonic	citrate	
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solution	was	aspirated	prior	to	adding	2.5mL	hypertonic	citrate	solution	to	the	cells	and	

placed	in	a	37°C	incubator	for	6	minutes	to	detach	all	cells.	The	flask	was	removed	from	

the	 incubator,	 swirled	 in	 a	 figure	 of	 eight	motion	 for	 15	 seconds	 to	 detach	 colonies	

before	being	observed	under	the	microscope.	If	colonies	have	not	detached	from	the	

flask	 it	was	 placed	 back	 in	 the	 incubator	 for	 a	 further	 2-4	minutes	 and	 repeated	 as	

described	above.	Once	colonies	were	all	detached,	10mL	of	DMEM-F12	was	then	added	

to	the	flask	and	placed	at	a	45°	angle	for	5	minutes	to	allow	the	colonies	to	sink	into	the	

corner.	The	media	was	then	carefully	aspirated	away	the	media	without	disturbing	the	

colonies	and	colonies	were	re-suspended	in	4mL	complete	Essential-8	media.		

	

2.13.8	HEK-293	and	A549	cell	culture	

	

HEK-293	 (human	 embryonic	 kidney)	 and	 A549	 (adenocarcinoma	 epithelial)	 cell	 lines	

were	grown	on	T75	flasks	with	DMEM,	10%	FBS	and	5%	Penicillin/Streptomycin	medium	

and	 incubated	 at	 37°C	 in	 a	 humidified	 incubator	 (95%	 air/5%	 CO2).	 The	media	 was	

changed	every	two	days	and	the	cells	passaged	when	they	were	70-80%	confluent.	Cell	

dissociation	 was	 carried	 by	 adding	 warmed	 up	 37°C	 5mL	 Trypsin	 EDTA	 (0.05%)	 to	

generate	 small	 clusters	 of	 cells	 in	 a	 T75	 flask.	 5ml	 DMEM-F12	 was	 added	 to	 stop	

trypsinisation	 and	was	 transferred	 to	 the	 solution	was	 spun	 down	 for	 3	minutes	 at	

1000rpm.	

	

	 2.13.9	Freezing,	Storage	and	Resuscitation	of	Cell	Lines	

	

Cell	lines	were	re-suspended	in	1mL	freezing	medium	containing	70%	culture	medium,	

20%	 FBS	 and	 10%	 DMSO	 (Sigma).	 Then	 cells	 were	 transferred	 to	 a	 cryogenic	 vial	

(Thermo-Scientific	368632)	and	placed	at	-20°C	overnight	before	being	transferred	the	

vial	overnight	to	a	-80°C	freezer.	Cells	were	then	transferred	into	liquid	nitrogen	for	long-

term	storage.		

	

To	resuscitate	the	cell	lines,	the	cells	were	thawed	in	a	37°C	water	bath,	transferred	into	

a	15ml	tube	and	made	up	to10mL	of	the	relevant	complete	culture	media.	 	The	cells	

were	then	centrifuged	at	1000rpm	for	3	minutes,	the	supernatant	was	discarded,	and	
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the	cell	pellet	was	re-suspended	in	1ml	of	media	before	an	aliquot	was	transferred	into	

a	T75	flask.		

	

2.14	Induction	of	Anterior	Foregut	Endoderm	Spheroids	

	

Cells	were	grown	up	to	the	DE	stage	as	described	in	Section	2.13.2	and	then	treated	in	

AIM	(Noggin	(200ng/mL),	SB431542	(10μM),	FGF4	(500ng/mL),	Chir99021	(2μM;	Tocris	

Bioscience,	Cat.	No.	4423))	and	SAG	(1μM;	Enzo	Life	Sciences,	ALX-270-426)	for	6	days	

to	generate	AFE	Spheroids.		The	media	was	changed	every	2	days.	This	has	been	adapted	

from	Dye	et	al.,	(2015)	with	modifications	in	concentrations	and	period	of	culture.	

	

2.15	Induction	of	Lung	Progenitor	Cells	(LPCs)	

	

We	have	adopted,	 amended	and	added	more	growth	 factors	 to	Green	et	 al.,	 (2011)	

protocol	to	induce	LPCs	from	AFE	precursors.	After	the	specification	of	AFE,	the	media	

was	switched	to	NKX2.1-induction	media	(NIM)	for	6-8	days	consists	of	all	supplements	

required	 for	 NKX2.1	 expression:	 50ng/mL	 BMP4,	 50ng/mL	 EGF,	 100ng/mL	 FGF2,	

100ng/mL	 FGF10,	 10ng/mL	 KGF	 and	 100ng/mL	 Wnt3a	 (BEAFKW).	 Two	 alternative	

approaches	 to	 inducing	 LPCs	was	 tested	 by	 substituting	Wnt3a	with	 either	 2μM	1m	

(BEAFK1m)	or	3μM	CHIR	(BEAFKC).	

	

2.16	Induction	of	Mature	Lung	Cells	(MLCs)	

	

LPCs	were	gently	trypsinized	to	generate	small	clusters	of	cells	via	37°C	warmed	up	2mL	

Accutase	and	re-plated	(100,000	cells/cm2)	on	Matrigel-coated	60mm	dishes.	Cultures	

were	grown	for	12-14	days	under	AIM	conditions	supplemented	with	FGF10	(100ng/mL)	

only	(MLC1).	

	

Two	 alternative	 approaches	were	 used	 to	 test	 different	 combinations	 of	maturation	

components:	 2μM	 1m	 (to	 activate	 Wnt/β-catenin	 pathway;	 GSK-3	 inhibitor)	 or	

100ng/mL	 Wnt3a,	 10ng/mL	 FGF10	 and	 10ng/mL	 FGF7	 to	 derive	 mature	 lung	 cells	

(MLC2).	A	 second	approach,	 involved	 supplementing	 cultures	with	FGF2	 (500ng/mL),	
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FGF10	(100ng/mL)	and	2%	FBS	(MLC3).	All	cultures	were	matured	using	the	same	basal	

media;	AIM.	

	

2.17	Immunofluorescence	Detection	

	

For	all	cell-line	fixation	(Shef3,	iPSCs,	H9,	HEK293	and	A549),	cells	were	rinsed	with	PBS	

to	remove	any	excess	medium	and	fixed	with	fresh	4%	paraformaldehyde	(PFA)	for	20	

minutes	at	room	temperature	or	ice	cold	1:1	Acetone:Methanol	(A:M)	for	10	minutes	at	

-20°C	(for	cytokeratin	immunostaining)	followed	by	washing	3	times	with	PBS	and	1ml	

PBS	 added.	Antigen	 retrieval	was	performed	on	A:M	 fixed	 cells	 using	1x	 (v/v)	 EDTA-

buffer	at	37°C	for	30	minutes.	The	dishes	were	then	wrapped	in	cling-film	and	left	at	4°C	

until	needed.	The	cells	were	then	permeablised	using	PBS	with	0.1%	(w/v)	Triton	X-100	

for	20	minutes	and	blocked	in	2%	blocking	reagent	(Roche)	at	room	temperature	for	1	

hour	before	incubating	with	primary	antibodies	in	2%	Roche	blocking	reagent	overnight	

at	4°C	(Table	2.5).	The	next	morning	cells	were	washed	for	3	times	for	10	minutes	in	PBS	

before	adding	the	relevant	secondary	antibody	conjugated	with	the	fluorescent	markers	

for	2-3	hours	 in	the	dark	at	room	temperature	(Table	2.6).	Afterwards	the	cells	were	

washed	3	times	for	10	mins	 in	PBS	and	counterstained	for	10	minutes	with	0.5ug/ml	

4’,6-Diamidino-2-Phenylindole,	Dihydrochloride	(DAPI)	before	being	briefly	washed	 in	

MilliQ	water	and	mounted	on	microscope	slides	with	 fluorescent	mounting	medium.	

hESCs	samples	were	mounted	by	adding	a	drop	of	fluorescent	mounting	medium	to	each	

well,	and	carefully	placing	a	round	glass	coverslip	(VWR,	470019-016)	on	top.	Samples	

were	and	left	to	dry	in	the	dark	overnight	before	storage	at	4°C.		

	

Embryonic	 tissue	was	 fixed	with	MgSO4,	 EGTA,	MOPS,	 Formaldehyde	 (MEMFA)	 (10x	

MEMFA	 with	 37%	 formaldehyde	 and	 MilliQ	 water	 in	 a	 1:1:10	 ratio)	 and	 was	

permeablised	 for	20-25	minutes	with	1%	(v/v)	Triton	X-100.	Primary	antibodies	were	

incubated	over	night	at	4°C	(Table	2.5).	Afterwards,	cells	were	washed	3	times	in	PBS	for	

10	minutes	and	incubated	with	secondary	antibody	for	2-3	hours	in	the	dark	at	room	

temperature	before	it	was	washed	away	with	PBS	and	counterstained	for	10	minutes	

with	0.5μg/mL	DAPI	(1:1000	in	PBS),	before	being	briefly	washed	away	in	MilliQ	water	

and	mounted	with	fluorescent	mounting	media	on	a	round	glass	slide	(VWR,	470019-
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016).	All	primary	and	secondary	antibodies	used	in	this	study	are	listed	and	described	in	

Tables	2.5-2.8.			

	

Images	were	visualized	using	an	inverted	fluorescent	microscope	with	the	intensity	of	

the	 light	 source	was	 kept	 the	 same	 for	 all	 the	 experiments	 (Olympus	 IX51	 Inverted	

Microscope	or	Zeiss	LSM	510	META).	3D	tissue	stacks	were	acquired	using	a	Zeiss	LSM	

510	META	confocal	microscope.	Images	were	acquired	at	40x	magnification	with	1μm	

Z-stack	intervals	and	recombined	as	orthogonal	images	using	ImageJ.		

	

2.17.1	AFE	Spheroid	Immunofluorescence	Assay		

	

Cells	were	fixed	in	4%	PFA	in	PBS	for	15	minutes	at	room	temperature	and	then	rinsed	

in	PBS/Polyvinylpyrrolidone	(PVP)	(3mg/mL	PVP	in	PBS).	Spheroids	were	permeablised	

in	 0.25%	 Triton	 X100	 in	 PBS/PVP	 for	 30	minutes	 before	 placing	 the	 cells	 in	 blocking	

solution	(2%	donkey	serum,	0.1%	BSA,	0.01%	Tween20	 in	PBS)	 for	15	minutes.	Then,	

spheroids	were	 incubated	 in	primary	antibody	solution	 in	the	same	blocking	solution	

overnight.	 Spheroids	 were	 then	 rinsed	 3	 times	 for	 15	 minutes	 in	 PBS/PVP	 before	

incubating	them	in	secondary	antibody	 in	the	same	blocking	solution	for	1	hour.	The	

cells	were	rinsed	again	as	above	before	the	spheroids	were	taken	through	a	series	of	

Vectashield	(25-100%)	in	blocking	solution	with	DAPI	(1:1000).	Then,	the	spheroids	were	

mounted	in	a	small	drop	of	Vectashield	on	a	glass	slide	surrounded	by	blobs	of	Vaseline	

to	prevent	them	from	flattening	and	mounted	gently	on	a	coverslip	gently.		The	coverslip	

was	then	sealed	with	nail	polish	before	allowing	the	slides	to	dry	in	a	fume	hood.	

	

2.18	Polymerase	Chain	Reaction	(PCR)	

	

2.18.1	Isolation	of	total	RNA		

	

hESCs	were	scrapped	off	and	re-suspended	in	1mL	Trizol	(Sigma)	reagent	and	stored	at	

-80°C	until	required.	Chloroform	(0.2mL)	was	added	to	1mL	Trizol	and	shaken	vigorously	

for	15	seconds	and	then	left	at	room	temperature	for	10	minutes	to	allow	the	sample	to	

settle.	 The	 Trizol/Chloroform	 mix	 was	 then	 centrifuged	 at	 13000rpm	 at	 4°C	 for	 15	
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minutes.	The	colourless	upper	aqueous	phase	(containing	the	RNA)	was	transferred	to	

a	sterile	RNA-free	Eppendorf.	Isopropanol	(0.5mL)	was	added	and	mixed	briefly	before	

leaving	it	to	sit	at	room	temperature	for	10	minutes.	The	tube	was	then	centrifuged	at	

13000rpm	at	4°C	for	10	minutes.	The	supernatant	was	aspirated	and	the	RNA	pellet	was	

washed	with	1mL	75%	(v/v)	ethanol	before	it	was	centrifuged	again	at	8500rpm	at	4°C	

for	5	minutes.	Most	of	sample	was	aspirated	leaving	behind	approximately	20μL	which	

was	allowed	to	air	dry	using	a	37°C	heated	block.	Finally,	the	pellet	was	re-suspended	in	

an	appropriate	volume	of	RNase-free	water	(10-50μL)	and	the	concentration	of	RNA	was	

measured	on	a	Nanophotmeter	(Implen).	The	RNA	was	placed	in	a	-80°C	freezer	until	

required.	

	

	 2.18.2	Reverse	Transcriptase		

	

Genomic	DNA	was	extracted	from	the	samples	by	adding	3μg	of	the	RNA	solution	to	a	

solution	of	1μl	DNAse	I,	1μl	DNAse	Buffer	and	0.5μl	RNAsin	Plus	made	up	to	20μl	in	DEPC	

water	in	an	PCR	tube.	The	solution	was	incubated	at	37°C	for	30	minutes	in	a	Techne	

Thermocycler	 (FTC41H2D)	 after	 which	 1μl	 of	 20mM	 ethylene	 glycol	 tetraacetic	 acid	

(EGTA)	was	added	and	the	solution	was	heated	to	60°C	in	the	thermocycler	to	quench	

the	DNAse.	The	RNA	solution	was	stored	at	-80°C	until	needed.	RT	was	carried	out	using	

an	Omniscript	RT	kit	(Qiagen)	according	to	manifacturer’s	instructions.	Briefly	the	1μl	of	

DNAse	 I	 treated	 RNA	 was	 re-analysed	 with	 the	 Nanophotometer	 to	 ensure	 the	

concentration	of	RNA	was	accurate.	2μg	of	RNA	was	added	to	2μl	5X	RT	buffer,	2μl	5mM	

dNTP,	 1μl	Oligo	dT,	 0.2μl	 RNAsin	 Plus,	 1μl	 RT	Omniscript	 and	made	up	 to	 20μl	with	

RNAse	DEPC	water.	The	solution	was	incubated	at	37’C	for	60	minutes	in	a	Thermocycler	

and	the	resulting	cDNA	was	kept	on	ice	for	1	minute.	cDNA	was	stored	at	-20°C	until	

needed.		

	

2.18.3	Polymerase	Chain	Reaction	(PCR)	

	

PCR	was	performed	using	2x	ReddyMixTM	PCR	Master	Mix	(Thermo-Scientific).	The	first	

step	in	the	cycling	protocol	was	the	denaturation	phase	at	92°C	for	2	minutes.	This	was	

followed	 by	 the	 appropriate	 number	 of	 cycles	 for	 the	 primer	 of	 interest	 for	 the	
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denaturation	stage	at	94°C	for	30	seconds,	annealing	for	30	seconds	at	the	appropriate	

temperature	for	each	pair	of	primer	of	interest	and	the	extension	stage	at	72°C	for	1	

minute	(Table	2.4).	Lastly,	a	final	extension	was	performed	at	72°C	for	10	minutes	before	

PCR	products	were	checked	on	1.5%	(w/v)	agarose	gel.		

	

Primers	 were	 designed	 using	 Primer3	 software	 (Rozen	 and	 Skaletsky	 2000)	 and	

synthesised	by	Eurofins	MWG	Operon	(Ebersberg,	Germany).	

	

2.18.4	Polymerase	Chain	Reaction	(PCR)	Gradient	

	

This	 technique	 is	 used	 to	 analyse	 the	 optimum	 annealing	 temperature	 of	 primer	 of	

interest.	PCR	gradient	was	programmed	using	12	different	temperatures	ranging	from	

52°C	to	68°C	using	the	same	cycling	protocol	as	in	a	normal	PCR	run;	non-specific	PCR	

products	are	primer	dimers	(MJ	Research,	PTC-200	Thermal	Cycler)	(Figure	2.18.4).		

	
	

Figure	 2.18.4	 –	 Representation	 of	 an	 annealing	 temperature	 (52-68°C)	 and	 primer	
concentration	optimisation	experiment.	Nanog	expression	in	Shef3	hESCs	(primers:	F-	
CCTGATTCTTCCACCAGTCCC	 +	 R-	 GTCGGGTTCACCAGGCATCCC).	 The	 shadowy,	 low	
molecular	weight	bands	are	non-specific	amplification	products.	100bp	ladder	is	on	the	
left.	
	

2.19	Flow	Cytometry	

	

Adherent	 cells	 were	 washed	 three	 times	 with	 warm	 DEME/F12	 media	 and	 then	

incubated	with	2mL	Accutase	for	15	minutes	in	a	37°C	incubator	(95%	air/5%	CO2).	Cells	

were	checked	every	5	minutes	to	see	if	cells	had	dissociated.	To	ensure	all	cells	have	

been	dissociated	from	the	dish,	the	dish	was	shaken	gently	to	detach	the	cells	from	the	

base	 and/or	 by	 pipetting	 up	 and	 down	 with	 serological	 pipette.	 Cells	 were	 then	
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transferred	to	a	15mL	tube	and	the	dish	(containing	any	remaining	cells)	was	rinsed	with	

4ml	DMEMF12,	transferred	to	the	15mL	tube	and	made	it	up	to	10mL	of	DMEM/F12	

media.	Cells	were	then	centrifuged	at	1000rpm	for	3mins,	the	supernatant	was	removed	

and	the	pellet	re-suspended	with	chilled	2.5mL	2%	FBS/PBS	and	transferred	to	a	50mL	

tube	through	a	70μm	cell	strainer.	The	cell	strainer	was	washed	again	with	2.5mL	2%	

FBS/PBS	and	a	viable	cell	count	was	performed.	The	single	cell	suspension	was	used	for	

surface/intracellular	antigen	labelling	prior	to	flow	cytometry.		

	

	 2.19.1	Surface	Antigen	Labelling	

	

After	determining	how	many	samples	was	required	for	flow	cytometry,	1-2	x105	cells	

were	aliquoted	per	sample	in	1.5mL	Eppendorf	tubes.		Cells	were	placed	on	ice.	Then	

the	 cells	were	 centrifuged	 at	 1000rpm	 for	 3	minutes,	 the	 supernatant	was	 removed	

without	disturbing	the	pellet	and	re-suspended	with	200μL/sample	primary	antibody.	

The	 tubes	were	gently	mixed	and	placed	on	 ice	 for	30-60	minutes.	Then,	1mL	of	2%	

FBS/PBS	was	added	to	each	sample	and	centrifuged	at	1000rpm	for	3	minutes.	Again,	

the	supernatant	was	carefully	removed	without	disturbing	the	pellet	and	re-suspended	

with	200μL/sample	secondary	antibody.	The	tube	was	again	gently	mixed	and	placed	on	

ice	for	30-60	minutes	ensuring	that	the	samples	were	protected	from	exposure	to	direct	

light.	Then,	1mL	of	2%	FBS/PBS	was	added	to	each	sample	and	centrifuged	at	1000rpm	

for	3	minutes.	The	supernatant	was	carefully	removed,	the	cells	were	re-suspended	in	

500μL	of	2%	FBS/PBS	and	transferred	to	a	5mL	FACS	tube.	Samples	were	placed	on	ice	

and	analysed	by	flow	cytometry	as	soon	as	possible	thereafter.	Data	were	analysed	with	

FACSDiva	software	and	dead	cells	were	excluded	based	on	 forward-	and	side-scatter	

parameters.	

	

2.20	Virus	Purification	and	Inoculation	

	

2.20.1	Amplification	of	First-Generation	Adenovirus	Vector	

	

To	amplify	the	adenovirus	for	large	scale	preparation,	serial	dilutions	(10μL,	1μL,	0.1μL	

and	 0.01μL)	 of	 Ad-NKX2.1	 stock	 was	 inoculated	 into	 a	 T75	 flask	 containing	 70-80%	
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confluent	HEK-293	cells	in	complete	DMEM	medium	(DMEM	with	4.5g/L	glucose,	10%	

FBS,	50U/mL	penicillin,	50U/mL	streptomycin).	After	48hours	of	 infection,	about	50%	

cells	showed	morphological	changes	with	the	cells	displaying	cytopathic	effect	 (dying	

and	rounding	of	cells),	cells	where	then	removed	by	tapping	the	edge	of	flask	and	then	

transferred	into	a	15mL	tube.	Cells	were	harvested	by	centrifugation	at	2000rpm	for	5	

minutes	 and	 the	 supernatant	 was	 discarded.	 Cells	 were	 then	 suspended	 in	 1mL	 of	

complete	DMEM	medium.	Four	freeze/thaw	cycles	were	carried	out	via	dry	ice/ethanol	

bath	before	switching	to	a	water	bath	at	37°C	to	lyse	the	cells	and	release	virus	particles.	

To	test	the	amount	of	the	adenovirus	needed	for	large	scale	preparation,	2μL,	12.5μL	

and	 125μL	 of	 adenovirus	 pre-stock	 was	 added	 to	 70-80%	 confluent	 HEK-293	 cells	

cultured	in	a	T125	flask	in	complete	DMEM	medium.		

	

The	cytopathic	effects	were	observed	48hours	after	infection	showing	2μL	infection	is	

optimum	(50%	cytopathic	effects	on	cells).	Then,	10X	T175	flasks	of	HEK-293	cells	were	

infected	with	2μL	of	pre-stock	virus	for	48hours	to	prepare	the	virus	on	a	large	scale.	

Cells	are	tapped	to	detach	from	the	flask	substratum,	transferred	into	a	50mL	tube	and	

centrifuged	at	2000rpm	for	10	minutes.	The	supernatant	was	poured	off	and	the	pellet	

re-suspended	 with	 5mL	 of	 100mM	 Tris-HCL	 pH8	 (Appendix	 for	 more	 detailed-on	

Henderson-Hasselbach	 Equation).	 Again,	 cells	 were	 freeze/thawed	 4X	 times	 as	

previously	described	to	lyse	the	cells.	Cells	were	spun	at	2000rpm	for	5	minutes	and	the	

virus	in	the	supernatant	was	transferred	to	a	50mL	tube.	The	supernatant	was	collected	

into	 a	 10mL	 syringe	 and	 mixed	 with	 0.6	 volumes	 of	 caesium	 chloride	 (CsCl)	

supersaturated	100mM	Tris-HCl,	 and	 transferred	 to	2	Beckman	ultracentrifuge	 tubes	

(Beckman	 342412),	 sealed	 with	 a	 heat	 sealer	 (ISO-TIP;	 7700)	 and	 centrifuged	 at	

65000rpm	for	4hours	 (Beckman	ultracentrifuge	LL-TB003,	Vti90	 rotor).	A	25G	needle	

was	used	to	remove	the	virus	particle	band.	Virus	particles	was	added	to	one	volume	of	

100mM	Tris-HCl:0.6	volume	CsCl	supersaturated	100mM	Tris-HCl,	pH8	and	centrifuged	

at	65000rpm	for	overnight.	Virus	particles	were	transferred	to	a	Gamma	irradiated	Slide-

A-LyzerTM	dialysis	cassette	(Thermo-Fisher,	66455)	and	dialysed	overnight	in	a	dialysis	

buffer	(10mM	Tris-HCl,	pH7.5,	1mM	MgCl2)	(Appendix	for	more	detailed-on	Henderson-

Hasselbach	Equation).	 Then,	 the	virus	particles	were	 filtered	 through	a	0.22μm	 filter	

(Millipore),	aliquoted	and	stored	at	-80°C.		
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2.20.2	Adenovirus	Titer	Preparation		

	

A	6-well	plate	was	seeded	with	HEK-293	cells	until	they	are	60-70%	confluent	and	ready	

to	infect.	The	purified	virus	was	diluted	in	DMEM	as	following:	

	

10μL	of	virus	to	990μL	DMEM	=	102	dilution.	

100μl	of	the	102	dilution	to	900μL	DMEM	=	103	dilution	

100μl	of	the	103	dilution	to	900μL	DMEM	=	104	dilution	

100μl	of	the	104	dilution	to	900μL	DMEM	=	105	dilution	

100μl	of	the	105	dilution	to	900μL	DMEM	=	106	dilution	

100μl	of	the	106	dilution	to	900μL	DMEM	=	107	dilution	

	

Hence,	100μL	of	diluted	virus	was	added	to	each	well	and	incubated	at	37°C	(95%	air/5%	

CO2)	for	48hours.	Media	was	aspirated,	left	to	air	dry	for	5	minutes	before	very	gently	

adding	1mL	of	ice-cold	methanol	to	each	well	and	the	incubated	at	-20°C	for	10	minutes	

to	fix	the	cells.	The	methanol	was	then	aspirated,	and	the	cells	were	washed	briefly	3	

times	with	PBS	before	1mL	of	2%	blocking	reagent	(Roche)	being	added	to	each	well.	

Therefore,	mouse	anti-Hexon	antibody	was	used	to	estimate	the	titer	of	the	virus	by	

immunostaining	for	the	viral	Hexon	protein	which	was	diluted	1000-fold	in	2%	blocking	

reagent,	 added	 0.5mL	 to	 each	 well	 and	 incubated	 for	 1	 hour	 in	 a	 37°C	 humidified	

incubator	 (95%	 air/5%	 CO2)	 preventing	 the	 cells	 from	 dying	 out.	 Then	 the	 Hexon	

antibody	 was	 aspirated,	 briefly	 washed	 3	 times	 in	 PBS	 before	 0.5mL	 of	 anti-mouse	

horseradish	peroxidase	 (HRP)	conjugated	antibody	 (1000-fold	dilution	 in	2%	blocking	

reagent)	 was	 added	 to	 each	 well	 and	 incubated	 for	 1	 hour	 in	 a	 37°C	 humidified	

incubator.	The	anti-mouse	antibody	was	removed,	washed	3	times	in	PBS	before	adding	

0.5mL	 of	 3,3’-diaminobenzidine	 (DAB)	 solution	 to	 each	 well	 and	 viewed	 under	 a	

microscope	after	3-5	minutes	to	detect	positive	cells.	The	titer	of	the	virus	preparation	

was	estimated	under	a	20x	magnification	(images	were	taken	using	an	EVOS-F1	AMG	

microscope)	using	this	formula:	

	

Estimated	titer	in	infection	units	per	ml	(PFU/mL)	=	

	Average	number	of	infected	cells	per	field	x	(573/0.1)*	x	dilution	factor.	
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*573	is	the	number	of	fields	per	well	and	0.1mL	is	the	volume	of	virus	added	to	each	

well.	Counts	were	made	at	the	dilution	factor	that	resulted	in	5-50	positive	cells	per	

field.	

	

2.20.3	Ad-GFP	Multiplicity	of	Infection	(MOI)	

	

Ad-GFP	(Vector	Biolabs;	cat.	No.	1060)	of	Titer	1x1010	PFU/mL	was	used	for	multiplicity	

of	infection	(MOI)	in	A549	cells.	The	volume	of	virus	was	used	to	inoculate	0.5x106	cells	

was	estimated	using	this	formula:	

	

Estimated	volume	of	Ad-GFP	(1x1010	PFU/mL)	=	

	(number	of	cells	x	desired	MOI)	/	PFU/mL	

	

	 2.20.4	Adenoviral	NKX2.1	infection	of	A549	and	AFE	cells	

	

For	Ad-h-CMV-NKX2.1	adenoviral	 infection,	A549	or	AFE	cells	were	cultured	in	35mm	

dishes	 for	4-5	days	 to	 reach	70-80%	confluency	 (5x106	 cells)	 before	 inoculation	with	

diluted	adenoviral	particles	(7.4x1011	PFU/mL)	in	complete	medium	supplemented	with	

5μg/mL	DEAE-Dextran	 (Sigma).	 DEAE	 dextran	 is	 a	 high	molecular	weight	 polymer	 of	

glucose	that	is	incapable	of	efficiently	crossing	polarised	cells	and	enhances	transfection	

efficiency.	 After	 24-hour	 infection,	 the	 culture	medium	was	 replaced	with	 complete	

medium.	 All	 virus	 experiments	 were	 controlled	 with	 Ad-GFP,	 with	 the	 infections	

conducted	under	the	conditions	used	for	the	Ad-NKX2.1.	

	

2.20.5	Live/Dead	Fluorescence	Staining	

	

The	 live/dead	 stain	 mixture	 of	 two	 active	 components,	 Calcein	 AM	 and	 ethidium	

homodimer-1	(EthD-1).	Calcein	AM	can	penetrate	live	cell	membranes	where	it	is	then	

converted	by	intracellular	esterases	to	produce	an	intense	green	fluorescence.	EthD-1	

primarily	will	only	enter	cells	with	damaged	membranes,	where	 it	undergoes	40-fold	

enhancement	 of	 fluorescence	 upon	 binding	 to	 nucleic	 acids,	 producing	 a	 bright	 red	

fluorescence	in	dead	cells.	
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Adhered	cells	were	washed	gently	 in	PBS	and	then	the	cells	were	submerged	in	1μM	

working	solution	 (Ethidium	homodimer-1	&	Calcien	AM;	 Invitrogen	L-3224)	 for	30-45	

minutes	 at	 room	 temperature.	 The	 sample	 was	 then	 transferred	 to	 an	 inverted	

fluorescent	microscope	(Olympus	IX51	Inverted	Microscope)	where	green	fluorescence	

indicates	 live	 cells	 (ex/em	 494nm/517nm)	 and	 bright	 red	 fluorescence	 in	 dead	 cells	

(ex/em	528nm/617nm).		

	

2.21Measuring	Cell	Fluorescence	

	

The	cell	of	interest	and	a	region	next	to	the	cell	that	has	no	fluorescence	are	selected	by	

drawing	around	the	cell	and	calculated	by	the	following	formulae:	

	

Corrected	total	cell	fluorescence	(CTCF)	=	

	Integrated	Density	–	(Area	of	selected	cell	x	Mean	fluorescence	of	background	

readings)	

	

Cell	fluorescence	was	conducted	in	Image-J	software.		

	

2.22	Statistical	Analysis	

	

Statistical	 analyses	 were	 performed	 with	 the	 use	 of	 Prism	 software.	 Statistical	

significance	was	determined	using	a	Student's	t-test	comparison	for	unpaired	data	and	

when	more	than	two	groups	were	compared,	one-way	ANOVA	was	used.	Indicated	as	

follows:	P	≤	0.05	(*),	P	≤	0.01	(**)	and	P	≤	0.001	(***)	was	considered	as	a	statistically	

significant	difference	between	groups.	All	bars	represent	standard	error	of	 the	mean	

(SEM).	
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3.1	Background	
	
Directed	differentiation	of	hESCs	into	differentiated	cell	types	is	a	promising	avenue	for	

cell	 replacement	 therapy	 as	 well	 as	 a	 potential	 tool	 for	 basic	 research.	 Thus,	 many	

studies	 have	 focused	 on	 the	 generation	 of	 different	 cell	 types	 including	 endoderm-

derived	pancreatic	insulin-secreting	b-cells	and	hepatocytes	(D’Amour	et	al.,	2006;	Cai	

et	al.,	2007).	One	group	of	cell	 types	that	has	not	received	as	much	attention	as	 the	

other	endodermal-derived	lineages	are	the	epithelial	cells	of	the	lung.		We	therefore	set	

about	developing	a	protocol	for	the	directed	differentiated	of	human	pluripotent	stem	

cells	to	lung	epithelial	cell	types.			

	

The	endoderm	germ	layer	(and	mesoderm)	are	specified	in	the	anterior	region	of	the	

primitive	 streak	 (PS)	 during	 early	 embryogenesis	 (Tada	 el	 al.,	 2005).	 Hence,	

understanding	the	cellular	basis	for	endoderm	specification	from	the	PS	is	the	first	step	

in	directing	differentiation	to	the	desired	cell	type	of	interest	in	our	case,	lung	epithelial	

cells.	

	

Combinatorial	signalling	pathways	are	involved	in	regulating	pluripotency	in	embryonic	

stem	cells	that	affects	key	intracellular	pluripotent	transcription	factors	such	as	Oct4,	

Sox2	 and	 Nanog	 (Boiani	 and	 Scholer,	 2005).	 Fate	 specification	 of	 the	 definitive	

endoderm	 (DE),	 the	 initial	 endoderm	 generated	 from	 the	 PS,	 from	 the	 bi-potential	

population	depends	on	the	combination	of	Wnt	pathway-related	transcription	factors	

and	high	levels	of	transformation	growth	factor	β	(TGFβ)	signalling	(Sui	et	al.,	2013;	Tam	

and	Loebel,	2007).	In	other	words,	two	important	signalling	factors	plays	a	key	role	in	

formation	of	the	PS,	mesoderm	and	DE	are	the	Nodal	and	Wnt	factors.	β-catenin,	the	

downstream	 effector	 of	 the	 Wnt	 pathway,	 is	 essential	 to	 allow	 naïve	 cells	 to	

differentiate	 into	DE	 as	 the	 effector	 binds	 to	 lymphoid	 enhancer	 factor/T	 cell	 factor	

(LEF/TCF)-complex,	enabling	the	cells	to	express	Wnt	target	genes	(Clevers,	2006).	In	the	

absence	of	Wnt,	however,	β-catenin	is	phosphorylated	and	then	degraded	by	a	complex	

consisting	 of	 Axin,	 adenomatous	 polyposis	 coli	 protein	 (APC)	 and	 glycogen	 synthase	

kinase-3β	 (GSK3β),	 resulting	 in	no	Wnt	 target	genes	 (Gordon	and	Nusse,	2006).	Wnt	

knockout	 in	mice	 (Lrp5-/Lrp6-)	 results	 in	 the	 failure	 to	develop	a	PS	 lack,	mesoderm	
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and	display	early	embryonic	lethality	demonstrating	Wnt	co-receptors	(Lrp5/Lrp6)	are	

critical	to	establish	a	posterior	pattern	in	the	epiblast	in	early	embryo	(Kelly	et	al.,	2004).	

Whereas	 dysregulated	 or	 uncontrolled	 activation	 of	 the	 Wnt/β-catenin	 signalling	

pathways	(Wnt	and	Frizzled)	leads	to	the	pre-maturation	of	epithelial-to-mesenchymal	

transition	(EMT)	(Kemler	et	al.,	2004).	This	suggests	that	Wnt	signalling	pathway	may	

have	 a	 direct	 role	 in	 controlling	 cell	 proliferation	 and	 differentiation	 in	 early	

embryogenesis.	Nodal	loss	of	function	on	the	other	hand,	shows	similar	results	to	Wnt	

knockouts	 suggesting	 Nodal	 signalling	 is	 required	 for	 correct	 positioning	 of	 the	

anteroposterior	axis	(Lowe	et	al.,	2001;	Brennen	et	al.,	2001).	

	
	In	hESCs,	differentiation	of	hESCs	towards	DE	have	been	reported	via	the	activation	of	

Wnt	and	Nodal	signalling	pathways	(Gadue	et	al.,	2006;	Takenaga	et	al.,	2007).	A	novel	

small	molecule	GSK3β	inhibitor,	a	bis-indolylmaleimide	derivative	termed	1m,	was	used	

to	activate	Wnt/β-catenin	signalling	pathway.	The	1m,	in	substitute	for	Wnt	factors	such	

as	Wnt3a,	was	able	to	induce	DE	from	hESCs	(Bone	et	al.,	1992).	A	different	study	shows	

that	IM-12	(an	indolylmaleimide)	inhibits	GSK3β	and	that	treatment	enhances	neuronal	

cells	from	neural	progenitors	(Schmöle	et	al.,	2010).	Hence,	the	protocol	applied	here	is,	

first,	Activin-A	from	the	TGFβ	family	ligands	which	mimics	the	Nodal	signalling	pathway	

and	1m	 treatment,	and	second,	subsequent	Activin-A	and	addition	of	Hyclone	FBS	to	

enhance	growth	of	cells,	based	on	previous	published	protocols	 (Amour	et	al.,	2005;	

Mfopou	 et	 al.,	 2010).	Once	 the	 TGFβ	 family	 ligands	 bind	 to	 TGFβ	 type	 I	 and	 type	 II	

receptor	complexes,	SMAD2/3	is	activated	by	phosphorylation	and	forms	a	heteromeric	

complex	with	SMAD4,	resulting	in	the	translocation	to	the	nucleus	and	transcription	of	

target	genes	(Saha	et	al.,	2008).	SMAD2/3	has	been	considered	to	act	synergistically	with	

Wnt	effectors	like	β-catenin	to	activate	genes	related	to	mesendoderm	differentiation	

(Menendez	et	al.,	2011).		

	

Morrison	 et	 al.	 (2008),	 illustrated	 that	 fibroblast	 growth	 factor	 (FGF)	 signalling	 is	

required	 for	specifying	endoderm	and	anterior	definitive	endoderm	(ADE),	as	well	as	

Wnt/β-catenin	and	TGFβ	signalling.	The	FGF	signalling	cascade	is	initiated	by	activation	

of	 phosphatidylinositol	 3-kinase	 (PI3K),	 which	 promotes	 the	 conversion	 of	

phosphatidylinositol-4,5-bisphosphate	 (PIP2)	 to	 phosphatidylinositol-3,4,5-
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triphosphate	(PIP3)	(Cantley,	2002;	Dasgupta	et	al.,	2012).		PIP3	transduces	the	signal	to	

downstream	effectors	 such	 as	 Akt.	 Akt	 (also	 known	 as	 protein	 kinase	 B)	 is	 a	 serine-

threonine	protein	kinase	which	is	associated	with	regulation	of	metabolism,	apoptosis,	

and	developmental	processes	(Brazil	et	al.,	2004).	Phosphatase	and	tensin	homologue	

deleted	on	chromosome	ten	(PTEN),	a	tumour	suppressor,	dephosphorylates	PIP3,	and	

deletion	or	mutation	of	PTEN	has	been	observed	in	patients	with	a	variety	of	cancers	

such	as	prostate	and	breast	cancer	(Stiles	et	al.,	2004;	Li	et	al.,	1997).	Since	ESCs	share	

some	 common	 features	 with	 tumour	 cells	 (Stiles	 et	 al.,	 2004),	 the	 hypothesis	 that	

PI3K/Akt	signalling	might	be	involved	in	the	regulation	of	ESC	network	was	raised	in	this	

chapter.	Sun	et	al.	 (2009),	has	shown,	based	on	 the	proposition,	 that	growth	rate	of	

PTEN-deficient	 ESCs	 is	 improved	 in	 comparison	 with	 normal	 ESCs,	 suggesting	 the	

influence	of	PI3K/Akt	signalling	on	the	proliferation	of	ESCs.	Furthermore,	another	study	

described	that	PI3K/Akt	signalling	maintains	pluripotency	of	ESCs	and	inhibition	of	the	

cascade	promotes	differentiation	 into	DE	 in	the	presence	of	Activin-A	(McLean	et	al.,	

2007;	Watanabe	et	al.,	2006).	More	recently,	the	model	of	crosstalk	between	Wnt/β-

catenin,	TGFβ,	and	PI3K/Akt	 signalling	 to	 regulate	 self-renewal	and	differentiation	of	

hESCs	has	been	proposed	 (Singh	et	 al.,	 2012).	 The	model	 states	 that	when	PI3K/Akt	

signalling	is	activated,	Akt	mediates	the	effect	of	Activin-A	on	SMAD2/3,	and	inhibits	Erk,	

which	 normally	 negatively	 regulates	 GSK3β	 activity.	 As	 Erk	 inhibition	 results	 in	

maintenance	of	GSK3β	activity,	Wnt/β-catenin	signalling	is	inhibited	and	TGFβ	signalling	

(important	for	the	self-renewal	of	hESCs	by	activating	SMAD2/3	via	 its	binding	to	the	

Alk/Activin	receptor	type	II),	and	Nanog	is	expressed	(Beattie	et	al.,	2005;	Vallier	et	al.,	

2009).	Alternatively,	repression	of	PI3K/Akt	signalling	activates	TGFβ	signalling,	and	Erk	

inhibits	 GSK3β	 in	 conjunction	 with	 Wnt	 signalling,	 thus	 promoting	 mesoderm	

differentiation	due	to	cooperation	of	Wnt	effectors	with	SMA2/3.	The	PI3K	inhibitor,	LY-

294002,	is	also	capable	of	preventing	the	induction	of	EMT	in	epithelial	cell	lines.	This	is	

a	 process	 important	 to	 cancer	 and	 give	 rise	 to	 motile	 epithelial	 cells	 that	 secrete	

extracellular	 matrix	 (Bakin	 et	 al.,	 2000).	 This	 suggests	 a	 further	 research	 into	 more	

selective	PI3K	inhibitors	(such	as	A66	or	TGX-221)	will	provide	a	better	insight	as	to	the	

role	of	PI3K	in	the	EMT	progression.	
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In	this	Chapter,	the	aim	was	(i)	to	maintain	an	unlimited	supply	of	undifferentiated	stem	

cells	in	vitro,	(ii)	focus	on	the	generation	of	the	AFE	derivatives	from	endoderm	lineage	

by	exposing	TGFβ	and	BMP	inhibitors	on	DE	derived	cells	and	(ii)	compare	yield	of	AFE	

cells	in	different	pluripotent	stem	cell	lines.	Combination	of	TGFβ	and	BMP	inhibitors	is	

shown	to	maintain	FoxA2	and	the	re-emergence	of	the	pluripotency	marker	Sox2	while	

supressing	the	expression	of	the	posterior	marker	CDX2	(Green	et	al.,	2013).	If	AFE	can	

be	 successfully	 generated,	 this	 might	 allow	 researchers	 to	 further	 investigate	 cell	

therapy	into	different	AFE	derived	tissues	such	as	the	thyroid,	trachea	and	lungs.	The	

generation	of	respiratory	tissue	may	potentially	allow	cellular	replacement	therapies	for	

respiratory	 disease.	 Final	 aim	 (iv)	 was	 to	 utilise	 a	 PI3K	 inhibitor	 (LY-294002)	 on	 DE	

precursors	to	induce	AFE	lineage	and	(v)	to	generate	3-dimensional	AFE	spheroids	from	

2-dimensional	monolayers.	
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3.2	Maintenance	of	pluripotent	hESCs	in	culture		

	

We	 initially	used	the	Shef3	hESC	 line	as	a	pluripotent	stem	cell	 line.	Shef3	cells	were	

maintained	on	Matrigel	feeder-free	coated	dishes	in	mTeSR1	supplemented	media	(see	

section	 2.13.1	 in	 Materials	 and	Methods).	 In	 order	 to	 assess	 the	 expression	 of	 the	

pluripotency	markers	(the	transcription	factors	Nanog,	Oct3/4,	Sox2	and	the	cell	surface	

marker	Tra-1-60)	we	used	 immunofluorescence	detection	 (Figure	3.2.1A).	The	Nanog	

expression	is	weak	therefore,	increasing	the	blocking	incubation	in	future	might	reduce	

the	background	signals.	Quantitative	analysis	showed	that	the	cells	were	approximately	

95%	positive	staining	for	the	pluripotency	cell	markers:	Nanog,	Oct3/4,	Sox2	and	Tra-1-

60	 (Figure	 3.2.1B).	 Further	 immunostaining	 was	 conducted	 to	 determine	 the	 co-

localisation	of	pluripotency	transcription	factors	in	the	nucleus	of	Shef3	hESCs	(Sox2	and	

Oct3/4	and	Sox2	and	Nanog)	(Figure	3.2.2).		

	

Antibiotics	(penicillin/streptomycin)	were	not	used	in	maintenance	of	hESCs	because	it	

has	 been	 reported	 that	 hESCs	 demonstrate	 a	 decrease	 in	 growth	 rate	 and	 reduced	

differentiation	efficiency	when	cultured	with	antibiotics	(Cohen	et	al.,	2006).	However,	

culture	 in	 the	 absence	 of	 antibiotics	 makes	 the	 hESCs	 prone	 to	 infection	 or	

contamination.	In	addition,	hESCs	are	very	difficult	to	culture	and	could	spontaneously	

differentiate	in	vitro	under	control	media.	

	

Immunofluorescence	 has	 an	 advantage	 over	 western	 blotting.	 Western	 blotting	 is	

normally	used	when	one	wishes	to	investigate	the	expression	of	a	protein	of	 interest	

derived	 from	 a	 cell	 culture	 or	 tissue	 culture	 sample.	 Expression	 can	 be	 tested	

qualitatively	or	quantitatively.	 Immunofluorescence	 is	more	often	used	to	detect	 the	

subcellular	localisation	of	a	protein	of	interest,	and	to	gauge	information	as	to	whether	

two	or	more	proteins	are	likely	to	interact	physically	in	the	cell	(co-localisation	is	a	good	

indicator	of	this).	
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Figure	3.2.1	–	Expression	of	pluripotency	markers	 in	Shef3	hESCs.	Shef3	hESCs	were	
maintained	on	Matrigel	 in	the	presence	of	mTeSR1	(feeder-free	media).	 (A)	The	cells	
were	then	fixed	and	immunostained	for	the	transcription	factors	Nanog,	Oct3/4,	Sox2	
and	the	cell	surface	marker	Tra-1-60	(green).	Cells	were	counterstained	with	DAPI	(blue).		
Representative	images	are	shown.	(B)	Quantification	analysis	shows	most	cells	express	
Nanog,	Oct3/4	and	Sox2	pluripotency	markers	using	Image-J	software.	
(Scale	bar	100μm;	n=4	of	independent	experiments)	
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Figure	3.2.2	–	Co-expression	of	Sox2	and	either	Oct3/4	or	Nanog	in	Shef3	hESCs.	Shef3	were	maintained	on	Matrigel	and	maintained	in	mTeSR1	
(feeder-free)	media	until	70%	confluent	before	fixation.	Cells	then	immunostained	for	Sox2	(green)	with	Oct3/4	(red)	or	Nanog	(red).	Cells	were	
counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=4	of	independent	experiments)
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3.3	hESC	differentiation	to	DE		

	

After	4	days	of	culture	under	pluripotent	conditions,	Shef3	cells	reached	around	70%	

confluency.	 Cells	 were	 then	 treated	 with	 DE	 differentiation	 factors,	 the	 novel	 GSK3	

inhibitory	 factor	 termed	 1m	 and	 Activin-A	 that	 induces	 the	 Nodal	 pathway.	 To	

determine	 the	 morphological	 changes	 as	 the	 Shef3	 cells	 differentiate	 to	 the	 DE	

phenotype,	 phase	 contrast	 images	where	 collected	when	 hESCs	were	 confluent	 and	

following	DE	 specification	 (Figure	3.3.1).	 The	 Shef3	 stem	cell	 line	 is	 characterised	by	

colonies	with	a	well-defined,	smooth	border	line.	Cells	also	have	a	prominent	nuclear	

feature	including	a	high	nucleus-to-cytoplasmic	ratio.		After	72	hours	of	hESCs	culture	

with	the	DE	factors,	a	clear	morphological	change	was	observed.		The	colonies	lost	their	

well-defined	border	structure	and	took	on	a	more	distinct	cobblestone-like	 flattened	

morphology	 (Figure	 3.3.1).	 Activin-A	 and	 1m	 treatment	 caused	 significant	 cell	 death	

after	 3	 days	 of	 culture	was	 observed	 under	microscope	 causing	 lot	 of	 cell	 debris	 in	

suspension	(using	Methylene	Blue	indicator	dye).	

	

To	 further	characterise	the	DE	phenotype,	 immunofluorescence	analysis	was	used	to	

investigate	the	expression	of	DE	markers.	Following	treatment	with	1m	and	Activin	A,	

cells	 expressed	 CXCR4,	 HnF4a,	 Sox17,	 FoxA2,	 CDX2	 and	 AFP	 (Figure	 3.3.2).	 Early	

hepatocyte	 and	 posterior	 foregut	 marker,	 Hnf4a,	 are	 weakly	 expressed	 in	 the	 DE	

derived	cells	demonstrates	that	there	is	spontaneous	differentiation	or	extraembryonic	

cells	in	the	culture.	However,	the	majority	of	the	cells	express	the	Sox17	transcription	

factor.	 Similarly,	 FoxA2	 also	 shows	 that	 most	 cells	 express	 the	 transcription	 factor	

throughout	the	culture	suggestive	of	a	robust	DE	phenotype.	The	hindgut	marker,	CDX2,	

is	found	to	be	expressed	in	the	culture	in	small	numbers	suggesting	the	induction	of	cells	

with	 an	 endodermal	 phenotype.	 There	 is	 some	 expression	 of	 the	 DE	 and	 early	 liver	

progenitor	marker	α-Fetoprotein	(AFP),	suggesting	a	heterogonous	population	of	cells	

in	the	DE	stage	(Figure	3.3.2).	
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Dual	staining	for	Sox17	and	CXCR4	showed	that	the	markers	were	expressed	in	hESCs	

following	 treatment	with	 1m	 and	Activin-A	 for	 72hours	 (Figure	 3.3.3A).	Quantitative	

analysis	showed	the	percentage	of	positive	Sox17	(75%)	cells	was	significantly	higher	

than	CXCR4	(50%)	and	that	subsets	of	cells	co-expressed	Sox17/CXCR4	in	hESC	(Shef3)	

derived	DE	cells	(Figure	3.3.3B).	Nevertheless,	the	expression	of	the	pluripotency	marker	

Sox2	was	reduced	after	DE	specification	(Figure	3.3.4).	These	results	suggest	that	the	

hESCs	have	lost	their	pluripotent	state.				

	

In	order	to	further	quantify	the	proportion	of	DE-like	cells	present	after	differentiation,	

we	used	FACS	analysis	on	DE-like	cells	for	three	different	cell	surface	markers:	CD117	

(75.2%),	 CXCR4	 (73.5%)	 and	 EpCAM	 (76.3%)	 (Appendix	 Figure	 1,	 n=1).	 Expression	

analysis	 of	 the	 markers	 CD117/CXCR4,	 CD117/EpCAM	 and	 EpCAM/CXCR4,	 yielded	

around	75-77%	positive	cell	co-expression.	We	can	conclude	that	more	flow	cytometric	

runs	 are	 needed	 to	 confirm	 and	 compare	 the	 statistical	 difference	 with	

immunofluorescence	(73.5%	positive	whereas	50%	by	immunofluorescence).	
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Figure	3.3.1	–	Differentiation	of	hESCs	to	a	DE	phenotype.	Control	Shef3	(hESCs)	were	treated	with	Activin-A	and	1m	for	72-hours	to	induce	a	
DE	lineage.	A	clear	change	in	cell	morphology	shows	a	transition	from	a	fine	border	line	indicative	of	stem-cell-like	characteristics	into	a	pebble,	
stone-like	shape	cells.	(DE	-	definitive	endoderm)	
(Scale	bar	100μm;	n=6	of	independent	experiments)	
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Figure	 3.3.2	 –	 Treatment	 of	 hESCs	 with	 1m	 and	 Activin-A	 results	 in	 the	 enhanced	
expression	of	definitive	endoderm	markers.	hESCs	are	treated	with	Activin-A	and	1m	
for	72-hours	to	induce	DE	phenotype.	Then	the	cells	are	fixed	and	immunostained	for	
CXCR4	(green),	Hnf4α	(green),	Sox17	(green),	FoxA2	(green),	CDX2	(green),	AFP	(green)	
and	counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	of	independent	experiments)	
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Figure	3.3.3	–	Co-expression	of	Sox17	and	CXCR4	in	DE	phenotype.	DE	were	derived	by	
Activin-A	and	1m	for	72-hours	and	then	fixed	for	immunostaining.	(A)	DAPI	(blue),	Sox17	
(green)	and	CXCR4	(red)	indicates	the	expression	of	definitive	endoderm	positive	cells.	
(B)	Quantitative	analysis	shows	percentage	of	positive	Sox17	cells	is	significantly	higher	
than	CXCR4	and	co-expression	Sox17/CXCR4	cells.	(DE	-	definitive	endoderm).	
(Scale	bar	100μm;	n=3	of	independent	experiments,	*p<0.05)	
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Figure	 3.3.4	 –	 Sox2	 expression	 is	 downregulated	 after	 the	 induction	 of	 DE.	
Immunofluorescence	images	of	Sox2	(green)	expression	in	DE	derived	cells	after	3	days	
in	culture	with	Activin-A	and	1m	shows	the	downregulation	of	the	pluripotency	marker.	
Cells	were	counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=4	of	independent	experiments)	
	

3.4	Dual	inhibition	of	BMP	and	TGFβ	signalling	in	DE	precursors	induces	AFE		

	

Following	DE	induction	from	hESCs,	BMP	and	TGFβ	signalling	pathway	inhibitors	(Noggin	

and	SB431542	respectively)	were	added	at	specific	concentrations	to	the	DE	cells	for	up	

to	 4	 days	 to	 direct	 the	 differentiation	 towards	 an	 anterior	 foregut	 endoderm	 (AFE)	

phenotype.	 Hence,	 the	 precise	 timing	 and	 morphogen	 concentration	 is	 decisive	 in	

generating	 a	 higher	 yield	 in	 efficient	 AFE	 phenotype	 and	may	 be	 different	 for	 each	

individual	human	embryonic	cell	line.	We	have	confirmed	a	morphological	change	after	

treatment	of	DE	precursors	with	Noggin	and	SB431542	(Figure	3.4.1).	A	change	from	DE	

cells	into	an	epithelial-like	appearance	cell	when	DE	precursors	were	treated	with	AFE	

factors	for	96	hours.	Hence,	Noggin/SB431542	treatment	is	stage	and	time	dependent	

to	generate	an	 in	vitro	AFE	phenotype	however,	this	 is	not	enough	to	conclude	from	

morphology	alone.		

	

Dual	inhibition	of	BMP	and	TGFβ	signalling	makes	DE	competent	to	specify	into	Pax9-

positive	 progenitors	 by	 supressing	 the	 posterior	 endoderm	 fate	 (CDX2	 negative)	 in	

favour	of	an	anterior	endoderm	fate	(Sox2-positive	and	FoxA2-positive).	To	confirm	the	

cells	have	 indeed	acquired	an	AFE	 state,	we	analysed	 the	expression	of	 the	markers	

FoxA2,	Pax9	and	Sox2	 following	 treatment	with	Noggin	and	SB431542	 (Figure	3.4.2).	

Fluorescent	 images	 show	 the	 expression	 of	 FoxA2	 and	 Pax9	 expression	 and	 the	 up-
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regulation	of	Sox2	 transcription	 factors	denoting	an	AFE	phenotype	 (Figure	3.4.2).	 In	

contrast,	BMP	and	TGFβ	inhibition	significantly	reduces	the	expression	of	the	hindgut	

marker,	 CDX2	 signifying	 an	 AFE	 phenotype	 compared	 to	 DE;	 Sox2-positive/CDX2-

negative	(Figure	3.4.2).	However,	the	expression	of	the	hepatoblast	marker,	AFP,	is	lost	

after	Noggin	and	SB431542	treatment	on	DE	derived	cells	indicating	there	is	no	minor	

population	in	culture	that	retains	liver	progenitors.		

	

We	 quantified	 the	 expression	 (using	 Image	 J	 software	 to	 count	 fluorescent	 cells)	 of	

FoxA2,	CDX2	and	Sox2	positive	cells	at	different	stages	of	the	differentiation	protocol	

(Figure	3.4.3).	Quantitative	analysis	of	FoxA2	showed	no	significant	changes	after	AFE	

induction	 from	DE	 precursors	 (Figure	 3.4.3A).	 In	 contrast	 to	 the	 FoxA2,	 there	was	 a	

significant	 downregulation	 of	 CDX2	 after	 the	 induction	 of	 AFE	 from	 the	 DE	 lineage	

(Figure	3.4.3B).		As	anticipated,	we	also	observed	a	downregulation	of	Sox2	expression	

in	cells	following	specification	of	DE	and	AFE	induction	(Figure	3.4.3C).	AFE-derived	cells	

revealed	 a	 higher	 proportion	 of	 Sox2-positive	 cells	 (52%)	 compared	 to	 the	DE	 stage	

(20%)	and	only	hESCs	cultures	showed	a	greater	mean	percentage	of	Sox2-positive	cells	

compared	to	both	DE	and	AFE	lineages	(89%).		

	

FoxA2/Pax9	and	Sox2/Pax9	AFE	markers	was	co-stained	to	confirm	and	quantify	the	co-

localisation	of	proteins	in	the	nuclei	after	the	induction	of	the	AFE	lineage	(Figure	3.4.4).	

FoxA2	and	Sox2	was	positively	expressed	in	approximately	70%	and	58%	respectively	in	

the	AFE	derived	cells.	However,	the	percentage	of	positive	Pax9	cells	differs	between	

FoxA2	cultures	(approximately	50%)	and	Sox2	cultures	(less	than	40%).	The	presence	of	

Pax9	 in	some	of	the	cells	 in	the	AFE	culture	suggests	that	the	AFE	 induction	protocol	

produced	a	heterogeneous	population	either	 failing	 to	differentiate	 into	AFE	 cells	or	

differentiate	 into	 non-AFE	 phenotypes.	 Pax9	 is	 a	 nuclear	 transcription	 factor	 and	

sometimes	we	have	signals	in	the	cytoplasm	this	might	be	due	to:	1)	possible	artefactual	

cross	reactivity	to	cytoplasmic	proteins,	2)	the	signal/molecule	that	we	are	looking	for	is	

leaked	out	of	the	nucleus	due	to	distribution	of	nuclear	membranes,	in	unhealthy/dying	

cells	 the	 nucleus	 membrane	 can	 let	 pass	 molecules	 into	 the	 cytoplasm,	 3)	 possible	

mutant	Px9	pass	into	the	cytoplasm.	
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In	order	to	improve	the	efficiency	of	the	AFE	phenotype,	I	tested	an	alternative	inhibitor	

of	 BMP.	We	 used	 Dorsomorphin	 (DSM),	 in	 place	 of	 Noggin.	 Shef3	 hESCs	 were	 first	

differentiated	 to	DE	 via	Activin-A	and	1m	 (Figure	3.4.5A;	 as	previously	mentioned	 in	

Section	 2.13.2)	 and	 then	 either	 DSM	 or	 Noggin	 was	 added	 in	 combination	 with	

SB431542	for	4	days.	We	initially	analysed	the	morphology	of	the	cells	following	the	two	

different	 treatments	 at	 the	AFE	 stage;	Noggin/SB431542	and	DSM/SB431542	 (Figure	

3.4.5	B	and	C).		There	were	no	morphological	differences	between	the	two	treatments.	

Reverse-transcriptase	 polymerase	 chain	 reaction	 (RT-PCR)	 transcriptional	 analysis	 of	

pluripotency,	 DE	 and	 AFE	 markers	 at	 the	 indicated	 time	 points	 were	 conducted	 to	

analyse	gene	expression	(Figure	3.4.6).	Shef3	hESCs	expressed	the	pluripotency	markers	

Nanog,	Oct3/4	and	Sox2	but	not	any	of	the	DE	nor	the	AFE	and	ADE	expression	markers	

confirming	 their	undifferentiated	 state.	On	differentiation	 from	 the	pluripotent	hESC	

stage	to	the	DE	stage,	there	was	an	enhancement	of	CXCR4,	Sox17	and	FoxA2	expression	

and	downregulation	of	Nanog	and	Sox2	expression.	However,	the	cells	at	the	DE	stage	

still	 show	weak	 expression	 of	Oct3/4	 suggesting	 that	 some	 cells	might	 still	 be	 in	 an	

undifferentiated	state.	Cells	at	the	DE	stage	also	expressed	Hhex,	an	anterior	definitive	

endoderm	(ADE)	marker.	Hex	is	a	homeobox-containing	transcriptional	repressor	that	is	

one	of	the	earliest	markers	of	ADE	and	has	also	been	shown	to	suppress	more	posterior,	

panmesodermal	identities	(Brickman	et	al.,	2000).		

	

We	determined	the	gene	expression	of	the	AFE	specific	markers	Pax9	and	Tbx1	in	AFE	

cells	derived	from	DE.		Noggin	and	SB431542	induced	robust	Tbx1	expression	compared	

to	 DSM	 and	 SB431542-derived	 AFE.	 In	 contrast,	 Pax9	 showed	 a	 more	 enhanced	

expression	in	DSM	and	SB431542	than	Noggin	and	SB431542	derived	AFE.			AFE	derived	

from	 Noggin	 and	 SB431542	 treatment	 also	 demonstrated	 up-regulation	 of	 Sox2	

expression,	 symbolic	 of	 induction	 of	 the	 AFE	 phenotype.	 Deriving	 AFE	 via	

Noggin/SB431542	 also	 resulted	 in	 loss	 of	 the	 ADE	 marker	 (Hhex)	 compared	 to	

DSM/SB431542	suggesting	that	Noggin	pushes	the	cells	towards	a	foregut	endoderm	

rather	than	an	anterior	endoderm	fate	(Figure	3.4.6).	PCR	was	chosen	to	confirm	the	

expression	of	our	genes	of	interest	and	1)	PCR	has	high	sensitivity	due	to	exponential	

amplification	of	the	template	RNA,	2)	RT-PCR	is	very	specific	when	using	gene	specific	

primers	in	the	synthesis	of	cDNA,	3)	The	RT-PCR	technique	can	be	completed	in	one	to	
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two	working	days	providing	 rapid	 results.	Moreover,	DMS	and	Noggin	have	different	

effects	on	the	expression	of	Pax9	and	Tbx1	AFE	genes	might	be	due	the	different	in	BMP	

antagonizing	activity	that	allows	DE	precursors	to	differentiate	into	AFE	lineages	such	

that	Noggin	might	be	 targeting	multiple	 type-I	BMP	receptor	subtypes	whereas	DSM	

effects	may	be	limited	to	antagonizing	specific	BMP	ligands	effecting	the	target	genes.	

Additional	supplementary	 images	 in	the	appendix	(Appendix	Figure	2)	which	shows	a	

complete	raw	image	data	of	PCR	prior	to	cut	out	sections	of	the	gel.	Appendix	Figure	2A	

….		

	

Fluorescent	microscopy	analysis	showed	a	robust	expression	of	Sox2,	FoxA2,	Sox9	and	

Pax9	in	hESCs	after	12	days	of	AFE	differentiation	via	DSM/SB431542	(Figure	3.4.7)	and	

Noggin/SB431542	 (Figure	3.4.8).	The	Sox2	expression	 in	both	 treatments	displayed	a	

heterogeneous	population	probably	 indicating	an	early	AFE	phenotype	 (Green	et	al.,	

2011).	 Additionally,	 FoxA2	 is	 uniformly	 expressed	 in	 both	 Noggin/SB431542	 and	

DSM/SB431542	 AFE	 generated	 cells	maintaining	 an	 endoderm	 lineage.	 Interestingly,	

Sox9,	a	late	lung	progenitor	marker,	appeared	to	be	expressed	in	clusters	of	cells	after	

treatment	with	either	combination	of	 factors.	 	This	suggests	 that	clustered	cells	may	

appear	to	form	in	multicellular	batches	that	later	may	go	on	to	form	mature	lung	cells.	

Pax9	 is	 positive	 in	 both	 AFE	 derived	 cultures	 and	 indicates	 the	 presence	 of	 a	

predominantly	AFE	phenotype	and	hints	 there	 is	probably	a	 loss	of	DE	precursors	 in	

cultured	under	AFE	conditions.		

	

We	performed	quantitative	analysis	of	the	total	nuclear	fluorescence	between	the	two	

different	groups	(Noggin/SB431542	and	DSM/SB431542)	to	compare	the	effect	of	the	

BMP	 inhibitor	 (Noggin	 or	 Dorsomorphin)	 on	 generating	 the	 AFE	 phenotype.	 This	

procedure	would	tell	us	the	amount	of	proteins	that	are	expressed	in	cells	by	different	

AFE	treatments.	First,	the	total	cell	immunofluorescence	of	the	AFE	transcription	factor	

Sox2	showed	no	significant	difference	between	Noggin/SB431542	and	DSM/SB431542	

derived	 AFE	 (Figure	 3.4.9A).	 This	 was	 also	 confirmed	 by	 FoxA2	 which	 showed	 no	

significant	difference	in	total	cell	fluorescence	between	the	two	different	treatments	on	

DE	precursors	for	96-hours	(Figure	3.4.9B).	Similarly,	Pax9	AFE	transcription	factor	also	

had	no	significant	difference	in	total	nuclear	fluorescence	between	the	two	conditions	
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(Figure	 3.4.9C).	 In	 all,	 while	 immunofluorescent	 staining	 is	 useful	 for	 identifying	

approximate	intensity	and	localisation	of	various	tissue	markers,	the	subjective	nature	

of	analysing	images	by	eye	makes	directly	comparing	the	AFE	differentiation	potential	

of	 multiple	 conditions	 difficult	 (Appendix	 Table	 1	 shows	 a	 detailed	 quantification	

analysis	of	cell	fluorescent	intensity	of	AFE	expression	markers	Sox2,	FoxA2	and	Pax9).	

	

	
	

Figure	 3.4.1	 –	Differentiation	of	DE	 cells	 to	 an	AFE	phenotype.	DE	was	 induced	 via	
treatment	of	hESCs	with	Activin-A	and	1m	for	72-hours.	Subsequently,	AFE	was	induced	
via	 treatment	 of	 DE	 precursors	 with	 Noggin	 and	 SB431542	 for	 96-hours.	 	 This	
combination	of	 factors	changes	the	morphology	 into	an	elongated	type	of	cell.	 (DE	–	
definitive	endoderm;	AFE	–	anterior	foregut	endoderm)	
(Scale	bar	100μm;	n=8	of	independent	experiments)	
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Figure	3.4.2	–	 Induction	of	AFE	markers	when	treated	DE	precursors	with	Noggin	+	
SB431542.	FoxA2	(green),	Pax9	(green)	and	AFP	(green)	positive	expression	confirms	the	
AFE	lineage	production	when	cultured	for	96-hours	with	dual	inhibitory	factors;	Noggin	
and	 SB431542.	Whereas	 downregulation	 of	 CDX2	 (green)	 and	 upregulation	 of	 Sox2	
(green)	is	visualised.	Cells	were	counterstained	with	DAPI	(blue).		
(Scale	bar	100μm;	n=3	of	independent	experiments)	
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Figure	3.4.3	–	Analysis	of	FoxA2,	CDX2	and	Sox2	expression	after	the	specification	of	
the	AFE	phenotype	 from	DE	 lineage	 (A)	Quantitative	analysis	of	 FoxA2	 transcription	
marker	shows	no	significant	difference	after	AFE	induction	from	DE	precursors.	(B)	There	
is	a	significant	downregulation	of	CDX2	transcription	factor	after	the	induction	of	AFE	
from	DE	lineage.	(C)	The	percentage	of	Sox2	positive	cells	varies	in	different	stages	of	
the	differentiation	protocol	showing	a	significant	upregulation	of	Sox2	expression	after	
specifying	the	AFE	phenotype	from	the	DE.	(mean	±	SEM,	n=4	independent	experiment;	
ns	-	non-significant,	**p<0.01	and	***p<0.001).	
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Figure	 3.4.4	 –	 Co-expression	 of	 Pax9	 and	 either	 FoxA2	 or	 Sox2	 in	 AFE	 precursors.	
Double	 positive	 FoxA2(green)/Pax9(red)	 and	 Sox2(green)/Pax9(red)	 co-expression	
confirms	the	AFE	 lineage	production	when	cultured	for	96-hours	with	dual	 inhibitory	
factors;	 Noggin	 and	 SB431542.	 Cells	 were	 counterstained	 with	 DAPI	 (blue).	 (A)	
Quantitative	analysis	shows	FoxA2	marker	significantly	expresses	a	higher	percentage	
of	positive	cells	than	Pax9	cells	and	co-expression	with	Pax9	in	AFE	derived	phenotype.	
(B)	Quantitative	analysis	shows	Sox2	marker	significantly	expresses	a	higher	percentage	
of	positive	cells	than	Pax9	and	co-expression	with	Pax9	in	AFE	derived	cells.		
(Scale	bar	100μm;	n=3	independent	experiment;	*p<0.05,	**p<0.01)	

Fo
xA

2
Pa

x9

Fo
xA

2+
Pax

9
0

20

40

60

80

Quantitative analysis of AFE markers  

AFE markers

%
 P

o
s

ti
v

e
 C

e
lls

*
**

Sox
2

Pa
x9

So
x2

+P
ax

9
0

20

40

60

80

Quantitative analysis of AFE markers  

AFE markers

%
 P

o
s

ti
v

e
 C

e
lls

**
**

A B



																Chapter	3	–	Directed	Differentiation	of	hESCs	to	Anterior	Foregut	Endoderm	

	 -	87	-	

	

	
	

Figure	 3.4.5	 –	 Schematic	 protocol	 and	 phase	 contrast	 images	 of	 AFE	 morphology	
derived	by	either	Noggin	+	SB431542	or	Dorsomorphin	(DSM)	and	SB431542.	(A)	shows	
the	derivation	of	the	AFE	by	two	different	treatments.	Both	(B)	Noggin+SB431542	or	(C)	
DSM+SB431542	treatments	on	DE	precursors	for	96-hours	shows	similar	morphology	to	
another;	 elongated	 and	 cuboidal	 characteristic	 cell	 shape.	 (AIM	 -	 anterior	 foregut	
endoderm	induction	media;	DSM	–	Dorsomorphin)	
(Scale	bar	100μm;	representative	images	shown	of	3	independent	experiments)	

A	

B	

C	
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Figure	3.4.6	 –	 Expression	of	AFE	markers	 following	 treatment	with	different	BMB4	
inhibitors.	PCR	analysis	shows	AFE	derivation	using	two	different	BMB4	inhibitor	(DMS	
or	Noggin)	with	a	TGFB	inhibitor	(SB431542)	for	96-hours	yielded	AFE	lineages	positive	
for	Pax9	and	Tbx1	transcription	factors.	(Shef3	–	Sheffield	derived	stem	cell	line;	DE	–	
definitive	 endoderm;	 AFE	 –	 anterior	 foregut	 endoderm;	 ADE	 –	 Anterior	 Definitive	
Endoderm;	n=3	technical	repeated	experiment)	(Appendix	Figure	2	–	supportive	date)	
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Figure	3.4.7	–	AFE	induction	via	treating	DE	precursors	with	Dorsomorphin	(DSM)	+	
SB431542	 results	 in	 a	 robust	 expression	 of	 Sox2,	 FoxA2,	 Sox9	 and	 Pax9.	
Immunofluorescence	analysis	shows	the	induction	of	AFE	markers;	Sox2	(green),	FoxA2	
(green),	 Sox9	 (green)	 and	 Pax9	 (green)	 in	 DMS/SB431542	 cultures	 for	 4days	 on	 DE	
precursors.	Cells	were	counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiment)		
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Figure	 3.4.8	 –	 AFE	 induction	 via	 treatment	 of	 DE	 precursors	 with	 Noggin	 (NOG)	 +	
SB431542	results	in	expression	of	Sox2,	FoxA2,	Sox9	and	Pax9.	Immunofluorescence	
analysis	shows	the	induction	of	AFE	markers;	Sox2	(green),	FoxA2	(green),	Sox9	(green)	
and	Pax9	(green)	in	Noggin/SB431542	cultures	for	4days	on	DE	precursors.	Cells	were	
counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiment)	
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Figure	 3.4.9	 –	 Cell	 fluorescence	 intensity	 of	 AFE	 expression	 markers	 in	
Noggin+SB431542	 &	 DSM+SB431542	 AFE	 derived	 conditions	 shows	 no	 significant	
difference	between	the	two	treatments.	Quantitative	analysis	of	(A)	Sox2,	(B)	FoxA2	
and	 (C)	 Pax9	 AFE	 expression	 markers	 shows	 no	 significant	 difference	 in	 total	 cell	
fluorescence	 between	 the	 two	 different	 treatments	 (Noggin+SB431542	 and	
Dorsomorphin+SB431542)	 on	 DE	 precursors	 for	 96-hours	 (mean	 ±	 SEM,	 n=3	
independent	experiment/condition,	measured	in	arbitrary	units).	
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3.5	Robustness	of	AFE	induction	in	different	hESC	lines.	

	

After	 confirming	 that	 both	 Noggin/SB431542	 and	 DSM/SB431542	 treatment	 of	 DE	

precursors	 generates	 an	 AFE	 phenotype	 (via	 confirmation	 with	 PCR	 and	

immunofluorescence),	we	went	on	to	determine	which	factor	(Noggin	or	DSM)	has	a	

greater	effect	on	generating	AFE	 in	different	hESC	 lines.	PCR	and	 immunofluorescent	

complement	 each	 other	 to	 analyse	 our	 induced	 AFE	 phenotype	 at	 the	 genome	 and	

protein	 level	 respectively.	We	 assessed	 the	 effect	 of	 the	 AFE	 factors	 on	 4	 different	

pluripotent	 cell	 lines:	 Shef3,	 Shef6,	 iPSCs	and	H9	using	 FACS	analysis.	All	 pluripotent	

stem	cell	lines	showed	a	well-defined	border	morphology	indicative	of	undifferentiated	

colonies	 of	 stem	 cells	 (Figure	 3.5.1).	Our	 initial	 intent	was	 to	 determine	which	 BMP	

inhibitor	and	which	cell	line	yielded	an	AFE	phenotype	which	could	then	be	used	in	our	

differentiation	protocol	to	generate	mature	lung	cells.		

	

FACS	 analysis	 was	 conducted	 on	 Noggin/SB431542	 and	 DSM/SB431542	 derived	 AFE	

cells	using	a	range	of	markers	(as	mentioned	in	Section	2.19).	FACs	was	performed	which	

made	it	possible	to	analyse	simultaneously	multiple	cell	surface	markers,	as	well	as	to	

sort	cells	for	further	analysis,	for	example,	by	quantitative	RT-PCR	(RT-qPCR).	Because	

of	these	qualities,	FACs	has	become	a	well-established	tool	in	stem	cell	research,	among	

other	applications.	We	then	immunostained	for	AFE	cell	surface	markers	including:	CD56	

(NCAM	–	Neural	cell	adhesion	molecule),	CD271	(NGFR	–	Nerve	growth	factor	receptor)	

and	EpCAM	(Epithelial	cell	adhesion	molecule).	Even	though	some	of	the	names	imply	

an	ectodermal	lineage,	they	are	also	found	to	be	AFE	cell	surface	markers	and	are	not	

restricted	to	the	derivatives	of	the	ectodermal	germ	layer	(Evseenko	et	al.,	2010;	Yuan	

et	al.,	2011).	Figure	3.5.2	shows	single	staining	of	AFE	cell	surface	marker	expression	

(CD56,	CD271	and	EpCAM)	upon	 induction	of	AFE	 lineage	via	Noggin/SB431542	for	4	

days	on	DE	derived	cells.	A	clear	shift	from	the	bottom	left	quadrangle	to	the	quadrangle	

of	 conjugated	 antibody	 when	 treated	 with	 AFE	 factors	 (CD56/PE,	 CD271/APC	 and	

EpCAM/FITC).	Another	way	to	visualise	AFE	cell	surface	markers	positive	single	staining	

after	Noggin/SB431542	treatment,	is	by	the	graphical	shift	to	the	right	(Figure	3.5.2).			
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Quantification	 of	 single	 and	 dual	 cell	 surface	 markers	 in	 Noggin/SB431542	 and	

DSM/SB431542-derived	AFE	between	Shef3,	Shef6,	iPSCs	and	H9	hESCs	demonstrated	

some	differences	between	the	two	treatments	and	the	four	pluripotent	stem	cell	lines	

(Figure	 3.5.3).	 Noggin/SB431542	 treatment	 showed	 a	 higher	 yield	 of	 AFE	 single	 and	

double-positive	cell	surface	markers	in	all	hESC	lines	compared	to	the	DSM/SB431542	

after	treatment	of	DE-derived	cells	for	4	days	(Figure	3.5.3).	Statistical	FACS	analysis	of	

Shef6	and	Shef3	cell	lines	are	detailed	in	Appendix	Tables	2	and	3.	

	

We	 compared	 CD56-positive/CD271-positive	 co-expression	 in	 Noggin/SB431542	 and	

DSM/SB431542	 treated	 DE	 cultures.	 Noggin/SB431542	 treated	 Shef3	 cells	 yielded	 a	

higher	 double	 positive	 expression	 of	 CD56-positive/CD271-positive	 compared	 to	

DSM/SB431542	cells	(Figure	3.5.4A).	Similar	differences	were	observed	with	Shef6	and	

H9	hESC	lines	(Figure	3.5.4B	and	3.5.4C).	Surprisingly,	in	the	iPSC	line,	it	revealed	that	

there	was	no	significant	difference	in	CD56-positive/CD271-positive	between	the	two	

different	 AFE	 treatments	 (Figure	 3.5.4D).	 It	 is	 therefore	 possible	 that	 using	 Noggin	

instead	of	DSM	in	a	differentiation	protocol	is	of	utility	in	the	differentiation	towards	an	

AFE	phenotype.		

	

In	order	to	determine	which	hESC	line	induced	a	robust	AFE	phenotype	we	quantified	

the	 co-expression	of	 CD56-positive/CD271-positive	 in	 the	 four	 lines	 quantification	of	

double-positive	expression	of	AFE	cell	surface	markers	revealed	that	the	Shef3	hESC	line	

exhibited	 higher	 CD56-positive/CD271-positive	 co-expression	 compared	 to	 Shef6,	H9	

and	iPSCs	hESC	lines	(Figure	3.5.5).	Therefore,	the	Shef3	cell	line	is	probably	the	most	

suitable	hESC	line	for	our	differentiation	protocol	towards	lung	cell	lineages.		
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Figure	 3.5.1	 –	 Phase	 contrast	 images	 of	 different	 human	 stem	 cell	 lines.	
Undifferentiated	different	human	 stem	cell	 lines	morphology	prior	 to	AFE	 induction.	
Shef3,	Shef6	and	iPSCs	cell	lines	are	all	grown	on	feeder-free	culture	whereas	H9	cell	line	
are	grown	on	mouse	embryonic	fibroblast	(MEFs).	
(Scale	bar	100μm)	
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Figure	3.5.2	–	AFE	cell	 surface	markers	 (CD56,	CD271	and	EpCAM)	expression	upon	
induction	of	AFE	 lineages	via	Noggin/SB431542.	Top	panel	of	FACS	analysis	showing	
positive	expression	of	CD56-positive,	CD271-positive	and	EpCAM-positive	cell	 surface	
markers	when	treated	DE	precursors	with	Noggin+SB431542	for	96-hours.	Bottom	panel	
shows	a	shift	to	the	right	which	symbolises	the	staining	of	cells	with	CD56-positive	(PE),	
CD271-positive	(APC)	or	EpCAM-positive	(FITC)	cell	surface	markers.	(NCAM	-	Neural	Cell	
Adhesion	Molecule;	NGFR	–	Nerve	growth	factor	receptor)	(n=4	independent	passages).	
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Figure	 3.5.3	 –	 FACS	 analysis	 of	 cell	 surface	markers	 (CD56,	 CD271	 and	 EpCAM)	 in	
pluripotent	 human	 ES	 cell-derived	 AFE.	 (A)	 FACS	 analysis	 demonstrate	 that	 CD56,	
CD271	and	EpCAM	are	positive	in	Shef3,	She6,	H9	and	iPSCs	stem	cell	line	derived	AFE.	
Noggin	 and	 SB431542	 treatment	 in	 all	 cell	 lines	 show	 a	 better	 AFE	 induction	 than	
Dorsomorphin	 and	 SB431542	 based	 on	 CD56-positive,	 CD271-positive	 and	 EpCAM-
positive	cell	 surface	markers.	 (B)	shows	double	AFE	positive	staining	 for	CD56	(PE)	&	
CD271	(APC).	(mean	±	SEM,	n=4	independent	passages).			

A	

B	



																Chapter	3	–	Directed	Differentiation	of	hESCs	to	Anterior	Foregut	Endoderm	

	 -	97	-	

	
	

Figure	 3.5.4	 –	 AFE	 cell	 surface	 marker	 co-expression	 in	 Noggin+SB431542	 or	
DSM+SB431542	AFE	derived	conditions.	(A)	Shef3	hESC	line	shows	significantly	higher	
CD56-positive/CD271-positive	 cells	 in	Noggin/SB431542	 than	DSM/SB431542	derived	
AFE	 cultures	 for	 96-hours.	 (B)	 Shef6	 hESC	 line	 shows	 significantly	 higher	 CD56-
positive/CD271-positive	 cells	 in	 Noggin/SB431542	 than	 DSM/SB431542	 derived	 AFE	
cultures	for	96-hours.	(C)	H9	hESC	line	shows	significantly	higher	CD56-positive/CD271-
positive	 cells	 in	 Noggin/SB431542	 than	 DSM/SB431542	 derived	 AFE	 cultures	 for	 96-
hours.	 (D)	 Shef3	 hESC	 line	 shows	 no	 significant	 difference	 in	 CD56-positive/CD271-
positive	 cells	 in	 Noggin/SB431542	 and	 DSM/SB431542	 derived	 AFE	 cultures	 for	 96-
hours.	 (mean	 ±	 SEM,	 n=4	 independent	 experiment/condition,	 ns	 -	 non-significant,	
*p<0.05,	**p<0.01	and	***p<0.001).	

Noggin + SB

DSM+SB
0

20

40

60

80

Shef3

Treatment

CD
56

+ &
 C

D2
71

+

***

Noggin + SB

DSM + SB
0

20

40

60

Shef6

Treatment

CD
56

+ &
 C

D2
71

+

**

Noggin + SB

DSM + SB
0

10

20

30

40

50

H9

Treatment

CD
56

+ &
 C

D2
71

+

*

Noggin + SB

DSM + SB
0

10

20

30

40

iPSCs

Treatment

CD
56

+ &
 C

D2
71

+

ns

A

B

C

D



																Chapter	3	–	Directed	Differentiation	of	hESCs	to	Anterior	Foregut	Endoderm	

	 -	98	-	

	

	
	
Figure	3.5.5	–	Shef3	stem	cell	 line	yields	a	better	CD56-positive/CD271-positive	AFE	
cell	 surface	markers	 than	 Shef6,	H9	 and	 iPSCs	 in	Noggin+SB431542	 cultures.	 Shef3	
shows	a	significant	difference	in	generating	CD56-positive/CD271-positive	expression	in	
Noggin+SB431542	conditions	 than	Shef6,	H9	and	 iPSCs	 stem	cell	 lines	after	96-hours	
culture	 on	 DE	 precursors.	 (mean	 ±	 SEM,	 n=4	 independent	 experiment/condition,	
*p<0.05	and	***p<0.001).	
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3.6	Role	of	the	PI3K	kinase	in	directed	differentiation	of	hESCs		

	

During	the	progress	of	the	research	described	in	this	thesis,	Brickman	and	colleagues	

demonstrated	 that	 PI3K	 signalling	 promotes	 the	 transition	 from	 naïve	 endoderm	

precursors	into	committed	anterior	endoderm	(Villegas	et	al.,	2013).	We	utilised	a	PI3K	

inhibitor,	 LY-294002,	 to	 determine	 the	 effect	 on	 DE	 derived	 cells.	 A	 schematic	

representation	of	the	LY-294002	treatment	protocol	 is	shown	in	Figure	3.6.1A.	Phase	

contrast	microscopy	images	of	LY-294002	treatment	at	different	concentrations	(2.5μM,	

5.0μM,	10.0μM	and	20.0μM)	were	taken	on	day	3	of	differentiation	(Figure	3.6.1B).	A	

time	 point	 of	 3	 days	was	 used	 because	we	 have	 exploited	 BMP	 and	 TGFβ	 signalling	

pathway	inhibitors	for	the	same	period	when	generating	AFE	precursors	on	DE	lineage.	

At	low	LY-294002	concentrations	(2.5μM	or	5.0μM)	there	was	little	change	in	cell	shape	

compared	to	the	control	DE	cells.	Whereas,	higher	LY-294002	concentration	(10.0μM)	

showed	 a	 more	 pronounced	 change	 in	 cell	 morphology	 into	 spikey,	 less-dense	

population	of	elongated	cells.	At	higher	LY-294002	concentrations	(20.0μM)	treated	DE	

cells	resulted	in	a	lot	of	cell	debris/death	in	suspension	(e.g.	floating	debris	and	fewer	

cells	in	culture)	(Figure	3.6.1B).		

	

RT-PCR	 transcriptional	 analysis	 was	 conducted	 to	 determine	 the	 expression	 of	

pluripotency,	DE	and	AFE	markers	 following	 the	 treatment	of	DE	 stage	cultures	with	

different	LY-294002	concentrations	during	the	induction	of	the	DE	germ	layer.	We	have	

investigated	the	treatment	of	the	PI3K	inhibitor	during	DE	induction	on	two	pluripotency	

(Oct3/4	and	Sox2),	three	DE	(Sox17,	CXCR4	and	Hnf4α)	and	three	AFE	(FoxA2,	Pax9	and	

Tbx1)	markers	(Figure	3.6.2).	Oct3/4	was	down-regulated	in	the	DE	stage,	up-regulated	

after	 LY-294002	 2.5μM	 then	 again	 losses	 it	 expression	 after	 LY-294002	 5.0μM.	 LY-

294002	addition	caused	the	upregulation	of	Oct3/4	at	LY-294002	2.5μM.	This	might	be	

due	to	the	generation	of	off-target	lineage	(might	be	a	sub-population	of	bladder	cancer	

cells)	induction	as	seen	on	different	publications	(Kim	and	Nam,	2011;	Atlasi	et	al.,	2007).	

Sox2	 pluripotency	 marker	 is	 highly	 expressed	 in	 Shef3	 undifferentiated	 stem	 cells	

whereas	it	is	only	partially	expressed	in	DE	and	completely	lost	in	LY-294002	treatments	

indicating	 that	 Sox2	 have	 been	 incompletely	 upregulated	 and	 might	 influence	 the	

generation	of	a	different	lineage.	The	endoderm	markers,	Sox17	and	CXCR4	was	seen	
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even	in	DE	control	and	in	all	LY-294002	treatments	indicating	that	the	DE	endoderm	is	

evenly	 maintained	 throughout	 the	 cultures.	 However,	 the	 early	 visceral	 endoderm	

marker	Hnf4α,	was	strongly	expressed	in	the	DE	stage	and	was	very	weakly	expressed	

in	any	of	the	LY-294002	treated	cells	meaning	that	there	might	be	possible	hepatocyte	

populations	when	PI3K	 inhibitor	 is	added	during	 the	 induction	of	 the	DE	germ	 layer.	

FoxA2,	a	DE	and	AFE	marker,	was	uniformly	expressed	in	DE	control	and	all	of	the	LY-

294002	treated	cells	proving	that	cells	might	be	in	a	heterogeneous	state.	Interestingly,	

LY-294002	treatments	were	shown	to	generate	the	expression	of	an	AFE	transcription	

factor	(Pax9).	This	suggests	that	PI3K	inhibition	can	enhance	the	differentiation	of	DE	to	

AFE.	This	is	true	of	another	AFE	specific	marker	Tbx1,	where	LY-294002	treated	DE	cells	

showed	weak	expression	of	the	transcription	factor	(Figure	3.6.2).				

	

To	complement	the	RT-PCR	data,	 immunofluorescence	was	performed	on	DE	control	

cells	and	LY-294002	treated	cells	to	confirm	the	expression	at	the	protein	level	of	Sox2,	

Sox17,	Pax9	and	FoxA2.	Sox2	expression	was	present	in	a	small	cell	population	in	the	DE	

stage	 and	 LY-294002	 (2.5μM)	 before	 being	 completely	 lost	 at	 higher	 LY-294002	

concentrations	 (Figure	 3.6.3).	 This	 suggest	 that	 LY-294002	 downregulates	 the	

pluripotency	marker	 Sox2	 and	may	 promote	 differentiation	 to	 another	 lineage.	 The	

endoderm	Sox17	specific	marker,	was	maintained	in	DE	control	cells	as	well	as	all	the	

LY-294002	treated	cells	(Figure	3.6.4).	An	AFE	transcription	factor,	Pax9,	is	induced	after	

the	treatment	of	high	LY-294002	concentration	(10μM	and	20μM)	on	DE	cells	indicating	

that	PI3K	suppression	can	result	into	the	induction	of	an	AFE	phenotype	(Figure	3.6.5).		

FoxA2,	 a	 pan-endodermal	 marker,	 is	 conserved	 throughout	 the	 DE	 control	 and	 the	

different	LY-294002	concentration	treated	cells	(Figure	3.6.6).	Signifying	the	endoderm	

and	AFE	differentiation	was	mainly	facilitated	by	LY-294002	(2.5μM-20μM)	treated	DE	

precursors.	

	

Comparing	 the	 percentages	 of	 Sox2,	 Sox17,	 Pax9	 and	 FoxA2	 positive	 cells	 between	

control	DE	and	treated	DE	cells	with	different	concentrations	of	the	PI3K	inhibitor,	LY-

294002	(Figure	3.6.7).	Sox2	positive	cells	shows	a	significant	loss	after	treatment	of	LY-

294002	 compared	 to	 DE	 control	 cells	 (Figure	 3.6.7A).	Whereas,	 Sox17,	 a	 DE	 specific	

marker	shows	no	significant	difference	in	treated	DE	cells	with	LY-294002	compared	to	
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control	(Figure	3.6.7B).	The	Pax9	AFE	specific	transcription	marker	shows	a	significant	

loss	in	expression	in	LY-294002	2.5-10.0μM	treated	DE	cells	whereas	no	distinctive	loss	

in	LY-294002	20.0μM	compared	to	DE	control	(Figure	3.6.7C).	As	seen	in	PCR	level	and	

in	 fluorescent	 microscopy	 images	 above,	 FoxA2	 transcription	 factor	 showed	 no	

significant	difference	in	LY-294002	2.5-10.0μM	treated	DE	cells	but	shows	a	significant	

difference	at	high	LY-294002	(20.0μM)	treatments	compared	to	DE	control	cells	(Figure	

3.6.7D).	
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Figure	 3.6.1	 –	 Phase	 contrast	 images	 of	DE	 precursors	 treated	without	 or	with	 LY-
294002.	(A)	shows	a	schematic	representation	of	hESCs	towards	DE.	(B)	Control	DE	cells	
are	characterized	as	a	pebble/stone	 like	shape	cells.	Low	LY	concentration	(2.5μM	or	
5.0μM)	 shows	a	negligible	 change	 in	 shape	whereas	high	 LY	 concentration	 (10.0μM)	
shows	 a	 noteworthy	 change	 in	 morphology.	 However,	 LY	 20.0μM	 treated	 DE	 cells,	
resulted	 into	 the	many	 loss	 of	 cells	 and	 detachment	 from	 culture	 dishes.	 (Scale	 bar	
100μm;	n=3	independent	experiment)	

A	

B	
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Figure	 3.6.2	 –	 Use	 of	 the	 PI3K	 inhibitor	 LY-294002	 to	 induce	 AFE	 phenotype.	 PCR	
analysis	shows	different	LY	concentration	(2.5μM-20μM)	used	to	 induce	AFE	lineages	
and	loss	of	DE	precursors.	Hnf4α	shows	to	decrease	in	expression	when	cultured	with	
LY	whereas	it	shows	to	induce	AFE	markers	such	as	Tbx1	and	Pax9	(n=3	independent	
experiment).	
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Figure	 3.6.3	 –	 Expression	 of	 Sox2	 following	 treatment	without	 or	 with	 LY-294002.	
Treatment	 with	 high	 LY	 concentration	 (5μM/10μM/20μM)	 for	 48-hours	 on	 DE	 cells	
resulted	into	the	loss	of	Sox2	(green)	expression.	Cells	were	counterstained	with	DAPI	
(blue).	(DE-	definitive	endoderm)	
(Scale	bar	100μm;	n=3	independent	experiment)	
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Figure	3.6.4	–	Sox17	 is	expressed	 following	 culture	of	DE-like	 cells	with	 LY-294002.	
Sox17	 (green)	 expression	 showed	 to	 be	 conserved	 throughout	 the	 different	 LY	
treatments	(2.5-20μM)	for	48-hours	on	DE	cells.	Cells	were	counterstained	with	DAPI	
(blue).	(DE-	definitive	endoderm)	
(Scale	bar	100μm;	n=3	independent	experiment)	
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Figure	3.6.5	–	Pax9	is	induced	following	treatment	with	LY-294002.	Treatment	with	LY	
concentration	 of	 10μM	 and	 20μM	 for	 48-hours	 on	 DE	 progenitors	 induces	 the	 AFE	
transcription	marker	 Pax9	 (green).	 Cells	 were	 counterstained	 with	 DAPI	 (blue).	 (DE-	
definitive	endoderm;	AFE-	anterior	foregut	endoderm)	
(Scale	bar	100μm;	n=3	independent	experiment)	
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Figure	3.6.6	–	FoxA2	is	expressed	in	DE	and	AFE-like	cultures.	Treatment	with	2.5-20μM	
LY	concentration	for	48-hours	on	DE	progenitors	shows	no	effect	on	inhibiting	FoxA2	
(green)	 expression.	 Cells	 were	 counterstained	 with	 DAPI	 (blue).	 (DE-	 definitive	
endoderm;	AFE-	anterior	foregut	endoderm)	
(Scale	bar	100μm;	n=3	independent	experiment)	
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Figure	3.6.7	–	Quantitative	analysis	of	Sox2,	Sox17,	Pax9	and	FoxA2	expression	after	
treatment	of	PI3K	 inhibitor	 (LY-294002)	on	DE	precursors.	DE	cells	were	 induced	by	
treating	Shef3	hESCs	with	Activin-A	and	1m	and	then	cultured	with	LY-294002	at	the	
concentration	 shown	 (2.5-20.0μM)	 for	 48	 hours.	 (A)	 Sox2	 positive	 cells	 shows	 a	
significant	loss	after	treatment	of	LY	compared	to	DE	control	cells.	(B)	Sox17	DE	specific	
marker	shows	no	significant	difference	in	treated	DE	cells	with	LY	compared	to	control.	
(C)	Pax9	AFE	transcription	marker	shown	a	significant	loss	in	expression	in	LY	2.5-10.0μM	
treated	DE	cells	whereas	no	distinctive	loss	in	LY	20.0μM	compared	to	DE	control.	(D)	
FoxA2	transcription	factor	shown	no	significant	difference	in	LY	2.5-10.0μM	treated	DE	
cells	but	shows	a	significant	difference	at	high	LY	(20.0μM)	treatments	compared	to	DE	
control	cells.	(mean	±	SEM,	n=3	independent	experiment/condition,	*p<0.05,	**p<0.01	
and	***p<0.001).	
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3.7	Generation	of	AFE	spheroids	via	FGF4,	Chir99021	and	SAG	

	

Generating	3D	models	in	vitro	that	resemble	the	normal	structural	organisation	of	the	

tissue	in	vivo	is	an	important	goal	in	regenerative	medicine.	From	this	prospective,	given	

that	the	lung	is	derived	from	the	AFE,	we	were	keen	to	define	conditions	to	generate	

AFE	 spheroids.	 These	 would	 resemble	 a	 3D	 model	 making	 them	 a	 physiologically	

complex	model	to	study	lung	development.		

	

As	previously	shown	(Section	2.13.4),	we	generated	a	2D	monolayer	culture	of	cells	with	

an	AFE-like	phenotype.		This	was	achieved	by	treatment	of	hESCs	with	Activin-A	and	1m	

for	3days	(to	 induce	a	DE	phenotype)	followed	by	4	days	of	Noggin	and	SB431542	to	

anteriorise	cultures.	In	order	to	induce	3D	AFE	spheroids,	we	added	the	combination	of	

Noggin,	 SB431542,	 FGF4,	 Chir99021	 and	 SAG	 (hereafter	 referred	 to	 as	

NOG/SB/FGF/Ch/SAG)	on	Activin-A	plus	1m	derived	DE	precursors	for	5-6	days	(Figure	

3.7.1).	Hence,	modulating	and	 introduction	of	FGF,	GSK3β	inhibitor	and	HH	signalling	

agonists	with	Noggin	and	SB431542	stimulates	an	AFE	3D	spheroids.	Since	FGF	signalling	

influences	organ	formation	along	the	foregut	tube	and	branching	morphogenesis	with	

the	 aid	 of	 Chir99021	 (GSK3β)	 that	 enhances	 β-catenin	 dependent	Wnt	 signalling.	 In	

addition	to	HH	signalling,	this	mimics	lung	development	in	vitro	generating	a	3D	organ-

like	tissue.	

	

Immunofluorescent	analysis	showed	that	AFE	spheroids	expressed	E-cadherin,	FoxA2,	

NKX2.1	and	Sox2	(Figure	3.7.2).	The	majority	of	cells	in	NOG/SB/FGF/Ch/SAG	treated	DE	

for	5-days	were	positive	for	E-cadherin,	FoxA2	and	Sox2	suggesting	they	are	in	an	AFE	

phenotype.	Addition	of	all	5	factors,	also	resulted	in	the	manifestation	of	an	early	lung	

progenitor	 marker,	 NKX2.1	 (Figure	 3.7.2).	 This	 result	 suggests	 that	 the	 FGF/Ch/SAG	

combination	with	Noggin/SB431542	 have	 the	 potential	 to	 not	 only	 induce	 a	 3D	AFE	

culture	 on	 DE	 precursors,	 but	 also	 may	 induce	 early	 lung	 lineages.	 Orthogonal	

fluorescent	confocal	microscopy	stack	of	6-day	NOG/SB/FGF/Ch/SAG	treatment	on	DE	

precursors	revealed	the	3D	positive	organisation	protein	expression	of	E-Cadherin	and	

FoxA2	in	AFE-like	spheroids	(Figure	3.7.3).	
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Figure	 3.7.1	 –	 Phase	 contrast	 images	of	 3-Dimensional	 (3D)	AFE	 spheroids.	AFE	 spheroids	 generated	 via	 a	 combination	of	 growth	 factors	
(Noggin,	SB431542,	FGF4,	Chir99021	and	SAG)	for	5	days	on	DE	precursors.	
(Scale	bar	100μm;	n=3	independent	experiment)	 	
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Figure	3.7.2	–	Combination	of	Noggin,	SB-431542,	FGF4,	Chir99021	and	SAG	for	5	days	
after	 DE	 specification	 induced	 AFE	 spheroids.	 Immunofluorescence	 analysis	 shows	

positive	 induction	of	AFE	markers;	E-cadherin	 (green),	FoxA2	 (green),	NKX2.1	 (green)	

and	Sox2	(green)	upon	treating	DE	lineage	with	a	combination	of	AFE	spheroids	growth	

factors	on	DE	germ	layer	for	5	days.	Cells	were	counterstained	with	DAPI	(blue).	

(Scale	bar	100μm;	n=2	independent	experiment) 
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Figure	3.7.3	–	Orthogonal	view	of	a	3-Dimensional	(3D)	AFE	spheroid	expressing	AFE	markers.	(A)	E-Cadherin	(green,	45.99	x	318.20μm)	and	
(B)	FoxA2	(green,	27.97	x	318.20μm)	immunostaining	shows	a	3D	positive	staining	of	an	AFE	spheroid	when	treated	with	Noggin,	SB-431542,	
FGF4,	Chir99021	and	SAG	for	5	days	after	the	specification	of	DE	cells.		
(Scale	bar	100μm;	n=2	independent	experiment)
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3.8	Summary	of	Results	

	

• We	can	maintain	an	unlimited	supply	of	undifferentiated	pluripotent	stem	cells	

in	vitro.	

• Generation	of	DE	cells	was	induced	by	treatment	with	1m	(a	GSK3	inhibitor)	and	

Activin-A	(to	induce	the	Nodal	pathway).		

• We	confirmed	that	inhibition	of	BMP	and	TGFβ	via	Noggin	or	Dorsomorphin	with	

SB431542	 respectively	were	 able	 to	 re-induce	 a	 robust	 protein	 expression	 of	

SOX2,	which	was	 co-expressed	with	 the	endodermal	marker	FOXA2	and	Pax9	

indicative	of	 an	AFE	phenotype.	 In	 addition,	 the	 suppression	of	 the	posterior	

endoderm	marker	CDX2.		

• We	 demonstrated	 that	 the	 AFE	 cell	 surface	 markers	 CD56-positive/CD271-

positive	cells	were	co-expressed	at	higher	levels	in	Noggin/SB431542	treatment	

compared	to	DSM/SB431542	AFE	derived	cells.	

• The	Shef3	ES	cell	line	induces	a	more	robust	AFE	phenotype	compared	to	She6,	

iPSCs	and	H9	cell	lines.		

• Treatment	 of	 DE	 precursors	 with	 the	 LY-294002	 PI3K	 inhibitor	 induces	 AFE	

markers	(FoxA2	and	Pax9)	and	loss	of	the	DE	lineage	(Hnf4α).	

• Generation	of	3D	AFE	spheroids	from	endodermal	2D	monolayers	was	achieved	

by	treatment	with	a	combination	of	factors;	Noggin,	SB431542,	FGF4,	CHIR99021	

and	SAG.		

• In	 conclusion,	different	analysis	used	 (PCR,	 immunofluorescent	and	FACS)	are	

used	to	complement	each	other	towards	further	validation	of	the	maturity	and	

induction	of	the	differentiation	protocol.		
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3.9	Discussion	

	

hESCs	 have	 been	 used	 extensively	 to	 study	 the	 molecular	 and	 cellular	 mechanisms	

underlying	pluripotency	and	their	potential	to	differentiate	into	any	of	the	three	germ	

layers.	These	properties	make	the	cells	a	tractable	in	vitro	model	for	applications	both	

in	regenerative	medicine	and	in	pharmaceutical	research.	Cells	generated	from	hESCs	

could	potentially	be	used	to	replace	cells	lost	through	degenerative	disorders	or	as	 in	

vitro	models	for	drug	toxicity	testing.	

	

During	embryonic	development,	signalling	pathways	play	a	crucial	role	in	patterning	the	

emerging	 germ	 layers;	 mesoderm,	 ectoderm	 and	 endoderm.	 A	 major	 question	 for	

developmental	biologists	is	to	understand	how	these	different	signalling	responses	are	

regulated	in	a	synchronised	fashion.	In	vertebrates,	this	process	involves	the	activity	of	

a	number	of	conserved	signal	transduction	pathways.	Murry	and	Keller	(2008),	reviewed	

the	inductive	activity	of	a	specific	signalling	pathways	(BMP,	Wnt	and	Nodal	pathways)	

on	isolated	hESCs	progenitor	populations	allowing	the	decoding	of	specific	target	cells	

and	paracrine	interactions.		

	

The	 main	 aim	 of	 the	 research	 described	 in	 this	 chapter	 was	 to	 develop	 a	 robust,	

reproductive	 and	 reliable	 differentiation	 protocol	 system	 that	 will	 be	 able	 to	

differentiate	hESCs	towards	specialised	lung	cells.	

	

3.9.1	The	induction	of	the	definitive	endoderm	

	

In	 this	 Chapter,	 we	 sought	 to	 generate	 endoderm	 progenitors	 via	 Activin-A	 and	 1m	

treatment.		These	cells	have	the	potential	to	give	rise	to	DE	and	further	into	cells	of	the	

entire	digestive	track	including	liver,	pancreas	and	lung.	Previous	research	showed	that	

inhibition	 of	 Activin-A	 signalling	 in	 hESCs	 induces	 neuroectodermal	 differentiation	

rather	than	DE	(Smith	et	al.,	2008).	Hence,	Activin-A	has	been	extensively	used	in	many	

protocols	as	the	main	component	in	driving	hESCs	into	the	DE	lineage	(Mfopou	et	al.,	

2010;	Xu	et	al.,	2011).		Extensive	research	into	hESCs	and	the	differentiation	into	DE	has	

been	conducted	with	a	view	to	generating	differentiated	cell	types	e.g.	pancreatic	cells	
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or	 hepatocytes.	 The	 differentiation	 of	 hESCs	 towards	 DE	 in	 our	 protocol	 offers	 an	

advantage	over	other	published	procedures	which	only	requires	a	single	chemical	(1m)	

with	 Activin-A	 to	 derive	 DE-like	 cells.	 Another	 two	 small	 molecules	 are	 reported	 to	

activate	the	intracellular	SMAD2/3	signal	transducers	to	Activin-A,	IDE1	and	IDE2,	that	

showed	to	share	some	of	the	properties	with	1m.	Hence,	IDE1	and	IDE2	are	capable	of	

inducing	DE	from	embryonic	stem	cells	through	the	Nodal-SMAD	signalling	pathway	and	

could	 possibly	 be	 used	 in	 our	 protocol	 in	 the	 future	 (Borowiak	 et	 al.,	 2009).	 We	

confirmed	the	phenotype	of	the	DE	cells	by	Sox17,	FoxA2,	CXR4,	CDX2,	AFP	and	Hnf4α	

expression.	AFP	and	CDX2	staining	are	weak	and	we	can	confirm	it	by	using	fetal	liver	

and	 small	 intestine	 as	 positive	 controls	 respectively	 to	 cancel	 out	 any	 noise	 signals.	

Previous	work	from	the	lab	showed	that	Activin-A	either	alone	or	with	the	combination	

of	1m	leads	to	successful	differentiation	of	hESCs	into	DE	with	dispersed	and	scattered	

FoxA2	 expression	 throughout	 the	 population	 (Bone	 et	 al.,	 2011).	 However,	 treating	

hESCs	with	1m	 alone,	 leads	 to	 the	 formation	of	 clusters	of	 cells	of	 FoxA2	within	 the	

population	suggesting	that	1m	alone	is	not	sufficient	to	enhance	hESC	differentiation	

towards	DE	(Bone	et	al.,	2011).	We	cannot	exclude	the	possibility	that	mesodermal	cells	

that	are	generated	via	1m	account	for	some	of	the	population	in	cell	culture	and	might	

be	 important	 in	 generating	 DE	 or	 lung	 lineages	 specification.	 Mesodermal	 cells	 in	

vertebrates	gives	rise	to	muscles,	connective	tissue,	blood,	bone	marrow	and	the	heart.	

Thus,	the	first	stage	in	our	differentiation	protocol	in	deriving	DE	precursors	from	hESCs	

by	 a	 small	 novel	 GSK3β	 inhibitor	 molecule	 (1m)	 with	 Activin-A	 with	 Hyclone	 serum	

provides	 a	 simplified	 version	 for	 the	 induction	of	 robust	DE	 cells	 compared	 to	other	

publications	(Borowiak	et	al.,	2009;	Brolen	et	al.,	2010).	We	generated	a	DE	lineage	that	

consist	 of	 approximately	 80%	Sox17	positive	 cells	 using	Activin-A	 and	1m	 for	 2	 days	

(Figure	3.3.3B	and	3.6.7)	compared	to	Borowiak	and	colleagues	(2009)	who	produced	a	

DE	lineage	that	consist	of	62%	and	57%	Sox17	positive	cells	using	IDE1	and	IDE2	(inducer	

of	definitive	endoderm	1/2)	 respectively	 for	4	days.	The	precise	mechanism	of	 these	

small	 molecules	 remains	 unclear,	 but	 they	 both	 induce	 SMAD2	 phosphorylation	

and	 Nodal	 transcription.	 IDE1	 and	 IDE2	 therefore	 appear	 to	 pharmacologically	

recapitulate	signalling	mechanisms	normally	 initiated	by	members	of	the	TGFβ	ligand	

superfamily	(Firestone	and	Chen,	2010).	
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3.9.2	Generating	an	AFE	phenotype	by	dual	inhibition	of	BMP	and	TGFβ	

	

We	tested	the	differentiation	of	hESCs	towards	a	highly	enriched	AFE	population	based	

on	a	combinatorial	approach	of	dual	inhibition	of	TGFβ	and	BMP	signalling	pathways	on	

hESCs	induced	DE	precursors	as	starting	material	(DE	stage).	We	used	Noggin	or	DSM	

(as	 inhibitors	of	 the	BMP	pathway)	and	SB431542	 (a	TGFβ/SMAD	 inhibitor).	PCR	and	

immunofluorescent	detection	indicated	that	both	combinatorial	treatments	resulted	in	

the	induction	of	AFE	gene	expression	such	as	Pax9,	Tbx1,	maintenance	of	FoxA2,	the	re-

expression	of	Sox2	and	suppression	of	the	specific	posterior	endoderm	marker,	CDX2.	

However,	 Tbx1	 gene	 band	 expression	 is	 weak.	 Thus,	 troubleshooting	 needed	 to	 be	

conducted	to	augment	gene	expression	such	as	several	reasons	like	insufficient	number	

of	 your	 cycles,	 low	 extension	 time,	 low	 annealing	 time,	 decreased	 denaturing	

temperature,	high	or	 low	denaturation	time.	Apart	 from	these	 issues,	 this	 is	a	multi-

factorial	 problem	 considering	 primer	 concentration,	 template	 concentration,	 dNTPs	

concentration,	polymerase	concentration,	impurity	of	water	and	primers	and	high	GC	

rich	templates.	PCR	gradient	has	been	conducted	on	Tbx1	(Section	2.18.4)	to	analyse	the	

optimum	annealing	temperature	of	primer	of	interest.	Sox2-positive	cells	are	a	specific	

early	proximal	airway	progenitors	which	are	the	precursors	to	ciliated,	Clara,	goblet	and	

basal	cell	differentiation.	AFE	cell	fluorescence	intensity	of	nuclear	expression	between	

those	 two	 different	 treatment	 conditions	 showed	 no	 significant	 difference	 (Figure	

3.4.9).	Longmire	et	al.	(2012)	showed	that	prolonged	TGFβ	and	BMP	inhibition	derives	

neuro-ectodermal	NKX2.1-positive	cell	fate	expressing	neuronal	markers	Tuj1-positive	

and	Olig2-positive	 and	 loss	 of	 endodermal	marker	 (FoxA2)	 and	 early	 thyroid	marker	

(Pax8).	 Hence,	 precise	 period	 and	 concentration	 of	 TGFβ	 and	 BMP	 inhibitors	 are	

essential	to	generate	an	efficient	yield	of	AFE	precursors.	High	throughput	techniques	

could	be	piloted	in	the	future	to	characterize	and	quantify	the	degree	of	AFE	precursors	

with	qPCR.	Setting	up	a	high	throughput	culture	system	would	allow	for	quick	efficient	

screening	 of	 additional	 soluble	 AFE	 differentiation/inhibitory	 factors	 and	 variable	

concentrations	 of	 current	 factors	 to	 further	 refine	 our	 differentiation	 protocol	

(Schmittgen	et	al.,	2008;	Desbordes	and	Studer,	2013).		
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We	extended	the	observations	on	using	Noggin	and	DSM	to	test	the	robustness	of	the	

protocol	 on	different	 pluripotent	 stem	 cell	 lines.	 To	obtain	 comparative	quantitative	

data	we	 used	 a	 panel	 of	 cell	 surface	markers	 (CD56,	 CD271	 and	 EpCAM).	 CD56	 and	

CD271	positive	cell	surface	markers	also	define	cells	of	the	mesoderm,	mesenchymal	

and	non-neuronal	 lineages	 (Saliem	et	al.,	2012).	 In	 the	 long	term,	 this	approach	may	

allow	us	to	potentially	isolate	and	study	a	pure	population	of	AFE	cells.	From	our	data,	

we	found	different	outcomes	across	the	different	pluripotent	stem	lines	based	upon	the	

two	different	treatments.	Using	FACS	analysis,	the	combination	of	Noggin	and	SB431542	

induced	a	higher	expression	of	double	positive	(CD56/CD271)	AFE	cell	surface	marker	

expression	than	DSM	and	SB431542	treatment.	This	was	true	for	Shef3,	Shef6	and	H9	

pluripotent	 stem	 cell	 lines	 but	 not	 the	 iPSC	 cell	 line.	 This	 might	 suggest	 that	 DSM	

treatment	may	cause	a	delay	in	generating	AFE	cells	or	may	commit	cells	to	alternative	

lineages.	The	difference	between	Noggin	and	DSM	might	be	due	to	the	difference	 in	

BMP	antagonizing	activity	that	allows	DE	precursors	to	differentiate	into	AFE	lineages	

such	 that	Noggin	might	be	 targeting	multiple	 type-I	BMP	receptor	 subtypes	whereas	

DSM	effects	may	be	limited	to	antagonizing	specific	BMP	ligands	(Yu	et	al.,	2008;	Hao	et	

a.,	2008).	Amongst	the	hESC	lines	we	tested,	Shef3	was	the	most	efficient	in	generating	

and	inducing	AFE.	This	suggests	that	the	other	cell	 lines	we	have	tested	(Shef6,	 iPSCs	

and	H9)	may	require	longer	culture	(more	than	4	days)	with	the	factors	to	induce	an	AFE	

phenotype.	This	could	be	investigated	in	the	future	as	well	as	assaying	for	other	lineages	

that	might	be	induced	such	as	ectodermal	germ	layer	(Tuj1-positive).		

	

Huang	et	al.	(2014),	used	RUES2	hESCs	to	induce	AFE	lineages	using	DSM	and	SB431542	

with	 IWP2	 for	 24	 hours	 after	 the	 specification	 of	 DE.	 IWP2	 inhibits	 endogenously	

produced	Wnts	by	blocking	porcupine-mediated	Wnt	palmitoylation	(Chen	at	al.,	2009).	

An	alternative	study	showed	that	exposing	DE-derived	cells	 to	SHH	and	FGF2	yielded	

AFE	precursors	(Wong	et	al.,	2012).	It	is	therefore	evident	that	complex	and	hierarchical	

relationships	exist	between	different	signalling	pathways	including	Wnt,	BMP,	SHH,	FGF	

and	TGFβ	and	that	understanding	the	role	of	these	pathways	is	key	to	the	specification	

of	AFE	 from	 the	DE	 lineage.	More	detailed	 investigation	 in	 the	understanding	of	 the	

signalling	 pathways	 would	 provide	 a	 potential	 in	 vitro	 approach	 for	 the	 directed	

differentiation	of	hESCs	into	cell	types	and	tissue	derived	from	the	AFE	lineage.	Further	
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studies	 include	 knocking	 out	 a	 key	 intracellular	 molecule	 from	 the	 Wnt	 signalling	

pathway	(β-catenin)	 in	hESCs,	 is	shown	to	be	vital	to	the	formation	of	the	peripheral	

airways	 of	 the	 lungs	 and	 responsible	 for	 conducting	 gas	 exchange	 (Mucenski	 et	 al.,	

2003).	

	

We	have	established	an	AFE	phenotype	(confirmed	by	PCR,	 immunofluorescence	and	

FACS	 analysis)	 that	 could	 potentially	 drive	 cells	 to	 differentiate	 into	 mature	 lung	

respiratory	 epithelial	 cells.	 The	 basic	 signalling	 mechanisms	 that	 regulate	 lung	

endoderm	progenitors	towards	 lung	epithelial	cells	needs	to	be	fully	understood	and	

explored	in	order	to	generate	valuable	lung	epithelial	lineages	from	hESCs.	This	may	be	

done	in	the	future,	either	by	removing	or	inhibiting	essential	signalling	pathways	(TGFβ,	

BMP,	FGF	and	Wnt)	that	are	proposed	to	control	lung	gene	transcription	(Introduction	

section	1.4).	The	main	aim	of	the	research	described	here	was	to	develop	a	robust	step-

wise	 protocol	 for	 the	 differentiation	 stages	 from	hESCs	 to	DE	with	 the	 potential	 for	

further	differentiation	to	AFE	and	lung	epithelial	cells	 in	vitro.	Therefore,	the	assay	of	

specific	lineage/cell	markers	at	each	stage	of	differentiation	is	required	to	verify	each	

stage	of	development	protocol.	This	approach	would	be	valuable	for	the	development	

of	protocols	for	the	directed	differentiation	of	hESCs	into	cell	populations	suitable	for	

disease	modelling	such	as	COPD	and	distal	lung	diseases,	regenerative	medicine	in	the	

regeneration	 and	 repair	 of	 injured	 alveolus	 as	 well	 as	 pharmaceutical	 applications.	

Patient	derived	iPS	cell	lines	differentiated	to	lung	epithelial	cells	could	be	potentially	

used	to	test	panel	of	drugs.	

	

3.9.3	The	role	of	PI3K	in	generating	endodermal-like	cells		

	

Sox2,	 and	 Oct3/4	 are	 known	 as	markers	 of	 pluripotent	 hESCs	 and	 the	 levels	 of	 the	

expression	should	theoretically	decline,	as	differentiation	progresses	(Figure	3.4.6).	The	

levels	of	Sox2	and	Oct4	must	be	carefully	controlled	in	pluripotent	stem	cells	and	both	

appear	 to	work	 closely	 together	 to	 regulate	genes	 required	 for	 the	 self-renewal	 and	

pluripotency	 of	 embryonic	 stem	 cells	 (Rizzino	 and	 Wuebben,	 2016).	 As	 for	 low	

expression	of	Sox2	 in	all	 conditions,	 it	might	be	associated	with	 the	 fact	 that	Sox2	 is	

dispensable	 in	hESCs,	and	other	Sox	family	genes	could	be	expressed	instead	of	Sox2	
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(Masui	et	al.,	2007).	The	investigation	into	Sox4	and	Sox11,	for	instance,	could	give	new	

insight	about	 the	phenomenon.	Transcription	 factors	Sox4	and	Sox11	are	part	of	 the	

subgroup	C	of	the	Sox	protein	family.	They	are	expressed	in	a	broad	range	of	tissues	and	

cells	and	regulate	a	variety	of	developmental	processes	during	embryogenesis	such	as	

limb	 and	 heart	 foramtion	 (Bhattaram	 et	 al.,	 2010).	 Regarding	 low	 Sox2	 expression	

before	and	after	induction	treatment	with	LY-294002,	it	could	be	because	the	high	level	

of	 expression	 is	 maintained	 during	 differentiation,	 suggesting	 that	 the	 speed	 of	

reduction	 is	 comparatively	 slow	 and	 could	 be	 detected	 for	 prolonged	 periods	 after	

progression	 of	 ESCs	 towards	 DE	 (Kallas	 et	 al.,	 2014).	 Whilst	 PCR	 results	 for	 Oct3/4	

expression	after	low	LY-294002	(2.5μM)	treatment,	might	suggest	to	be	directing	a	sub-

population	 of	 bladder	 cancer	 cells	 (Kim	 and	 Nam,	 2011;	 Atlasi	 et	 al.,	 2007).	 This	

observation	might	be	due	to	the	influence	of	Activin-A	treatment	on	Oct3/4	expression.	

In	hESCs,	Oct3/4	expression	 is	 indirectly	upregulated	by	SMAD2/3	via	TGFβ	signalling	

(Xu	et	al.,	2008).	Therefore,	in	the	presence	of	hESCs	which	failed	to	differentiate	into	

DE,	detection	of	Oct3/4	is	possible	with	addition	of	Activin-A.	

	

Although	 the	 level	of	FoxA2	and	Sox17	expression	was	consistent	 in	 immunostaining	

data,	 PCR	 results	 for	 Sox17,	 FoxA2,	 and	 CXCR4,	 all	 of	 which	 are	 pan-endodermal	

markers,	indicated	decrease	expression	of	the	DE	markers	with	higher	concentrations	

of	LY-294002.	This	suggests	that	PI3K	inhibition	may	result	in	effective	induction	of	DE	

from	hESCs,	consistent	with	the	conclusions	of	previous	studies	(McLean	et	al.,	2007;	

Villegas	et	al.,	2013).	One	of	the	causes	of	the	unexpected	immunostaining	results	with	

FoxA2	 antibody	 might	 be	 the	 early	 addition	 of	 LY-294002.	 It	 has	 previously	 been	

reported	that	even	with	low	concentration	of	LY-294002	(5.0μM-10.0μM)	is	highly	toxic	

to	differentiating	hESCs,	but	the	negative	effect	on	the	cell	survival	is	temporary	if	the	

inhibitor	is	added	at	the	late	stages	of	DE	induction	(Villegas	et	al.,	2013).	This	indicates	

that	cells	in	the	early	stages	of	differentiation	towards	the	DE	phenotype	could	be	more	

affected	 by	 LY-294002	 toxicity,	 thereby	 leading	 to	 failure	 of	 differentiation	 and	 the	

decrease	 in	DE	population.	Considering	 the	extensive	cell	death	 in	20μM	LY-294002-

treated	 group,	 longer	 Activin-A	 and	 serum	 exposure	 time	 before	 adding	 the	 PI3K	

inhibitor	might	be	required	to	gain	more	reliable	data.	According	to	the	results	obtained	

in	this	study,	PI3K	inhibition	seemed	not	to	have	an	impact	on	Hnf4α	expression,	which	
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is	consistent	with	the	outcome	of	previous	research	(Villegas	et	al.,	2013).	The	reason	

for	this	is	that	as	well	as	a	marker	for	DE,	Hnf4α	is	also	a	marker	of	visceral	endoderm,	

which	is	derived	from	primitive	endoderm	(Watt	et	al.,	2003).	Taken	together,	it	can	be	

concluded	that	the	protocol	that	we	used	to	induce	DE	and	addition	of	PI3K	inhibitor	are	

engaged	in	fate	specification	of	DE,	instead	of	primitive	endodermal	induction.	The	fact	

that	AFE	markers	with	higher	concentration	of	LY-294002	were	upregulated	would	help	

to	 establish	 a	 strategy	 to	 effectively	 induce	AFE	 from	hESCs.	Given	 that	 92%	of	 AFE	

population	is	positive	with	FoxA2	and	Sox2	expression	was	induced	by	TGFβ	and	BMP	

signalling	inhibition	on	DE	precursors	(Green	et	al.,	2011).	We	propose	that	modification	

of	the	protocol	such	as	later	treatment	of	LY-294002	treatment	on	the	day	3	after	DE	

induction	might	produce	more	AFE.	How	effective	triple	suppression	of	TGFβ,	BMP	and	

FGF	signalling	(by	inhibitory	factors	or	knockouts	of	intracellular	signalling	components)	

is	to	induce	AFE	from	hESCs	should	be	assessed	in	the	future,	as	well	as	efficiency	of	FGF	

signalling	repression	alone.	For	evaluation	of	the	level	of	AFE	population,	Sox2	is	often	

used	because	the	hESC	marker	re-emerges	as	foregut	endoderm	develops	(Que	et	al.,	

2007;	Zorn	and	Wells,	2009).		

	

The	PI3K	inhibitor,	LY-294002	has	been	widely	used	to	explore	involvement	of	the	FGF	

signalling	 pathway	 in	 endodermal	 fate	 specification,	 and	 many	 studies	 have	 shown	

induction	of	DE	from	ESCs	following	suppression	of	FGF	signalling	(McLean	et	al.,	2007;	

Singh	 et	 al.,	 2012;	 Villegas	 et	 al.,	 2013).	 Blocking	 PI3K	 signalling	 leads	 to	 fewer	

differentiated	endodermal	cells,	but	this	can	be	rescued	over	time,	suggesting	that	PI3K	

inhibition	 helps	 to	 produce	 the	 cells	 in	 naïve	 state,	 which	 leaves	 the	 potential	 to	

differentiate	 into	 regionalized	 endoderm	 (Villegas	 et	 al.,	 2013).	 Regarding	 the	

importance	of	PI3K	in	lung	morphogenesis,	one	group	found	that	high	concentrations	of	

LY-294002	(20μM)	caused	a	reduction	in	branching	(Wang	et	al.,	2005).	This	suggests	

the	 importance	 of	 PI3K	 in	 lung	 organogenesis	 or	 high	 level	 of	 PI3K	 inhibitor	 is	 toxic	

and/or	 inhibitory	 to	 branching	 through	 its	many	 off-target	 effects	 (PDK1,	 DAPP	 and	

GEFs)	 such	 as	 affecting	 various	 cellular	 processes	 particularly	 metabolism	 and	

transcription	(Davies	et	al.,	2000;	Gharbi	etl	a.,	2007).	However,	our	group	have	shown	

the	opposite	effect	which	conflicted	with	the	 literature,	 inhibiting	either	PI3Kα,	or	 its	

downstream	 signalling	 components	 (Akt	 and	 mTORC2),	 greatly	 enhanced	 branching	
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morphogenesis	 in	ex-vivo	embryonic	 lung	 cultures.	 The	 combination	 of	 the	 protocol	

applied	in	this	study	in	combination	with	PI3K	suppression	efficiently	specifies	DE	from	

hESCs,	and	even	leads	to	further	differentiation	into	AFE.	Modification	of	the	protocol	

such	 that	 two	 days	 Activin-A	 and	 serum	 treatment	 is	 performed	 before	 adding	 LY-

294002	could	potentially	generate	more	AFE	population	rather	than	adding	the	inhibitor	

after	 24hours.	 This	may	 be	 able	 to	 reduce	 the	 number	 of	 dead	 cells	 and	 to	 acquire	

complete	DE	which	is	ready	for	further	differentiation	and	assessment.	In	addition	to	

protocol	revision,	there	are	several	limitations	that	could	be	addressed	such	as	the	use	

of	 a	 range	 of	 pharmacological	 agents	 in	 our	 protocol	 (for	 example	 different	 PI3K	

isoforms).	 Likewise,	 qPCR	 could	 be	 performed	 to	 support	 quantification	 data	 of	

immunostaining	and	measure	the	gene	expression.	Western	blots	for	each	treatment	

will	also	be	useful	for	investigating	relative	changes	at	the	protein	level.		

	

3.9.4	HH-induced	AFE	spheroids	
	
	
3D-organoid	 cultures	 are	 a	 promising	 in	 vitro	 model	 that	 mimics	 the	 physiological	

complexity	for	many	organ	systems	and	permits	the	study	of	tissue	development	and	

diseases	(McCracken	et	al.,	2014).	2D	lung	culture	systems	has	a	disadvantage	as	it	does	

not	 display	 the	 proper	 spatial	 organisation	 of	 cell	 types	 with	 varying	 efficiencies	 in	

proximal	and	distal	markers	(Firth	et	al.,	2014;	Huang	et	al.,	2013).	By	modulating	signal	

pathways	during	tissue	development	in	vitro	hESCs	differentiation,	we	could	generate	

3D	AFE	spheroids	in	culture.	Hence,	by	applying	a	HH	signalling	agonist	(SAG),	a	GSK3β	

inhibitor	 that	 enhances	 the	 β-catenin	 dependent	 WNT	 signalling	 (Chir99021)	 and	

activating	 the	 FGF	 intracellular	 signalling	 cascade	 (FGF4)	 with	 the	 aid	 of	

Noggin/SB431542	on	DE	derived	cells	for	6days	were	able	to	induce	AFE-like	spheroids.	

SAG	enhances	the	level	of	Sox2	and	NKX2.1	expression	in	foregut	spheroids	compared	

to	with	those	treated	without	(Dye	et	al.,	2015).	Hence,	HH	signalling	plays	a	major	key	

factor	 in	 regulating	 the	 foregut	 endoderm	 spheroids	 and	 controlling	 branching	

morphogenesis	in	the	lung	(Bellusci	et	al.,	1997).	Yet,	we	still	do	not	know	whether	the	

same	mechanisms	(Sox2	and	NKX2.1)	are	 in	operation	here	and	need	to	be	tested	 in	

future	through	molecular	analyses	of	mutants	of	BMP	type	I	receptor	genes	(BMPR1a	

and	 BMPR1b).	 Signalling	 through	 BMPR1a	 and	 BMPR1b	 plays	 an	 important	 role	 in	
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establishing	the	respiratory	epithelium	by	promoting	respiratory	fate	and	restricts	the	

site	of	primary	bud	formation	to	the	posterior	region	of	the	respiratory	lineage.	Domyan	

et	 al,	 (2011),	 discovered	 signalling	 through	 BMPR1a	 and	 BMPR1b	 in	 ventral	 foregut	

endoderm	promoted	NKX2.1	expression	and	trachea	formation	by	repressing	Sox2.	
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4.1	Background	

	

In	the	mouse	embryo,	lung	development	begins	at	gestational	day	9.5	(E9.5)	and	then	

enters	the	pseudoglandular	stage	at	E9.5-16.5	which	is	illustrated	by	the	development	

of	the	tracheobronchial	tree.	Afterwards,	the	lung	continues	to	grow	into	the	canalicular	

and	 alveolar	 stages	 up	 to	 postnatal	 day	 2	 (Pd2).	 This	 stage	 is	 characterised	 by	 the	

development	of	the	terminal	sacs	at	the	distal	ends	of	the	tracheobronchial	tree.	During	

lung	organogenesis,	 precise	 timing	of	 signalling	pathways	 through	 the	mesenchyme-

epithelial	 cell	 interactions	 influences	 lung	morphology	 as	 well	 as	 cell	 differentiation	

(Warburton	et	al.,	2000).	Two	hormones	which	help	to	regulate	lung	development	are	

T3	and	cortisol.	We	wished	to	test	the	role	of	these	hormones	alone	and	in	combination	

on	an	explant	model	of	mouse	 lung	development	before	applying	the	hormones	 in	a	

protocol	 for	 the	differentiation	of	AFE	 to	LPCs.	 I	will	 first	describe	 the	 functioning	of	

these	two	hormones.	

	

The	 active	 form	 of	 thyroid	 hormone	 is	 triiodothyronine	 (T3),	 and	 regulates	 lung	

development	by	binding	to	the	thyroid	hormone	receptor	(TR)	(Chinoy	et	al.,	2002).	T3	

and	the	other	thyroid	hormone	thyroxine	(T4),	are	produced	from	thyroid	follicular	cells	

within	 the	 thyroid	 gland	by	 a	 process	 regulated	by	 the	 anterior	 pituitary	 gland.	 Low	

blood	levels	of	hormones	stimulate	the	hypothalamus	to	release	thyrotropin-releasing	

hormone	(TRH).	TRH	is	carried	by	the	hypophyseal	portal	vein	to	the	anterior	pituitary	

where	it	stimulates	the	release	of	thyroid-stimulating	hormone	(TSH).	TSH	is	secreted	

into	the	bloodstream	and	stimulates	thyroglobulin	in	the	thyroid	follicular	cells.	Initially,	

thyroglobulin	 (the	 pre-cursor	 of	 T3	 and	 T4)	 is	 produced	 in	 the	 follicular	 cells	 of	 the	

thyroid	gland.	Thyroglobulin	is	bound	to	iodine	at	tyrosine	residues	in	the	thyroglobulin	

molecule	 through	 a	 reaction	 catalysed	 by	 the	 enzyme	 thyroperoxidase.	 These	 forms	

either	a	mono-iodotyrosine	(MIT)	or	di-iodotyrosine	(DIT).	Two	moieties	of	DIT	produces	

T4	whereas	one	particle	of	MIT	and	one	particle	of	DIT	produces	T3	and	these	are	then	

digested	 by	 lysosome	 vesicles	 containing	 proteolytic	 enzymes	 releasing	 T3	 and	 T4	

hormone	into	the	blood	stream.	T3	is	the	biologically	active	form	of	the	hormone	in	the	

metabolic	system	whereas	T4	is	the	less	active	thyroid	hormone	and	acts	as	a	reservoir	

for	T3.	Deiodinase	(type	I,	II	and	III)	is	the	enzyme	group	that	is	responsible	for	converting	
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T4	into	metabolically	active	T3.	

	

In	 terms	 of	 lung	 development,	 Volpe	 et	 al.	 (2003),	 showed	 that	 T3	 influences	 lung	

branching	 and	 alveolar	 development	ex	 vivo	 of	 lung	mouse	 explants	 by	 accelerating	

terminal	airway	development.	Hence	in	this	Chapter	we	assayed	the	more	active	thyroid	

hormone,	 T3,	 to	 determine	 the	 effect	 on	 E11.5d	 embryonic	 mouse	 lung	 tissue	

maintained	in	culture.		

	

Studies	 have	 shown	 that	 glucocorticoid	 (GC)	 in	 combination	with	 thyroid	 hormones	

could	 potentially	 stimulate	 improvement	 in	 lung	 development	 in	 lung	 disorders	

including	 respiratory	 distress	 syndrome	 (RDS)	 and	 other	 pulmonary	 dysmaturity	

syndromes	(Forrest	et	al.,	1990).	However,	the	exact	molecular	pathways	involved	in	T3	

and	GC	interactions	remain	unknown.	The	mode	of	action	of	GC	is	based	on	the	fact	that	

the	steroid	hormone	can	freely	diffuse	through	the	plasma	membrane	because	of	 its	

lipid	 solubility.	 It	 can	 then	 bind	 to	 its	 receptor	 in	 the	 cytoplasm,	 (the	 glucocorticoid	

receptor	(GR))	and	dissociates	the	GR	inhibitory	oligomeric	complex	consisting	of	heat	

shock	protein-90	KD	(HSP90),	HSP70,	the	p59	immunophilin,	FKBP52	and	the	small	p23	

phosphoprotein.	 The	GR-hormone	 complex	 can	 then	 translocate	 to	 the	 nucleus	 and	

positively	or	negatively	modulate	gene	expression	(Schaaf	and	Cidlowski,	2002).	This	GR-

hormone	complex	turns	the	GR	into	an	active	form	and	translocates	into	the	nucleus	

where	it	binds	as	a	dimer	and	interacts	with	the	glucocorticoid	response	element	(GRE)	

and	regulates	gene	expression	such	as	 repressing	 the	pro-inflammatory	 transcription	

factors	 activator	 protein-1	 (AP-1)	 or	 acts	 as	 a	 transactivator	 and	 induction	 of	 ant-

inflammatory	genes;	interleukin-10	(IL10)	or	MKP-1	(Grenier	et	al.,	2004).	GR	mediates	

the	 immunosuppressive	 and	 anti-inflammatory	 activities	 in	 the	 respiratory	 system	

which	is	essential	for	the	maturity	and	survival	of	vertebrates	(Pelaia	et	al.,	2003).	Given	

the	pleiotropic	effects	of	T3	and	glucocorticoids,	we	asked	whether	T3	(alone	or	in	with	

combination	with	GC)	could	enhance	maturation	of	lung	development	in	E11.5d	mouse	

lung	explants.	

	

Some	effort	has	been	focused	on	directing	the	differentiation	of	hESCs	to	mature	lung	

epithelial	cells.		However,	these	efforts	have	met	with	limited	success	and	have	failed	to	
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induce	mature	lung	phenotype	(Mou	et	al.,	2012).	We	saw	previously	(Chapter	3)	that	

there	is	a	significant	differentiation	potential	to	induce	a	pure	population	of	AFE	cells	

across	different	hES	cell	lines.	This	may	influence	the	overall	efficiency	to	induce	mature	

lung	cells	 (MLCs).	Hence,	the	second	part	of	this	chapter	addresses	the	challenges	to	

develop	a	robust	protocol	for	the	generation	of	lung	and	mature	epithelial	cells	in	vitro	

from	AFE	progenitor	cells.		

	

The	 lung	 is	 a	 highly	 quiescent	 tissue	 having	 limited	 capability	 of	 cell	 self-renewal	 in	

response	to	injury.	This	means	generating	MLCs	could	be	potentially	useful	in	tackling	

many	underlying	pulmonary	diseases	and	lead	to	the	generation	of	novel	therapeutic	

agents.		The	cells	might	also	have	utility	as	a	tool	in	pharmaceutical	applications	such	as	

drug	screening	and	toxicity	testing.	

	

During	 lung	 morphogenesis,	 there	 is	 a	 complex	 of	 interactive	 networks	 that	 occurs	

between	transcriptional	programs	regulating	cell	proliferation	and	differentiation.	A	key	

transcription	 factor	 that	 is	 active	 in	 vivo	 lung	 morphogenesis	 is	 NKX2.1.	 The	 aid	 of	

fibroblast	 growth	 factor	 (FGF)	 influences	 lung	 outgrowth	 from	 the	 AFE	 (Serls	 et	 al.,	

2005).	NKX2.1	null	mutant	embryos	die	at	birth	due	to	respiratory	insufficiency	caused	

by	abnormal	lungs	that	do	not	undergo	branching	morphogenesis	(Yuan	et	al.,	2000).	

This	suggests	that	distal	 lung	morphogenesis	appears	to	be	strictly	dependent	on	the	

activity	 of	 NKX2.1.	 The	 FGF	 signalling	 pathway	 is	 important	 as	 it	 controls,	 in	 a	 dose	

dependent	manner,	the	specification	of	organ	development.	High	levels	of	FGF	signalling	

promote	lung	and	thyroid	development	whereas	low	levels	of	FGF	signalling	promotes	

liver	 specification	 (Roszell	 et	 al.,	 2009;	 Zaret	 2002).	 FGF-10,	which	belongs	 to	 a	 sub-

group	of	FGFs	(and	includes	FGF-7),	was	found	to	be	important	in	lung	bud	initiation,	

morphogenesis	and	directional	outgrowth	of	lung	buds	(Min	et	al.,	1998;	Bellusci	et	al.,	

1997;	Weaver	et	al.,	2000).	However,	the	function	of	FGF-10	is	negatively	regulated	by	

sonic	hedgehog	(Shh)	in	lung	morphogenesis	(Bellusci	et	al.,	1997).	Recent	studies	have	

demonstrated	 the	 interplay	 and	 interaction	 between	 FGF10	 and	 Shh	 is	 sufficient	 to	

promote	branching	morphogenesis	in	the	early	lung	(Hirashima	et	al.,	2008;	Celliere	et	

al.,	2012).	Other	key	signalling	pathways	that	are	essential	for	the	development	of	lung	

endoderm	 include	 the	 Wnt	 pathway	 (Section	 1.4).	 Bone	 morphogenetic	 protein-4	
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(BMP4)	was	also	identified	as	an	important	and	specific	growth	factor	for	the	generation	

of	 lung	 epithelial	 cells	 from	 the	 NKX2.1-expressing	 endoderm	 (Kimura	 and	 Deutsch,	

2007).	 Hence,	 based	 on	 the	 literature	 we	 have	 recapitulated	 the	 normal	 in	 vivo	

development	via	a	cocktail	of	trophic	factors	that	 includes:	BMP4,	EGF,	FGF2,	FGF10,	

KGF	 (FGF7)	 and	Wnt3a	 (hereafter	 termed	 as	BEAFKW)	 on	 AFE	 precursors	 to	 induce	

NKX2.1+	lung	progenitor	cells	in	vitro.		

	

To	determine	the	impact	of	T3	and	Dex	on	lung	branching	morphogenesis	we	added	the	

hormones	during	the	pseudoglandular	period	of	mouse	lung	development.	The	results	

are	described	 in	 the	 first	part	of	 the	Chapter.	 In	 the	 second	part	of	 this	 chapter,	we	

focused	 on	 the	 generation	 of	 respiratory	 epithelium	 from	 AFE.	 Cell	 differentiation	

methods	 in	vitro	provides	a	useful	tool	to	study	tissue	development,	advancement	in	

regenerative	cell-therapy	and	drug	modelling	assays.	Generating	mature	multi-ciliated	

respiratory	epithelial	cells	from	hESCs	may	provide	a	prospective	towards	modelling	a	

number	 of	 human	 respiratory	 diseases	 under	 chemically	 driven	 cultures.	 However,	

recent	methods	in	the	generation	of	lung	epithelial	cells	from	embryonic	stem	cells	have	

suggested	that	protocols	are	not	very	efficient	since	some	cultures	are	contaminated	

with	other	endodermal	cell	types	(Samadikuchaksaraei	et	al.,	2006;	Van	Vranken	et	al.,	

2005).	Unfortunately,	this	makes	them	hard	to	apply	in	tissue	regeneration	and	high-

content	drug	screens.	
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4.2	Characterisation	of	an	E11.5	ex	vivo	embryonic	mouse	lung	bud	culture	model	

	

Ex	 vivo	 mouse	 lung	 tissue	 culture	 was	 used	 to	 study	 and	 visualise	 branching	

morphogenesis	and	 lung	development	 following	 treatment	with	hormones.	We	have	

dissected	out	E11.5	mouse	lung	(as	described	in	Materials	and	Methods	section;	2.12.1)	

and	 maintained	 them	 in	 control	 BME	 media	 in	 the	 ALI	 or	 on	 Fibronectin-coated	

coverslips	for	48	hours	to	serve	as	the	starting	material	for	these	experiments.	Branching	

morphogenesis	was	 visualised	 in	both	 types	of	 cultures	using	phase	 contrast	 images	

after	 2-day	 culture	 in	 control	 (BME)	 medium	 (Figure	 4.2.1A	 and	 Figure	 4.2.1B).	 At	

E11.5d,	mouse	embryonic	lungs	(right	and	left)	was	placed	under	an	ALI	on	a	nuclear	

pore	membrane.	 This	 design	mimics	 the	 conditions	 found	 in	 the	 human	 airway	 that	

potentially	 drives	 and	 recapitulates	 the	 physiology	 of	 the	 airway	 epithelium	

differentiation	 towards	 the	 respiratory	 phenotype.	 Culturing	 lung	 buds	 at	 an	 ALI	

potentially	gives	insight	towards	the	direct	exposure	of	cultures	to	aerosols	and	gases	

thus	better	modelling	of	an	in	vivo	exposure.	At	0	hours,	the	lung	buds	were	present	as	

small	 protrusions	with	 generally	 less	 than	 6	 branches.	 The	 buds	 exhibit	 the	 primary	

bronchi	 and	 in	 some	 cases	 the	 second	 early	 branching	 stage.	 At	 24	 hours,	 the	 lung	

branches	 out	 further	 and	 by	manually	 counting	 the	 number	 of	 developed	 branches	

there	 is	 an	 enhancement	 of	 approximately	 2.5-fold.	Moreover,	 the	 total	 number	 of	

branches	from	the	epithelium	may	reach	approximately	40	branches	in	the	next	24hrs	

(Figure	4.2.1A).		

	

Following	dissection	of	E11.5d	mouse	embryonic	lungs,	the	tissues	were	cultured	for	3-

days	to	ensure	the	 lung	explants	attached	to	the	fibronectin	coated	slips.	This	timing	

should	also	be	sufficient	to	observe	branching.	Fibronectin	cultures	tends	to	have	either	

the	right	or	the	left	lung	compared	to	ALI	cultures	which	contains	the	complete	lung.	We	

chose	 fibronectin-coated	coverslips	as	we	had	previously	described	 robust	branching	

morphogenesis	of	e.g.	pancreas	on	this	ECM	(Shen	et	al.,	2007).	After	the	initial	24-hours	

of	 culture,	 the	 explants	 attached	 to	 the	 fibronectin	 and	 began	 to	 develop	 branches	

outwards	from	the	initial	tissue	explant	(Figure	4.2.1B).	From	the	phase	contrast	images,	

mesenchymal	 cells	 spread	 out	 from	 the	 explant.	 Some	 branching	 emerges	 from	 the	

primary	 bronchi.	 These	 primary	 branches	 can	 be	 clearly	 seen	 in	 the	 cultures	 (Figure	
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4.2.1B).	Over	 the	next	48	hours,	more	branching	can	be	seen	 in	 the	cultures.	Hence,	

mesenchymal	cells	continue	to	expand	in	culture	providing	an	increase	in	area	of	the	

culture.	 There	has	been	an	 increase	 in	 the	number	of	branches	 in	 the	 course	of	 the	

culture	period	(approximately	6-fold)	by	48-hours	(Figure	4.2.1B).		

	

We	 have	 concluded	 that	 in	 ALI	 E11.5	 lung	 bud	 cultures	 resulted	 in	 faster	 and	more	

enhanced	branching	morphogenesis	(40	branches)	compared	to	fibronectin	culture	(17	

branches)	in	a	period	of	48-hours	only	(Figure	4.2.2).	This	suggest	that	the	ALI	culture	

system	might	represent	a	better	model	for	lung	branching	morphogenesis	compared	to	

the	fibronectin	culture	model.	

	

In	order	to	determine	the	lung	specific	cell	markers	presented	in	the	tissue	explants,	ALI	

lung	 explants	were	 immunostained	 for	 four	 lung	 epithelial	 cell	markers:	 E-Cadherin,	

thyroid	transcription	factor-1	(TTF-1	(also	known	as	NKX2.1)),	Sox9	and	FoxA2	on	lung	

explants	cultured	for	3	days	(Appendix	Figure	3).	Co-staining	with	DAPI	was	performed	

to	 visualize	 the	nuclei.	 Immunofluorescent	 staining	 for	 E-cadherin	 demonstrated	 the	

presence	 of	 all	 the	 epithelial	 cells	 in	 the	 lung	 bud	 cultures	 (including	 the	 branches).	

Expression	of	NKX2.1	transcription	factor	was	observed	in	the	branching	morphogenesis	

of	E11.5	mouse	embryonic	lungs	cultured	in	3	days	(Appendix	Figure	3).	This	indicates	

explants	 express	 early	 lung	 expression	markers.	 Sox9	 is	 a	 transcription	 factor	 and	 a	

marker	for	the	distal	tip	progenitor	cells	and	was	strongly	expressed	at	the	tips	of	the	

lung	branches	demonstrating	the	correct	staining	pattern	(Appendix	Figure	3).	FoxA2,	a	

lung	transcription	factor,	was	present	ubiquitously	in	the	lung	explants	(Appendix	Figure	

3).	FoxA2	is	a	transcriptional	regulator	of	pulmonary	branching	morphogenesis	and	is	

involved	 in	the	development	of	multiple	endoderm-derived	organ	systems	 important	

for	the	expression	of	other	lung-specific	genes,	such	as	the	Clara	cell	surfactant	protein	

and	SPB/SPC	(Wan	et	al.,	2005;	Nord	et	al.,	2000).	Hence,	lung	bud	explants	cultured	for	

3	days	in	control	BME	express	markers	consistent	with	early	and	later	embryonic	mouse	

lung.		
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Figure	 4.2.1	 –	 Lung	 branching	 in	 ALI	 shows	 enhanced	 branching	 morphogenesis	
compared	 to	 culture	on	Fibronectin.	 (A)	 shows	a	phase	 contrast	 images	 shows	 lung	
branching	and	budding	over	a	period	of	3	days	on	air	liquid	interface	(ALI)	(x200).	(B)	
shows	 a	 phase	 contrast	 images	 that	 represents	 lung	 branching	 and	 budding	 over	 a	
period	of	2	days	on	fibronectin	coated	cover	slips	(x200).	Typical	results	are	shown.	
	

	

A	

B	
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Figure	4.2.2	–	More	rapid	branching	morphogenesis	in	air	 liquid	interface	(ALI)	 lung	
cultures	 compared	 to	 fibronectin	 cultures.	 In	 E11.5d	 extracted	mouse	 lung	 embryo	
number	of	branching	in	ALI	culture	shows	3-fold	growth	in	number	of	branches	over	a	
period	of	48	hours	 relatively	 to	 fibronectin	 cultures.	 (mean	±	SEM,	n=8	 independent	
experiment).	
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4.3	 Dexamethasone	 and	 Thyroid	 hormone	 enhances	 lung	 branching	 in	 an	 ex	 vivo	

embryonic	model	

	

Once	 we	 had	 confirmed	 that	 our	 embryonic	 mouse	 lung	 explants	 were	 capable	 of	

attachment	on	fibronectin	coated	cover	slips	and	branching	out	in	culture	for	at	least	7	

days,	the	next	step	was	to	utilise	the	model	to	test	the	effects	of	the	hormones	T3	and	

Dexamethasone	(Dex)	on	lung	morphogenesis.		

	

We	 identified	 a	 number	 of	 soluble	 factors	 from	 the	 scientific	 literature	 that	 were	

reported	to	affect	distal	airway	formation	in	the	late	pseudoglandular	period	of	mouse	

lung	development.		Volpe	et	al.	(2003),	showed	that	thyroid	hormone	(T3)	accelerates	

terminal	airway	development	at	the	expense	of	decreased	branching	morphogenesis	in	

a	culture	model	of	lung	development.	T3	also	plays	a	major	role	in	many	aspects	in	lung	

development	 such	 as	 in	 alveolar	 development,	 alveolar	 septation	 and	 promotes	

synthesis	of	surfactant	protein	B	and	C	(Gross	and	Wilson,	1982;	Forrest	et	al.,	1990).	T3	

plays	a	role	in	lung	maturation	via	actions	on	the	expression	of	angiotensin	converting	

enzyme	(ACE)	in	the	pulmonary	vascular	endothelium	(Forhead	and	Fowden,	2002).	ACE	

in	the	lungs	converts	angiotensin-I	into	angiotensin-II	which	stimulates	vascular	smooth	

muscle	 cell	 growth	 and	 proliferation.	 In	 addition,	 T3	 influence	 the	 increase	 of	

phospholipid	 content	 of	 the	 lung	 liquid	 through	 the	 upregulation	 of	 pulmonary	 β-

adrenergic	 receptor	 expression	 and	 apical	 Na+	 channels	 and	 therefore	 enhances	

epinephrine-stimulated	surfactant	release	(Das	et	al.,	1984;	Warburton	et	al.,	1988).	We	

applied	 the	 hormones	 to	 our	 embryonic	 mouse	 lung	 expands	 E11.5d	 in	 various	

combinations	and	at	different	concentrations	(as	described	in	Materials	and	Methods	

section;2.12.3)	 and	 after	 7-days	 of	 culture	 we	 analysed	 the	 lung	 tissue	 for	 any	

morphological	changes.	Explants	treated	with	BME	alone	(control)	for	7	days	showed	

normal	lung	branching	(Figure	4.3.1).	Treatment	of	lung	mouse	explants	with	T3	at	10nM	

resulted	 into	 no	 difference	 compared	 to	 control	 lungs	 (Figure	 4.3.1).	 Treatment	 of	

embryonic	mouse	lung	explant	with	T3	at	100nM	for	7	days	resulted	in	enlargement	of	

the	 airway	 lumen	 and	 an	 increase	 in	 the	 terminal	 branches	 compared	 to	 control	

(Asterisks	 on	 Figure	 4.3.1).	 However,	 T3	 at	 1μM	 showed	 slow	 and	 abnormal	 lung	

branching	morphogenesis	and	the	absence	of	dilation	of	airway	lumen	observed	with	



Chapter	4	–	Directed	Differentiation	of	AFE	into	LPCs	and	Mature	Respiratory	Epithelium	
	

	
	 -	133	-	

the	 lower	 concentration	 of	 T3	 (Figure	 4.3.1).	 This	 suggest	 that	 precise	 dose	 of	 T3	

treatment	on	E11.5	day	explants	may	 influence	airway	 lumen	dilation	and	branching	

morphogenesis.	 Varying	 the	 timing	 of	 T3	 addition	 at	 different	 stages	 of	 lung	

development	may	be	assessed	in	the	future.	

	
	
Quantitative	 analysis	 was	 conducted	 to	 determine	 the	 effect	 of	 the	 different	 T3	

concentrations	(10nM,	100nM	and	1μM)	on	terminal	branches	of	mouse	lung	explants	

at	day3,	day5	and	day7	 (Figure	4.3.2).	 	After	3	days	 in	 culture,	 control	 lung	explants	

showed	 significantly	 higher	 number	 of	 branches	 than	 10nM,	 100nM	 and	 1μM	 T3	

concentration	treatments.	 In	day	5	of	culture,	100nM	T3	treatments	had	significantly	

more	 terminal	 branches	 compared	 to	 control,	 10nM	and	1μM	 treatments.	 After	 48-

hours	later,	i.e.	day	7	of	culture,	the	number	of	branches	had	increased	in	all	treatments.	

In	all,	exposure	to	T3	100nM	had	the	greatest	effect	 in	generating	significantly	more	

terminal	branches	than	control	and	T3	10nM	and	1μM	treatments	(100nM	T3	>	Control	

>	10nM	>	1	μM)	(Figure	4.3.2).		

	

After	assessing	the	effect	of	the	different	T3	concentrations	on	terminal	branches,	we	

went	on	to	explore	the	effect	on	airway	dilation.	Bright	field	images	were	taken	after	7	

days	 of	 treatment	 (Figure	 4.3.3).	 Lungs	 treated	with	 100nM	 T3	 showed	 progressive	

dilation	 of	 the	 airway	 lumen	 and	 thinning	 of	 surrounding	mesenchymal	 tissue	when	

compared	 with	 untreated,	 10nM	 and	 1μM	 T3	 treated	 lung	 explants.	 Quantitative	

analysis	of	T3	at	100nM	on	E11.5d	mouse	embryonic	lung	explants	showed	significantly	

enhanced	dilation	of	airway	 lumen	after	7	days	 in	 culture	compared	 to	non-treated-

control	 lungs	 (Figure	 4.3.4).	 These	 data	 suggest	 that	 100nM	T3,	might	 be	 a	 suitable	

concentration	to	influence	lung	development	through	high	affinity	binding	to	nuclear	T3	

hormone	receptor	(Chinoy	et	al.,	2001).		

	

While	 morphological	 analysis	 is	 suitable	 for	 ascertaining	 general	 trends	 in	

morphogenesis,	 further	 detailed	 phenotypic	 analysis	 based	 on	 the	 expression	 of	

individual	 lung	 markers	 is	 necessary	 to	 obtain	 a	 more	 complete	 picture.	

Immunofluorescence	 was	 used	 to	 determine	 the	 expression	 of	 lung	 markers:	 E-
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cadherin,	Sox9,	p63	and	NKX2.1.	Using	confocal	microscopy,	 the	epithelial	marker	E-

cadherin	 revealed	 as	 expected	 an	 organised	 and	 normal	 structural	 branching	

arrangement	in	control	and	all	T3	treated	lung	explants	after	7	days	of	culture	(Figure	

4.3.5).	The	basal	marker	p63,	is	marginally	expressed	in	control	and	100nM	T3	treated	

lung	explants	for	7	days	whereas	at	higher	T3	concentration	(100nM	and	1μM)	cultures	

showed	an	apparent	increase	in	the	area	of	p63	expression	compared	to	control	(Figure	

4.3.6).	 Immunofluorescence	 staining	 for	 Sox9,	 a	distal	 tip	progenitor	marker	 showed	

that	treatment	with	T3	(10nM,	100nM	and	1μM)	 increased	the	number	of	branching	

and	distal	 tips	 compared	 to	untreated	 lung	explants	 (Figure	4.3.7).	 Furthermore,	 the	

early	lung	marker,	NKX2.1,	showed	an	increase	in	NKX2.1	positive	cells	in	100nM	and	

1μM	T3	treated	lung	explants	compared	to	low	T3	culture	(10nM)	and	untreated	E11.5d	

embryonic	mouse	lungs	for	7	days	in	culture	(Figure	4.3.8).	This	suggest	that	T3	hormone	

has	enhanced	differentiation	on	in	vitro	mouse	embryonic	lung	cultures.		

	

Dex	was	used	to	 investigate	the	effect	of	a	glucocorticoid	on	 lung.	Dex	 is	a	synthetic	

glucocorticoid	 which	 has	 been	 utilised	 in	 hepatic	 culture	 and	 differentiation	

experiments	morphogenesis	 (Shen	et	al.,	2000;	Al-Adsani	et	al.,	2010;	Hussain	et	al.,	

2004).	 It	 is	 known	 to	 upregulate	 expression	 of	 both	 HNF4α	 and	 C/EBPα,	 essential	

transcription	factors	for	hepatocyte	differentiation	but	has	also	been	shown	to	induce	

Hnf6	expression,	a	transcription	factor	essential	in	biliary	epithelial	cell	differentiation.	

Glucocorticoid	are	produced	during	late	lung	development	and	have	a	role	in	causing	

the	vasculature	and	future	airspaces	to	come	into	close	alignment	to	regulate	gaseous	

exchange	at	birth	(Bird	et	al.,	2015).	To	address	the	morphological	effects	of	Dex	on	lung	

explants,	phase	contrast	images	were	taken	on	day	1,	3,	5	and	7	of	culture	(Figure	4.3.9).	

This	is	an	advantage	of	using	lung	explants	cultures	in	respect	to	in	vivo	experiments	as	

it	 is	 possible	 to	 assess	 tissue	morphology	 in	 real	 time	 using	 bright	 field	microscopy.	

Unsurprisingly,	 the	 day	 1	 cultures	 showed	 little	 difference	 compared	 to	 the	 control	

cultures.	After	only	3	days	of	culture,	lung	explants	treated	with	10nM,	100nM	and	1μM	

Dex	showed	a	distinct	expansion	in	airway	lumen	dilation	compared	to	untreated	lung	

explants.	On	day	5	of	 culture,	morphological	differences	 in	 the	 tissue	 structures	had	

become	more	apparent.	Control	explants	continue	to	grow	normally	as	seen	before	up	

to	day	7	(Figure	4.3.1)	whereas	treated	E11.5d	embryonic	mouse	lung	explants	with	Dex	
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at	10nM,	100nM	and	1μM	concentrations	resulted	 in	a	 loss	of	 the	normal	branching	

architecture	(Figure	4.3.9).	Quantification	analysis	of	our	lung	explants	models	with	and	

without	Dex	treatment	indicates	airway	lumen	dilation	appeared	to	be	proportional	to	

the	concentration	of	Dex	in	culture.	Quantification	of	the	airway	lumen	dilation	revealed	

that	treatment	of	lung	explants	with	10nM,	100nM	and	1μM	Dex	for	3	days	results	in	a	

significant	difference	in	increased	dilation	of	lumen	compared	to	control	tissue	(Figure	

4.3.10).	

	

We	examined	 the	effects	of	 short	 term	exposure	of	Dex	on	Fibronectin	 lung	explant	

cultures.	 Immunofluorescence	 staining	with	 the	 epithelial	marker	 E-cadherin	 in	 lung	

explants	cultured	with	Dex	at	10nM,	100nM	and	1μM	concentration	all	showed	a	decline	

in	 E-cadherin	 expression	 compared	 to	 control	 explants	 (Figure	 4.3.11).	 This	 result	

suggests	 that	 Dex	 might	 have	 profound	 effects	 on	 lung	 morphogenesis	 early	 in	

development.	 The	p63	basal	 cell	marker	was	expressed	 in	 control	 embryonic	mouse	

explants	and	was	lost	in	3	day	Dex	treated	lung	explants	(Figure	4.3.12)	suggesting	that	

Dex	might	inhibit	the	production	of	basal	cells	in	lung	explants.	The	expression	of	the	

transcription	 factor,	 Sox9,	 as	 seen	 in	 control	 (Figure	 4.3.7	 and	 Figure	 4.3.13)	 shows	

positive	staining	on	the	distil	tips	of	the	embryonic	mouse	lung	tissue	control	cultures	

whereas	 in	treated	Dex	cultures,	Sox9	expression	 is	 randomly	distributed	around	the	

whole	tissue	(Figure	4.3.13).	Lung	transcription	factor,	NKX2.1,	is	found	to	be	expressed	

around	the	developing	branches	in	control	mouse	lung	explants	whereas	in	Dex-treated	

cultures	(10nM,	100nM	and	1μM)	cells	were	more	intensely	stained	but	observed	in	a	

random	pattern	(Figure	4.3.14).		

	

We	then	wished	to	assess	the	effects	of	a	combination	of	T3	and	Dex	(T3/Dex)	on	E11.5d	

embryonic	mouse	 lung	 explants.	We	 specifically	 examined	 the	morphology	 and	 lung	

specific	markers	described	above.	First,	we	analysed	the	morphology	of	tissue	treated	

with	or	without	the	dual	combination	of	T3/Dex	on	branching	morphogenesis.	We	chose	

a	 T3	 concentration	 of	 100nM	 to	 be	 added	 to	 different	 Dex	 concentrations	 (10nM,	

100nM	and	1μM)	because	it	has	previously	shown	the	most	effective	concentration	to	

induce	more	terminal	branches	and	cultures	had	prominent	airway	dilation	(Figure	4.3.2	

and	Figure	4.3.4).	At	day	1,	cultures	showed	very	little	differences	between	control	and	
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treated	 cultures	 (Figure	 4.3.15).	 After	 only	 3	 days	 of	 culture,	 the	 combinatorial	

treatment	(T3/Dex)	on	E11.5d	mouse	lung	explants	remarkably	shows	an	enhancement	

of	 branching	 compared	 to	 control	 explants	 (Figure	 4.3.15).	 This	 suggests	 that	 there	

might	be	a	synergistic	role	between	glucocorticoids	and	hormones	to	induce	premature	

branches	in	vitro.	Similarly,	at	day	5	and	7	of	culture,	control	cultures	continue	to	branch	

whereas	the	T3/Dex	treated	lung	explants	showed	a	similar	effect	as	to	longer	term	Dex	

treatments	 by	 causing	 the	 inhibition	 of	 branching	 (Figure	 4.3.15).	 This	 suggests	 that	

prolonged	culture	with	Dex	may	have	been	suppressing	branching	morphogenesis	of	

mouse	lung	explants	in	culture	which	complements	Oshika	et	al	(1998)	work	using	rat	

lung	explants.	Hence,	a	live/dead	assay	could	be	conducted	in	the	future	to	eliminate	

this	limitation.	

	

Quantification	 of	 the	 number	 of	 terminal	 branches	 was	 conducted	 on	 control	 and	

T3/Dex	treated	embryonic	mouse	lung	explants	cultured	for	7	days.	As	expected,	after	

day	1	of	culture,	there	was	no	significant	difference	between	control	and	treated	lungs	

with	 T3/Dex	 (Figure	 4.3.16).	 However,	 at	 day	 3	 of	 culture,	 there	 was	 a	 significant	

difference	in	the	number	of	terminal	branches	of	treated	lung	explants	with	T3/Dex	at	

10nM,	100nM	and	1μM	compared	to	BME-control	lungs	(Figure	4.3.16).	The	number	of	

terminal	branches	was	increased	by	almost	3-fold	under	T3/Dex	conditions	compared	

to	control	after	only	3	days	in	culture.	This	indicates	that	combinatorial	treatments	for	

3	days	with	T3/Dex	on	E11.5d	embryonic	mouse	lungs	have	an	influence	on	increasing	

the	rate	of	branching	when	compared	with	either	T3	or	Dex	alone	(Figures	4.3.1	and	

4.3.9).	 At	 day	 5,	 all	 T3/Dex	 cultures	 concluded	 in	 the	 complete	 disruption	 of	 lung	

development	while	control	lung	buds	continue	to	grow	normally	up	to	7	days	in	culture.	

Hence,	no	statistics	were	conducted	for	T3/Dex	cultured	embryonic	lungs	at	days	5	and	

7	(Figure	4.3.16).	This	again	confirms	that	prolonged	treatment	for	more	than	3	days	

with	 Dex	may	 have	 inhibitory	 effects	 on	 lung	 development	 in	 explant	 tissues	 when	

cultured	alone	or	in	combination	with	T3.	

	

As	there	were	differences	between	control	and	Dex/T3	in	morphological	changes,	we	

performed	 immunostaining	 on	 embryonic	 mouse	 lung	 explants	 treated	 for	 3	 days)	

either	 without	 (control	 BME	 media)	 or	 with,	 T3(100nM)/Dex(10nM),	
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T3(100nM)/Dex(100nM)	and	T3(100nM)/Dex(1μM).	 	We	 stained	 for	 E-cadherin,	 p63,	

Sox9	 and	 NKX2.1	 expression	 to	 determine	 whether	 protein	 expression	 was	 altered	

under	the	different	conditions.	E-cadherin	immunostaining	showed	robust	expression	

in	T3(100nM)/Dex(10nM)	and	T3(100nM)/Dex	(100nM)	treated	lung	explants	for	3	days	

compared	 to	 control	 lungs.	 Treatment	 with	 T3(100nM)/Dex(1μM)	 showed	

downregulation	 of	 E-cadherin	 expression	 (Figure	 4.3.17).	 We	 found	 a	 difference	 in	

robust	expression	of	the	basal	cell	marker	p63,	after	culturing	lung	explants	for	3	days	

in	 control-BME	and	with	 the	different	 combination	of	 T3/Dex	 concentrations	 (Figure	

4.3.18).	Interestingly,	the	transcription	factor	Sox9,	reveals	more	distal	expression	after	

the	 treatment	with	 T3/Dex	 combination	 for	 3	 days	 compared	 to	 the	 control	 (Figure	

4.3.19).	This	presumably	suggests	branching	and	distal	saccule	formation	with	the	dual	

treatment	on	E11.5d	mouse	lung	explant.	Combined	treatment	with	T3/Dex	for	3	days	

on	E11.5d	mouse	lung	explants	resulted	in	the	upregulation	of	the	early	lung	progenitor	

transcription	marker,	NKX2.1	 compared	 to	 control	 cultures	 (Figure	4.3.20).	 This	 data	

suggests	 that	 T3	 may	 have	 increased	 the	 rate	 of	 branching	 morphogenesis	 when	

cultured	with	Dex	compared	to	control	mouse	lung	explants.		

	

While	we	used	fibronectin	cultures	to	test	the	effects	of	the	hormones	Dex	and	T3	alone	

and	in	combination	we	also	tested	the	same	combination	of	hormones	on	ALI	cultures	

for	 3	 days.	Mouse	 lung	 buds	maintained	 in	 the	ALI	model	 showed	 similar	 effects	 to	

fibronectin	 cultures	 (Appendix	 Figure	 4).	 Correspondingly,	 ALI	 confirms	 that	 T3	

treatments	of	lung	buds	at	100nM	shows	both	an	increase	in	airway	lumen	dilation	and	

branching	morphogenesis	compared	to	control.	Similarly,	ALI	Dex-treated	lung	cultures	

at	100nM	show	enlargement	of	airway	 lumen	dilation	compared	to	non-treated	 lung	

buds.	As	for	the	fibronectin	cultures,	the	combined	treatment	with	T3/Dex	for	3	days	on	

ALI	of	embryonic	mouse	lung	tissue	is	concentration	dependent	which	triggers	excessive	

lung	branching	morphogenesis	compared	to	control	(Appendix	Figure	4).		
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Figure	4.3.1	–	Effects	of	T3	on	cultured	mouse	embryonic	lungs.	Treating	E11.5	mouse	
lungs	with	T3	100nM	shows	progressive	dilation	of	airway	lumen	(asterisks)	compared	
with	T3	10nM,	T3	1μm	and	control	over	a	period	of	7	days.		
(n=16	independent	experiments)	
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Figure	 4.3.2	 –	 Effects	 of	 T3	 on	 cultured	 mouse	 embryonic	 lung	 branching	
morphogenesis.	As	compared	 to	untreated	controls,	T3-100nM-treated	 lungs	after	5	
and	7	days	of	culture,	shows	a	statistically	increase	in	terminal	branches.	T3-10nM	and	
T3-1μM	treated	lungs,	shows	a	decrease	in	lung	branches	compared	to	control.		
(mean	±	SEM,	n=16	independent	experiment/condition,	*p<0.05	and	**p<0.01).	
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Figure	4.3.3	–	Effects	of	T3	hormone	on	mouse	embryonic	airways.	A	clear	dilation	of	airway	mouse	lung	explants	after	treatment	with	100nM	
T3	concentration	in	comparison	to	the	untreated	lungs,	10nM	and	1μM	treated	E11.5d	lung	explants	for	7	days.		
(n=14	independent	experiment/condition)
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Figure	4.3.4	–	Dilation	of	airway	lumen	following	treatment	with	T3.	Culturing	E11.5	
mouse	 lung	 explant	 with	 T3	 at	 100nM	 concentration	 shows	 a	 significant	 dilation	 of	
airway	lumen	compared	to	control	BME	for	7	days.	These	effects	were	dose-and-time	
dependent.	 (mean	 ±	 SEM,	 n=14	 independent	 experiment/condition,	 *p<0.05	 and	
**p<0.01).	
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Figure	 4.3.5	 –	 E-Cadherin	 expression	 following	 treatment	 without	 or	 with	 T3.	 The	
epithelial	marker	 E-cadherin	 (green)	 revealed	 as	 expected,	 an	 organised	 and	normal	
structural	branching	lung	arrangement	in	control	and	all	T3	treated	lung	explants	after	
7	days	of	culture.	Cells	were	counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiments).	
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Figure	4.3.6	–	p63	expression	following	treatment	without	or	with	T3.	The	pan	basal	
marker	p63	(green),	is	slightly	expressed	in	control	and	100nM	T3	treated	lung	explants	
for	7	days	whereas	at	higher	T3	concentration	 (100nM	and	1μM)	cultures	 shown	an	
apparent	increase	p63	expression	area	compared	to	control.	Cells	were	counterstained	
with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiments).	
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Figure	 4.3.7	 –	 Treatment	 of	 E11.5d	 mouse	 lung	 explants	 with	 T3	 enhances	 Sox9	
expression	area.	Sox9	(green)	distal	tip	progenitor	marker	revealed	when	treated	with	
T3	(10nM,	100nM	and	1μM)	 in	 increase	of	number	of	distal	generation	compared	to	
untreated	lung	explants.	Cells	were	counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiments).	
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Figure	 4.3.8	 –	 NKX2.1	 expression	 following	 treatment	 without	 or	 with	 T3.	NKX2.1	
(green)	showed	an	increase	in	NKX2.1	positive	cells	in	100nM	and	1μM	T3	treated	lung	
explants	compared	to	low	T3	culture	(10nM)	and	untreated	E11.5d	embryonic	mouse	
lungs	for	7	days	in	culture.	Cells	were	counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiments).	
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Figure	4.3.9	–	Effects	of	Dexamethasone	on	E11.5	mouse	embryonic	 lung	explants.	
Culturing	E11.5	mouse	embryonic	 lung	explants	with	Dex	at	different	concentrations	
(10nM,	100nM	and	1μM)	shows	a	distinct	increase	in	airway	lumen	dilation	compared	
to	 the	 control	 after	 3days.	 Prolonged	 culture	 with	 Dex	 (5days	 and	 7days)	 shows	
complete	distortion	in	lung	organogenesis.		
(n=10	independent	experiments)	
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Figure	 4.3.10	 –	 Dilation	 of	 airway	 lumen	 following	 treatment	 with	 and	 without	
Dexamethasone.	Dex-treated	 lungs	with	 different	 concentrations	 shows	 progressive	
airway	dilation	 for	3days	of	 treatment	only	 compared	 to	 control	BME	 lung	explants.	
(mean	±	SEM,	n=10	independent	experiment/condition,	*p<0.05	and	**p<0.01).	
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Figure	 4.3.11	 –	 E-Cadherin	 expression	 following	 treatment	 without	 or	 with	
Dexamethasone.	 Immunofluorescence	 staining	with	 the	epithelial	marker	E-cadherin	
(green)	in	control	lung	explants	exposes	a	normal	lung	epithelial	phenotype	whereas	in	
treated	 lung	 explants	 with	 Dex	 at	 10nM,	 100nM	 and	 1μM	 concentration	 shows	 a	
surprising	decline	 in	 E-cadherin	 expression	 compared	 to	 control	 explants.	 Cells	were	
counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiments)	
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Figure	4.3.12	–	Downregulation	of	p63	cells	 in	embryonic	mouse	lungs	treated	with	
Dexamethasone.	 p63	 (green)	 basal	 cell	 marker	 is	 positively	 expressed	 in	 control	
embryonic	mouse	explants	and	are	almost	lost	in	Dex	treated	lung	explants	after	3	days	
in	culture.	Cells	were	counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiments)	
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Figure	4.3.13	–	Sox9	expression	following	treatment	without	or	with	Dexamethasone.	
Dex	 treated	 E11.5	 embryonic	 mouse	 lung	 cultured	 for	 3	 days	 causes	 Sox9	 (green)	
expression	 redistributed	 around	 the	 tissue	 compared	 to	 control	 explants.	 Sox9	
transcription	factor	shows	positive	staining	on	the	distil	 tips	of	the	embryonic	mouse	
lung	control	cultures.	Cells	were	counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiments)	
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Figure	 4.3.14	 –	 NKX2.1	 expression	 following	 treatment	 without	 or	 with	
Dexamethasone.	Dex	 treatment	 on	 E11.5embryonic	mouse	 lung	 cultured	 for	 3	 days	
result	 of	 robust,	 more	 intense,	 scattered	 NKX2.1	 (green)	 expression	 compared	 to	
untreated	tissue.	NKX2.1	is	expressed	around	the	developing	branches	in	control	mouse	
lung	 explants	 whereas	 in	 Dex	 treatments	 (10nM,	 100nM	 and	 1μM)	 lung	 explants,	
disperse	 of	 more	 intense	 positive	 cells	 in	 an	 unorderly	 fashion.	 Cells	 were	
counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiments)	
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Figure	4.3.15	–	Effects	of	combinatorial	treatments	of	T3	and	Dexamethasone	on	E11.5	
mouse	embryonic	lung	explants.	Combinatorial	treatment	of	Dexamethasone	(Dex)	and	
Thyroid	hormone	(T3)	on	E11.5	mouse	lung	explants	showed	excessive	increase	of	lung	
terminal	branches.	Culturing	E11.5	mouse	embryonic	lung	explants	with	combination	of	
Dex	 (10nM,	 100nM	 or	 1μM)	 with	 T3	 (100nM)	 shows	 a	 clear	 increase	 in	 terminal	
branches	compared	to	the	control	after	3days.	Prolonged	culture	with	Dex	+	T3	shows	
complete	distortion	 in	 lung	organogenesis	while	control	continued	to	grow	normally.	
(n=8	independent	experiments)	
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Figure	 4.3.16	 –	 Effects	 of	 combinatorial	 treatments	 of	 T3	 and	 Dexamethasone	 on	
cultured	 mouse	 embryonic	 lungs	 branching	 morphogenesis.	 Number	 of	 terminal	
branches	substantially	increased	over	a	short	period	compared	to	control	when	cultured	
with	both	Dexamethasone	 (Dex)	and	Thyroid	hormone	 (T3).	Dex	 (10nM,	100nM	and	
1μM)	with	T3	 (100nM)	treated	 lungs	 for	3	days	 illustrates	3-fold	 increase	 in	 terminal	
branches	 compared	 to	 control.	 Continued	 culturing	 with	 Dex	 +	 T3	 shows	 complete	
distortion	in	lung	organogenesis	while	control	continued	to	grow	normally	up	to	7	days.	
(mean	±	SEM,	n=8	independent	experiment/condition,	***p<0.001).		



Chapter	4	–	Directed	Differentiation	of	AFE	into	LPCs	and	Mature	Respiratory	Epithelium	

	

	
	 -	154	-	

	
	
Figure	4.3.17	–	E-Cadherin	expression	following	treatment	without	or	with	dual	T3	and	
Dexamethasone	 treatment	 on	mouse	 lung	 embryonic	 explants.	 E-Cadherin	 (green)	
shows	to	induce	robust	expression	after	T3/Dex	treatment	in	E11.5	embryonic	mouse	
lung	 explants	 in	 culture	 for	 3	 days.	 E-cadherin	 immunostaining	 shown	 a	 robust	
expression	 in	 T3(100nM)/Dex(10nM)	 and	 T3(100nM)/Dex	 (100nM)	 treated	 lung	
explants	 for	 3	 days	 compared	 to	 control	 lungs	 whereas	 high	 treatment,	
T3(100nM)/Dex(1μM),	 displays	 downregulation	 of	 expression.	 Cells	 were	
counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiments)	
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Figure	 4.3.18	 –	 p63	 expression	 following	 treatment	 without	 or	 with	 dual	 T3	 and	
Dexamethasone	treatment	on	mouse	lung	embryonic	explants.		Dual	combination	of	
T3/Dex	treatment	maintained	p63	(green)	expression	on	E11.5	embryonic	mouse	lung	
explants.	Strong	expression	of	the	basal	cell	marker	p63,	after	culturing	lung	explants	
for	3	days	in	control-BME	and	with	the	different	combination	of	T3/Dex	concentrations.	
Cells	were	counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiments)	
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Figure	 4.3.19	 –	 Sox9	 expression	 following	 treatment	 without	 or	 with	 dual	 T3	 and	
Dexamethasone	treatment	on	mouse	lung	embryonic	explants.	Combination	of	T3/Dex	
factors	results	 in	 increased	expression	of	the	Sox9	(green)	 in	E11.5	embryonic	mouse	
lung	explants.	Distal	tip	 lung	progenitor	transcription	factor	Sox9,	reveals	more	distal	
expression	after	the	treatment	with	all	T3/Dex	combination	for	3	days	compared	to	the	
control-BME	cultures.	Cells	were	counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiments).	
	



Chapter	4	–	Directed	Differentiation	of	AFE	into	LPCs	and	Mature	Respiratory	Epithelium	

	

	
	 -	157	-	

	
	
Figure	4.3.20	–	NKX2.1	expression	following	treatment	without	or	with	dual	T3	and	
Dexamethasone	treatment	on	mouse	lung	embryonic	explants.		Dual	treatment	with	
T3/Dex	 increased	 the	 expression	 of	NKX2.1	 (green)	 in	 E11.5	 embryonic	mouse	 lung.	
Combined	treatment	with	T3/Dex	for	3	days	on	E11.5d	mouse	lung	explants	resulted	in	
the	upregulation	of	the	early	lung	progenitor	transcription	marker,	NKX2.1	compared	to	
control	cultures.	Cells	were	counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiments).	
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4.4	 Combinatorial	 treatment	 of	 T3	 and	 Dex	 on	 hESC-derived	 AFE	 induces	 lung	

progenitor	expression	

	

After	establishing	that	exogenous	application	of	T3	and	Dex	led	to	morphological	and	

immunofluorescence	changes	in	our	embryonic	lung	explants,	we	wished	to	determine	

whether	 the	 influence	 of	 T3	 and	 Dex	 on	 the	 AFE	 phenotype	 derived	 from	 hESCs	

generates	a	more	mature	lung	phenotype.	We	utilised	the	previously	established	hESCs	

to	AFE	differentiation	protocol	(a	detailed	schematic	representation	of	the	protocol	is	

displayed	in	Figure	4.4.1A)	and	incorporated	the	treatment	of	T3	alone,	Dex	alone	or	

dual	combination	(T3/Dex)	for	8	days.	In	order	to	assess	the	morphological	changes	with	

T3,	Dex	and	T3/Dex	treatment	on	AFE	precursors,	bright	field	microscopy	images	were	

taken	at	day	16	of	differentiation.	The	control	AFE	phenotype	as	previously	described	

after	 NOG/SB	 on	 DE	 derived	 cells	 for	 4	 days	 show	 a	 clear	 distinct,	 flattened	 and	

elongated-like	cells	(Figure	4.4.1B).	When	culturing	AFE	cells	with	T3	(100nM)	alone	for	

8	days,	we	discovered	the	appearance	of	vesicle	like	structures	suggesting	some	sort	of	

new	lineage	differentiation	(Figure	4.1.1B).	In	Dex-treated	(100nM)	AFE	precursors	for	

8	days,	 cells	begin	 to	clump	together	 into	a	defined	 lumen-like	 feature	 revealing	 the	

induction	 of	 some	 degree	 of	 cell	 differentiation.	 (Figure	 4.4.1B).	 The	 combinatorial	

treatment	 of	 T3/Dex,	 on	 AFE	 derived	 precursors	 for	 8	 days,	 resulted	 into	

clumped/densely	 packed	 cells	 and	 increased	 in	 proliferation	 (Figure	 4.4.1B).	 In	 all,	

cultures	are	taking	on	a	more	3-dimensional	structure	after	each	different	treatment.	

	
In	order	to	further	determine	whether	T3	and	Dex	treated	AFE	precursors	enhances	the	

lung	phenotype,	we	used	immunofluorescent	staining	to	analyse	the	expression	of	the	

early	 lung	progenitors	 (NKX2.1	and	CK5)	and	 late	 lung	progenitor	marker	 (Sox9).	We	

compared	the	expression	of	each	early	and	late	lung	progenitor	marker	in	control	AFE	

and	 AFE	 cells	 treated	with	 T3	 (100nM)	 and	 Dex	 (100nM)	 alone	 and	 in	 combination	

T3(100nM)/Dex(100nM)	 for	 8	 days.	 The	 early	 lung	 progenitor	 marker,	 NKX2.1,	 was	

upregulated	in	T3	(100nM)	or	Dex	(100nM)	treated	AFE	cells	compared	to	control	AFE	

precursors	 (Figure	 4.4.2).	 Interestingly,	 treatment	 of	 T3/Dex	 showed	 less	 NKX2.1	

positive	cells	compared	to	T3	(100nM)	and	Dex	(100nM)	expression	suggesting	a	shift	or	

differentiation	of	cells	possibly	towards	a	more	mature	lung	phenotype	(Figure	4.4.2).	
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Another	 early	 epithelial	 lung	 progenitor	 marker,	 CK5,	 was	 upregulated	 in	 T3	 alone	

(100nM),	Dex	alone	(100nM)	and	T3/Dex	compared	to	control	suggesting	that	different	

treatments	 on	 AFE	 cells	 for	 8	 days	 generates	 an	 early	 lung	 lineage	 (Figure	 4.4.3).	

Moreover,	Sox9,	a	later	lung	marker,	was	expressed	in	clump	of	cells	after	T3	(100nM)	

treated-AFE	precursors	 (Figure	4.4.4).	Dex	alone	and	T3/Dex	 treatments	on	AFE	cells	

shows	an	upregulation	of	Sox9	expression	compared	to	the	control	(Figure	4.4.4).	This	

suggest	 that	 the	 treatments	of	T3,	Dex	and	T3/Dex	on	AFE-derived	hESCs	 for	8	days	

generates	a	heterogeneous	population	of	early	and	late	lung	progenitors	in	vitro.	
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Figure	4.4.1	–	Effects	without	and	with	T3	and/or	Dexamethasone	treatment	on	AFE	
derived	cells.	(A)	show	a	schematic	procedure	generating	AFE	by	Noggin	and	SB431542	
for	4	days	after	specification	of	DE	lineage	prior	to	treating	AFE	with	different	factors	for	
8	days;	T3	only,	Dex	only	or	T3+Dex	combination.	(B)	show	a	phase	contrast	images	of	
the	morphological	 transformation	after	 treatment	on	AFE	precursors	with	T3	or	Dex	
alone	or	combined	for	8	days.	(AFE-	anterior	foregut	endoderm;	T3-	thyroid	hormone;	
Dex-	dexamethasone).	
(Scale	bar	100μm;	n=3	independent	experiments)	

A	

B	
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Figure	 4.4.2	 –	 NKX2.1	 expression	 following	 treatment	 without	 or	 with	 T3	 and/or	
Dexamethasone	on	AFE	progenitors.	NKX2.1	 (green)	expression	 is	upregulated	 in	T3	
and	Dex	alone	and	downregulated	with	dual	T3/Dex	treatment.	NKX2.1	expression	 is	
upregulated	in	T3	(100nM)	and	Dex	(100nM)	only	treated	AFE	cells	compared	to	control	
untreated	 AFE	 precursors	 for	 8	 days.	 Dual	 treatment	 of	 T3/Dex	 shows	 less	 NKX2.1	
positive	cell.	Cells	were	counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiments)	
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Figure	 4.4.3	 –	 CK5	 expression	 following	 treatment	 without	 or	 with	 T3	 and/or	
Dexamethasone	on	AFE	progenitors.		Ck5	(green)	expression	is	elevated	in	T3,	Dex	and	
T3	/Dex	treatments	treated	AFE	derived	cells.	Ck5	expression	is	upregulated	in	T3	alone	
(100nM),	Dex	alone	(100nM)	and	T3/Dex	on	AFE	cells	for	8	days	compared	to	control.	
Cells	were	counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiments)	
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Figure	 4.4.4	 –	 Sox9	 expression	 following	 treatment	 without	 or	 with	 T3	 and/or	
Dexamethasone	 on	 AFE	 progenitors.	 No	 significant	 difference	 in	 Sox9	 (green)	
expression	 in	 single	or	double	T3/Dex	 treatment	on	AFE	precursor.	Sox9	 visualises	 a	
vesicle-like	positive	clump	of	cells	after	T3	(100nM)	treated-AFE	precursors	for	8	days.	
Dex	alone	(100nM)	and	T3/Dex	treatments	on	AFE	cells	shows	an	upregulation	of	Sox9	
expression	compared	to	the	control.	Cells	were	counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiments)	
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4.5	Directing	differentiation	of	hESCs	towards	lung	progenitor	cells	in	vitro.	

	

After	 specifying	 the	 AFE	 cells	 via	 dual	 inhibition	 of	 BMP	 and	 TGFβ	 signalling	 on	 DE	

lineage,	these	progenitors	could	give	rise	to	either	thyroid	or	lungs	(Cardoso	and	Kotton,	

2008;	 Serls	 et	 al.,	 2005).	 Some	 researchers	 have	 shown	 the	 degree	 of	 difficulty	 in	

generating	 thymus	 or	 lung	 lineages	 from	AFE	 lineages	 in	 contrast	 to	more	 posterior	

foregut	endodermal	tissue	such	as	the	hepatic	lineage	(Green	et	al.,	2011;	Gouon-Evans	

et	al.,	2006).	Consequently,	lung	and	thyroid	studies	generated	from	hESCs	are	not	as	

well	 studied	 to	 date.	 So,	 my	 challenge	 was	 to	 generate	 a	 robust	 protocol	 for	 the	

derivation	of	lung	progenitor	cells	(LPCs)	from	hESCs.		

	

We	have	used	a	combination	of	trophic	factors	we	termed	as	BEAFKW	(B-BMP4,	E-EGF,	

A-FGF2,	F-FGF10,	K-KGF	and	W-Wnt3a),	on	AFE	precursors	for	8	days	to	derive	a	LPC	

NKX2.1+	phenotype.	As	an	alternative	approach	 to	deriving	LPCs,	we	substituted	 the	

Wnt3a	 with	 either	 of	 the	 GSK3	 inhibitors	 1m	 (BEAFK1m)	 or	 Chir99021	 (BEAFKC)	 to	

determine	 the	 efficiency	 in	 deriving	 a	 better	 LPC	 lineage	 from	 hESCs	 (a	 detailed	

schematic	 representation	 of	 the	 protocol	 is	 displayed	 in	 Figure	 4.5.1A).	 Bright	 field	

images	were	 taken	at	day	16	of	differentiation	with	BEAFKW,	BEAFK1m	and	BEAFKC	

treated-AFE	 precursors	 for	 8	 days	 revealed	 an	 elongated,	 spindle-shaped	 phenotype	

(Figure	4.5.1B).	Visual	inspection	is	not	sufficient	to	confirm	the	status	of	cell	phenotype,	

hence	the	use	of	more	quantitative	assays	such	as	total	fluorescence	or	luminescence	in	

culture	using	high-throughput	screening	would	allow	for	a	better	statistical	evaluation	

of	this	screens.	

	

To	determine	and	confirm	whether	proteins	known	to	be	expressed	in	endodermal	and	

lung	epithelial	cells	were	present	in	hESC-derived	BEAFKW	LPC	lineage,	cells	were	fixed	

and	 preformed	 immunostaining	 for	 NKX2.1,	 Sox9,	 FoxA2	 and	 Shh	 on	 day	 16	 of	

differentiation.	 We	 have	 found	 a	 subpopulation	 of	 cells	 positive	 for	 the	 early	 lung	

progenitor	 marker,	 NKX2.1	 (Figure	 4.5.2).	 This	 was	 also	 true	 for	 the	 distal	 marker	

transcription	 factor,	 Sox9,	 resulting	 in	 approximately	 half	 of	 the	 cell	 outgrowth	

expressing	the	transcription	factor	(Figure	4.5.2).	The	epithelial	and	endodermal	marker,	

FoxA2,	was	present	in	a	subset	of	cells	in	LPC	derived	hESCs	(Figure	4.5.2).	This	might	be	
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due	 to	 the	 fact	 that	 temporal-spatial	 patterning	 of	 Foxa2	 expression	 is	 regulated	

precisely	during	lung	development,	being	restricted	to	subsets	of	respiratory	epithelial	

cells.	

	

	Sonic	hedgehog	(Shh),	is	found	in	airway	epithelial	progenitors	and	is	essential	in	lung	

and	airway	development	in	early	embryogenesis	(Watkins	et	al.,	2003).	Shh	was	barley	

expressed	in	the	plasma	membrane	of	most	cells	after	treatment	of	AFE-derived	cells	

via	NOG/SB	with	BEAFKW	for	8	days	(Figure	4.5.2).	It	is	possible	to	improve	the	staining	

level	by	adjusting	 the	antibody	dilution	or	 the	direct	detection	 for	 the	elimination	of	

concerns	regarding	non-specific	binding	of	the	secondary	antibody.	Moreover,	control	

samples	are	required	to	show	label	localization	is	correct	to	elucidate	any	noise	signals.	

The	expression	of	 these	markers	suggests	 the	early	development	of	 lung	progenitors	

from	AFE	precursors	treated	with	BEAFKW	combination	of	factors.	Immunostaining	for	

lung	markers	were	conducted	using	two	alternative	approaches	to	induce	LPC	from	AFE	

precursors;	BEAFK1m	 and	BEAFKC.	 Following	8	days	of	outgrowth	of	AFE	cells	 in	 the	

BEAFK1m	 and	 BEAFKC	 combinations.	 Nuclear	 staining	 for	 NKX2.1,	 Sox9	 and	 FoxA2	

reveals	 the	 equivalent	 in	 lung	 expression	markers	 as	 seen	 in	BEAFKW	 LPC	 induction	

(Figure	 4.5.3	 and	 Figure	 4.5.4).	 To	 confirm	 these	 observations,	 we	 carried	 out	

quantitative	analysis	of	positive	cell	expression	of	NKX2.1,	Sox9	and	FoxA2	in	BEAFKW,	

BEAFK1m	and	BEAFKC	induced	LPCs.	We	confirmed	under	all	3-different	LPC	conditions,	

no	significant	difference	was	observed	upon	treating	AFE	precursors	for	8	days	(Figure	

4.5.5).	We	therefore	refined	our	approach	to	determine	whether	Wnt	signalling	has	an	

effect	 on	 LPC	 induction	 in	 vitro.	 We	 have	 also	 assessed	 the	 gene	 expression	

(pluripotency,	 DE,	 AFE	 and	 LPC	 markers)	 of	 BEAFKW,	 BEAFK1m	 and	 BEAFKC	 in	 an	

induced	pluripotent	stem	cell	(iPSC)	line	in	comparison	to	Shef3	hES	cell	line	(Appendix	

Figure	5).		

	

Overall,	we	conclude	that	a	cocktail	of	 trophic	 factors	to	activate	FGF,	Wnt	and	BMP	

signalling	on	an	enriched	population	of	AFE	phenotype	mimics	the	lung	development	in	

generating	LPC.	Thus,	Noggin/SB431542-induced	AFE	is	uniquely	competent	to	respond	

to	maturation	signals	in	vitro.	
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Figure	 4.5.1	 –	 Lung	 progenitor	 cells	 (LPCs)	 Morphology.	 (A)	 show	 a	 schematic	
representation	of	deriving	LPC	from	AFE	lineage	via	BEAFKW,	BEAFK1m	or	BEAFKC	for	8	
days.	(B)	show	post	treatment	cell	morphology	with	BEAFKW,	BEAFK1m	and	BEAFKC	for	
8	days	on	AFE	derivatives	produces	an	elongated	cell	feature.	(B-BMP4,	E-EGF,	A-FGF2,	
F-FGF10,	K-KGF,	W-Wnt3a	and	C-Chir99021)	

A	

B	
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(Scale	bar	100μm;	n=4	independent	experiments)	
	

	
	
Figure	 4.5.2	 –	 Lung	 progenitor	 cells	 (LPCs)	 expresses	 early	 lung	 markers.	
Immunofluorescence	analysis	of	NKX2.1	(green),	Sox9	(green),	FoxA2	(green)	and	Shh	
(green)	shows	positive	staining	upon	treating	AFE	precursors	with	BEAFKW	for	6-8	days	
suggesting	 the	 development	 of	 early	 developing	 lung	 endoderm.	 Cells	 were	
counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=5	independent	experiments)	
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Figure	4.5.3	–	Deriving	lung	progenitor	cells	(LPCs)	with	BEAFK1m	expresses	early	lung	
markers.	 Immunofluorescence	 analysis	 of	 FoxA2	 (green),	 Sox9	 (green)	 and	 NKX2.1	
(green)	shows	positive	staining	upon	treating	AFE	precursors	with	or	BEAFK1m	 for	6-
8days.	Cells	were	counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiments)	
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Figure	4.5.4	–	Deriving	lung	progenitor	cells	(LPCs)	with	BEAFKC	expresses	early	and	
late	 lung	 markers.	 Immunofluorescence	 protein	 expression	 of	 FoxA2	 (green),	 Sox9	
(green)	and	NKX2.1	(green)	shows	positive	staining	upon	treating	AFE	precursors	with	
BEAFKW	for	6-8days.	Cells	were	counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=3	independent	experiments)	
	
	



Chapter	4	–	Directed	Differentiation	of	AFE	into	LPCs	and	Mature	Respiratory	Epithelium	

	

	
	 -	170	-	

	
	

Figure	4.5.5	–	Inducing	lung	progenitor	cells	(LPCs)	expression	with	BEAFKW,	BEAFK1m	
and	 BEAFKC.	 Quantitative	 analysis	 reveals	 upon	 treatment	 of	 AFE	 precursors	 with	
BEAFKW,	 BEAFK1m	 or	 BEAFKC	 for	 8	 days	 to	 induce	 LPCs,	 showed	 no	 significant	
difference	in	expression	of	positive	nuclear	markers	NKX2.1,	Sox9	and	FoxA2.	(mean	±	
SEM;	n=3	independent	experiments/condition)	
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4.6	Wnt	signalling	is	necessary	for	the	differentiation	towards	LPCs.	

	

Wnt	signalling	is	reported	to	be	a	critical	signalling	pathway	in	lung	organogenesis	and	

important	for	cell	fate	decisions	and	differentiation	of	different	type	of	lung	cells	(Tebar	

et	 al.,	 2001).	 Hence	 by	modulating	 the	Wnt	 signalling	 pathway	 by	 using	 a	 range	 of	

different	 Wnts,	 in	 our	 case	 Wnt3a	 and	 activators	 of	 the	 Wnt	 pathway,	 1m	 and	

Chir99021,	we	can	have	a	better	understanding	of	the	effect	of	Wnt	signalling	on	the	

regulation	of	spatial	and	distal	branching	via	expression	of	specific	 lung	markers.	We	

extracted	RNA	from	day	16	of	differentiation	 in	LPC	BEAFKW	 conditions	and	without	

Wnt3a.	PCR	analysis	revealed	that	removing	Wnt	signalling	from	the	cocktail	of	factors	

(BEAFKW)	 showed	 the	 loss	 of	 the	 distal	 Sox9	 lung	 marker,	 the	 NKX2.1	 early	 lung	

progenitor,	the	p63	basal	cell	expression	markers	(Figure	4.6.1).	However,	with	the	aid	

of	 retinoic	 acid	 (RA),	 Sox9	 was	 upregulated	 Sox9	 indicating	 that	 RA	 could	 be	 a	

replacement	 for	 Wnt	 signalling	 in	 generating	 mature	 lung	 cells	 (Figure	 4.6.1).	 An	

example	of	a	raw	gel	 image	of	PCR	B-actin	gene	expression	 is	 illustrated	 in	Appendix	

Figure	6A.	

	

After	 the	 specification	 of	 AFE	 induced	 cells,	 we	 then	 determined	 the	 influence	 of	

BEAFKW/BEAFK1m	with	and	without	RA	on	gene	expression	in	LPCs.	Addition	of	RA	in	

combination	with	BEAFKW/BEAFK1m	on	AFE	precursors	downregulated	expression	of	

the	AFE	specific	marker,	Tbx1	and	upregulated	the	distal	lung	marker	Sox9	(Figure	4.6.2).	

NKX2.1	and	p63	showed	robust	expression	under	BEAFK1m+RA	conditions	whereas	with	

BEAFKW+RA	 reveals	 a	 faint	 band	 indicating	 weaker	 early	 lung	 cell	 induction	 with	

BEAFKW+RA	conditions	 (Figure	4.6.2).	An	example	of	a	 raw	gel	 image	of	PCR	B-actin	

gene	expression	is	illustrated	in	Appendix	Figure	6B.	
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Figure	 4.6.1	 –	Wnt	 Signaling	 is	 necessary	 for	 the	 differentiation	 towards	 LPC.	 PCR	
analysis	 revealed	 that	 removing	 Wnt	 signalling	 from	 the	 cocktail	 factors	 (BEAFKW)	
showed	the	loss	of	distal	Sox9	lung	marker,	NKX2.1	early	lung	progenitor,	p63	basal	cell	
expression	markers.	With	the	aid	of	retinoic	acid	(RA),	it	upregulated	Sox9	expression.	
(Appendix	Figure	6A	–	Raw	gel	image	of	B-actin	PCR	gene	expression)	
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Figure	4.6.2	–	The	effect	of	Retinoic	acid	(RA)	in	generating	lung	progenitor	cells.	RA	
with	BEAFKW/BEAFK1m	on	AFE	cells	for	8	days	shows	downregulation	of	the	AFE	specific	
marker,	Tbx1	and	upregulation	of	the	lung	specific	marker	Sox9.	NKX2.1	and	p63	shows	
a	 robust	 expression	 in	 BEAFK1m+RA	 whereas	 in	 BEAFKW+RA	 reveals	 a	 faint	 band.	
(Appendix	Figure	6B	–	Raw	gel	image	of	B-actin	PCR	gene	expression)	
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4.7	Induction	of	NKX2.1	in	AFE	by	modulating	FGF	and	HH	signalling	

	

As	we	mentioned	previously	(BEAFKW;	Figure	4.5.2),	Wnt	signalling	in	combination	with	

many	other	signalling	pathways	(BMP	and	FGF)	are	essential	in	lung	progenitor	induction	

and	lung	development	(Rankin	and	Zorn,	2014).	We	went	on	to	focus	on	two	signalling	

pathways	 FGF	 and	HH.	 High	 levels	 of	 FGF	 and	HH	 (500ng/mL	 and	 50ng/mL)	 on	 AFE	

precursors	 was	 shown	 to	 induce	 NKX2.1	 expression	 and	 is	 required	 for	 lung	

mesenchyme	proliferation	respectively	in	vivo	(Serls	et	al.,	2004;	Bellusci	et	al.,	1997).	A	

detailed	 schematic	 differentiation	 protocol	 shows	 the	 additional	 growth	 factors	 and	

inhibitors,	 FGF2,	 SU5402,	 Sant-2,	 SAG,	 FGF2+Sant2	 and	 SU+SAG	 for	 8	 days	 after	 the	

specification	of	AFE	phenotype	via	NOG/SB	(Figure	4.7.1A).	This	was	utilised	to	generate	

a	robust	NKX2.1+	lung	lineage.	We	observed	robust	NKX2.1	and	FoxA2	expression	in	the	

treatment	with	high	FGF2	concentrations	(500ng/ml)	only	and	low	level	expression	of	

the	thyroid	marker,	Pax8	(Figure	4.7.1B).	The	SU5402	molecule,	an	FGF	inhibitor,	was	

used	to	determine	if	NKX2.1	expression	in	AFE	precursors	was	due	to	endogenous	FGF	

signalling.	SU5402	(10μM)	also	maintained	NKX2.1	expression	and	almost	complete	loss	

of	Pax8	expression.	However,	SU5402	induced	a	robust	neural/mesenchymal	marker,	

NESTIN.		

	

This	 suggests	 that	 blocking	 FGF	 signalling	 downregulates	 the	 thyroid	 phenotype.	

Moreover,	 blocking	HH	 signalling	 via	 Sant-2	 (10μM)	 caused	 a	 comprehensive	 loss	 of	

NKX2.1	expression	while	 thyroid	marker	Pax8	and	neural	markers,	NESTIN	and	Pax6,	

were	upregulated.	When	FGF2	was	added	with	Sant-2,	a	 significant	 loss	of	Pax8	and	

neural	markers	(NESTIN	and	Pax6)	was	observed	(Figure	4.7.1B).	To	test	whether	HH	has	

an	influence	on	induction	of	NKX2.1+	cells,	we	used	a	HH	activator	Smoothened	agonist	

(SAG,	 1μM)	 on	 AFE	 precursors.	 Surprisingly,	 we	 did	 not	 observe	 any	 expression	 of	

NKX2.1	(at	least	by	PCR)	in	SAG-treated	AFE	cultures	for	8	days.	Conversely,	adding	SAG	

with	SU5402	caused	a	robust	expression	of	NKX2.1	and	a	downregulation	of	Pax8	with	

some	expression	of	an	ectodermal	phenotype	(Figure	4.7.1B).	These	results	suggest	that	

the	inhibition	of	FGF	signalling	while	enhancing	the	HH	signalling	pathway	stimulated	a	

high	 NKX2.1+	 cell	 population.	 An	 example	 of	 a	 raw	 gel	 image	 of	 PCR	 B-actin	 gene	

expression	is	illustrated	in	Appendix	Figure	6C.	
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Figure	4.7.1	–	 Induction	of	NKX2.1	 in	AFE	by	modulating	FGF	and	HH	signalling.	 (A)	
show	a	schematic	representation	of	deriving	NKX2.1	positive	cells	from	AFE	for	8	days.	
(B)	 NKX2.1	 is	 expressed	 in	 FGF2	 (500ng/mL),	 Sant-2	 (10μM)	 and	
SU5402(10μM)+SAG(1μM)	treatment	 for	8	days	on	AFE	precursors.	Sant-2	 treatment	
shown	to	induce	a	robust	thyroid	marker,	Pax8.	Neural	lineage	expression	of	NESTIN	and	
Pax6	are	found	in	SU5402,	Sant-2	and	SU5402+SAG	treatments.	(Appendix	Figure	6C	–	
Raw	gel	image	of	B-actin	PCR	gene	expression)	
	

	

	

A	

B	
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4.8	The	directed	differentiation	of	hESCs	to	mature	lung	cells	(MLC)		

	

Together,	we	developed	a	step-wise	robust	protocol	for	the	directed	differentiation	of	

Shef3	 hESCs	 towards	 lung	 mature	 epithelial	 cells	 in	 a	 4-stage	 strategy.	 The	

differentiation	protocol	 time-line	 from	differentiating	hESCs	 into	MLCs	was	a	month-

long	 procedure.	 A	 clear	 morphological	 transformation	 from	 hESCs	 differentiation	

towards	MLCs	 is	 illustrated	 in	Figure	4.8.1.	However,	 an	efficient	and	a	 reproducible	

stepwise	 approach	 in	MLC	 induction	 from	hESCs	 needs	 to	 be	 further	 investigated	 in	

depth	to	ensure	no	contamination	of	cells	in	generated	NKX2.1-positive	lung	progenitors	

and	functional	cells.		

	

LPCs	were	gently	trypsinized	via	Accutase	and	re-plated	(100,000	cells/cm2)	on	Matrigel-

coated	60mm	dishes.	Cultures	were	grown	for	12-14	days	in	an	AIM	supplemented	with	

FGF10	(100ng/mL)	and	FBS	(2%)	only	(MLC1).	We	also	derived	MLCs	by	two	alternative	

conditions	MLC2	 (FGF10,	KGF	and	Wnt3a)	 and	MLC3	 (FGF10,	 FGF2	and	FBS)	 for	 two	

weeks	 after	 the	 specification	of	 LPC.	A	 detailed	 schematic	 differentiation	protocol	 is	

represented	in	Figure	4.8.2A.		

	

The	MLC1	 protocol	 downregulated	 the	 early	 lung	 progenitor,	 NKX2.1	 and	 induced	

mature	proximal	lineages	such	as	basal	cell	(p63),	goblet	cell	(MUC5AC)	and	Clara	cell	

(CC10)	 lineages	 (Figure	 4.8.2B).	 MLC1	 indicates	 the	 maturity	 of	 cells	 after	 the	

specification	of	BEAFKW	LPC	phenotype	for	14	days.	MLC2	showed	cells	with	an	early	

lung	 progenitor	 phenotype	 through	 a	 robust	 expression	 of	 NKX2.1	 PCR	 band	 and	 a	

strong	basal	cell	marker	(p63)	expression.	MLC2	also	showed	a	faint	band	of	an	alveolar	

epithelial	 type-2	 (AET-II)	 SPC	marker	 (Figure	 4.8.2B).	 These	 data	 suggest	 that	MLC2	

induces	 a	 heterogeneous	 population	 of	 early	 and	 mature	 lung	 progenitors	 hence,	

prolonged	culture	might	distinguish	cells	to	yield	a	better	MLC	phenotype.	MLC3,	the	

addition	 to	 FGF2	with	 FG10	 and	 FBS,	 revealed	 a	 robust	 expression	of	 the	AET-II	 cell	

marker,	SPB	indicative	of	the	development	of	distal	and	mature	airway	epithelium.	
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In	order	to	confirm	the	MLC	phenotype,	immunofluorescent	analysis	was	conducted	to	

determine	 the	 protein	 expression	 of	 mature	 epithelium	 lung	 markers	 under	MLC3-

treated	 conditions	 for	 14	 days	 on	 hESC-induced	 LPCs.	MLC3	 treatment	 was	 chosen	

because	it	induced	a	robust	distal	mature	AET-II	marker.	AET-II	markers,	SPA	and	SPB,	

showed	 some	 expression	 in	MLC	 derived	 cells	 (Figure	 4.8.3).	 Sox9	 and	 GATA6,	 also	

showed	 a	 subset	 of	 cells	 expressing	 positive	 staining	 while	 the	 CK5,	 a	 filamentous	

cytoskeletal	protein,	is	strongly	expressed	in	some	cells	in	MLC3-treated	LPC	precursors	

(Figure	4.8.3).	Alternatively,	we	visualised	a	reduction	of	Sox2	immunostaining	after	the	

induction	of	MLC3	on	LPC	induced	cells	compared	to	LPC	precursors	suggest	the	shift	

from	an	early	proximal	lung	progenitors	to	committed	distal	lung	epithelial	phenotype	

(Figure	4.8.4).	 To	 complement	our	PCR	data,	we	 showed	a	 small	 amount	of	 positive	

staining	for	NKX2.1+	cell	expression	in	MLC3-treated	cultures	(Figure	4.8.4).	Suggesting	

that	the	cells	have	lost	their	early	lung	phenotype	and	differentiated	to	a	mature	lung	

epithelium.		
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Figure	 4.8.1	 –	 Phase	 contrast	 images	 of	 a	 stage	wise	 differentiation	 protocol	 from	
hESCs	 to	 mature	 lung	 cells	 (MLC).	 Changes	 in	 cell	 morphology	 from	 hESCs	
undifferentiated	state	towards	MLC	phenotype	in	a	stage-wise	protocol.	Timeline	from	
hESCs	to	MLC	is	around	30days.	(hESCs	–	human	embryonic	stem	cells,	DE	–	definitive	
endoderm,	AFE	–	anterior	 foregut	endoderm,	 LPC	–	 lung	progenitor	 cells	 and	MLC	–	
mature	lung	cell;	Scale	bar	100μm)	
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Figure	4.8.2	–	Mature	lung	cell	(MLC)	expresses	proximal	and	distal	lung	markers.	(A)	
figure	shows	a	schematic	representation	of	deriving	MLC	with	three	different	culture	
treatments	(MLC1,	MLC2	and	MLC3)	for	2	weeks	on	lung	progenitor	cell	(LPC)	precursors	
(NKX2.1-positive	cells).	 (B)	shows	PCR	analysis	that	 illustrates	MLC1,	MLC2	and	MLC3	
induces	proximal	(p63,	MUC5AC,	FOXJ1	and	CC10)	and	alveolar	type	2	(AET-11)	airway	
(SPB	and	SPC)	markers.	

A	

B	
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Figure	4.8.3	–	Positive	expression	of	lung	mature	markers	upon	induction	of	MLC3	on	
LPC	precursors.	Lung	mature	cell	markers;	SPA,	SPC,	GATA6,	Sox9	and	an	epithelial	cell	
specific	marker	CK5	are	expressed	in	LPC-treated	cells	for	14	days	in	MLC3	culture.	
(Scale	bar	100μm;	n=2	independent	experiment)	
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Figure	4.8.4	–	Effects	of	MLC3	on	LPC	precursors.	Downregulation	of	Sox2	and	NKX2.1	
markers	 after	 induction	 of	MLC3	 for	 14	 days	 on	 LPC	 precursors.	 Sox2	 and	 NKX2.1	
markers	show	to	lose	their	nuclear	expression	when	LPC	is	cultured	with	MLC3	factors	
for	14	days.		
(Scale	bar	100μm;	n=2	independent	experiment).	
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4.9	Summary	of	Results	

• We	can	isolate	and	culture	embryonic	mouse	lung	explants	either	under	ALI	or	

on	fibronectin-coated	coverslips.		

• More	rapid	branching	was	observed	in	ALI	cultures	of	E11.5d	embryonic	mouse	

lungs	than	in	fibronectin	cultures.	

• Addition	 of	 T3	 hormone	 (at	 100nM)	 for	 up	 to	 7	 days	 showed	 statistical	

enhancement	 in	 branching	 and	 dilation	 of	 the	 airway	 lumen	 of	 mouse	 lung	

explants	under	fibronectin	conditions	compared	to	control	cultures.	

• Dex	treatment	(10nM,	100nM	and	1μM)	of	E11.5	mouse	lung	explants	showed	

a	significant	dilation	of	airway	lumen	after	3	days	 in	culture	under	fibronectin	

conditions	compared	to	untreated	lungs.		

• Combinatorial	treatment	of	Dex	and	T3	for	3	days	on	E11.5	mouse	lung	explants	

showed	a	statistically	increase	in	lung	terminal	branching	compared	to	control	

lungs.			

• We	generated	 lung	progenitor	 cells	 (LPCs)	by	 treating	AFE	derived	precursors	

with	a	cocktail	of	trophic	factors	(BEAFKW/BEAFK1m/BEAFKC)	for	8	days.			

• Wnt	signalling	was	 found	 to	be	necessary	 in	 the	cocktail	of	 trophic	 factors	 to	

induce	LPCs.	

• The	 induction	 of	 AFE	 into	 a	 NKX2.1+	 lung	 lineage	was	 observed	 through	 the	

modulation	of	FGF	and	HH	signalling.	

• We	generated	mature	lung	cell-like	phenotype	via	treatment	of	LPC	cells	with	

FGF10,	FGF2	and	FBS	for	14	days.	
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4.10	Discussion	

	

Pluripotent	 stem	 cells	 have	 enormous	 therapeutic	 potential	 tool	 to	 the	 fact	 that	

differentiate	 into	 more	 than	 200	 different	 cell	 types.	 The	 fate	 of	 induced	 cells	 is	

dependent	upon	having	the	correct	external	stimuli	or	signal.	Indeed,	much	research	is	

focused	on	optimizing	the	correct	conditions,	(including	the	concentration	of	exogenous	

factors)	and	the	period	of	exposure	needed	to	differentiate	stem	cells	into	the	particular	

cell	of	interest.		This	approach	has	been	applied	to	the	problem	of	inducing	pluripotent	

embryonic	stem	cells	into	AFE	and	then	onto	LPC	precursor	cells.	This	knowledge	would	

provide	a	valuable	basis	to	study	tissue	engineering,	drug	discovery	and	potentially	stem	

cell	therapies.		

	

4.10.1	The	effect	of	T3	and	Dex	on	lung	branching	morphogenesis	

	

To	 complement	 the	work	 in	 ES	 cells,	 we	 isolated	mouse	 embryonic	 lung	 buds	 from	

E11.5d	embryos	and	maintained	 them	 in	 culture	either	on	an	ALI	or,	on	 fibronectin-

coated	coverslips.	These	cultures	were	of	some	use	because	first	of	all	they	could	be	

used	as	positive	controls	for	the	lung	antibodies	used	in	the	study.	We	have	determined	

the	 expression	 of	 E-cadherin,	 NKX2.1,	 Sox9	 and	 FoxA2	 by	 immunofluorescence	

detection.	 Immunofluorescence	 in	 early	 embryonic	 mouse	 lung	 explants	

(pseudoglandular	 stage)	 with	 the	 aid	 of	 two	 lung	 markers,	 E-cadherin	 and	 NKX2.1,	

clearly	 demonstrated	 the	 branched	 structure	 and	 the	 epithelial	 cells	 in	 early	 lung	

morphogenesis.	Moreover,	lung	mesenchyme	(surrounding	the	epithelium)	may	play	a	

major	role	as	a	source	for	inductive	signals	for	lung	morphogenesis.	Reciprocal	signalling	

between	 the	 distil	 tip	 multipotent	 epithelial	 progenitors	 of	 the	 lung	 buds	 and	 the	

surrounding	 mesenchyme	 would	 establish	 a	 stereotypical	 branching	 morphogenesis	

(Wong	and	Rossant,	2013).	However,	the	cellular	mechanisms	underlying	the	balance	

between	branching	and	alveolar	differentiation	would	require	more	exploration	which	

may	allow	for	a	new	awareness	to	mechanisms	and	lung	therapies.	This	might	be	done	

by	 understanding	 the	 key	 processes	 and	 signalling	 pathways	 in	 lung	 development	

through	loss	and	gain	of	function	studies	in	mouse	and	in	human	cells	via	CRISPR/Cas9	

targeted	 genome	 editing	 system.	 For	 instance,	 the	 insertion	 of	 reporter	 genes	 into	
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developmentally	 important	 loci	 such	 as	 NKX2.1	 has	 facilitated	 the	 identification	 and	

characterization	of	target	cell	types	for	disease	modelling	or	transplantation	(Goulburn	

et	al.,	2011).	

	

Immunostaining	for	Sox9	in	the	embryonic	lung	buds	shows	the	presence	of	the	distil	

tip	multipotent	progenitor	cells	in	our	ex	vivo	culture	model.	A	previous	study	showed	

the	 influence	 of	 dual-function	 regulators,	 Sox9	 and	 Kras	 and	 suggests	 that	 the	 Sox9	

suppresses	premature	inhibition	of	alveolar	differentiation	but	is	required	for	branching	

morphogenesis	(Chang	et	al.,	2013).	In	contrast,	hyperactivity	of	the	small	GTPase,	Kras,	

suppresses	alveolar	differentiation	(Chang	et	al.,	2013).	Hence,	co-ordination	between	

the	 dual-functional	 regulators	 (Sox9	 and	 Kras)	 is	 essential	 to	 balance	 branching	

morphogenesis	and	alveolar	differentiation	through	lung	development.	Others	reported	

that	 distal	 tip	 of	 the	 branching	 lung	 epithelium	 contains	 individual	 undifferentiated	

multipotent	embryonic	progenitor	cells.	Indeed	Id2-expressing	cells	have	been	found	in	

the	 distal	 tip	 that	 could	 self-renew	 and	 differentiate	 into	 all	 epithelial	 cell	 lineages,	

(including	the	neuroendocrine	cells)	and	therefore	contributes	progeny	to	both	alveolar	

and	bronchiolar	compartments	(Rawlins	et	al.,	2009).		

	

The	thyroid	gland	is	an	important	organ	in	the	body	where	it	is	stimulated	in	response	

of	low	level	of	hormones	to	release	T3	and	T4	into	the	blood	stream.	The	hormones	can	

then	act	on	target	tissues.		T3,	a	lipid	soluble	compound,	when	it	enters	the	nucleus	it	

dissociates	 co-repressors	 (HDAc)	 from	 the	 thyroid	 hormone	 receptor	 (TR)	 and	 forms	

heterodimers	with	RXR	on	the	TRE	in	the	promoter	regions	of	target	genes	(Chinoy	et	

al.,	 2001).	 Hence,	 co-activators	 (HAT)	 are	 recruited	 to	 the	 T3-bound	 receptor	 and	

initiates	gene	transcription.	TR,	when	not	bound	to	T3,	remains	bond	to	the	TRE	and	

represses	gene	activation	or	expression.	We	have	seen	that	T3	in	our	E.115d	lung	mouse	

explants	caused	an	increase	in	the	number	of	terminal	branches	as	well	as	an	increase	

in	airway	dilation	when	compared	to	untreated	control	lung	explants.	However,	it	is	not	

possible	to	assess	the	amount	of	T3	absorbed	by	the	cultured	lung	explants	from	the	

culture	medium	but	a	study	confirmed	that	around	2nM	of	T3	concentration	is	seen	in	

human	 fetal	 lungs	 (Costa	 et	 al.,	 1991).	 In	 our	 study,	 10nM	 treatment	 of	 T3	 had	 no	

significant	effect	on	airway	dilation	compared	to	control	lung	explants.	Higher	doses	of	
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T3	(100nM)	has	been	used	to	examine	the	in	vitro	effect	on	the	structural	development	

of	E11.5d	lung	explants	since	it	has	been	shown	to	have	a	significant	influence	compared	

to	untreated	lungs.	We	added	the	exogenous	T3	precisely	on	E11.5d	to	study	the	effects	

on	 lung	 explants	 because,	 during	 the	 early	 pseudoglandular	 (E11.5-16.5d)	 period	 is	

when	 the	 tracheobronchial	 tree	 is	 branching	 and	 the	 airway	 sacs	 are	 emerging	

(Archavachotikul	 et	 al.,	 2002).	 During	 the	 pseudoglandular	 period,	 Hoxb5	 protein	 is	

highly	expressed	throughout	this	period	and	known	to	regulate	epithelial	fate	until	fully	

completion	of	branching	morphogenesis.	Hoxb5	could	be	examined	in	the	future	to	see	

the	effect	of	T3	on	its	expression	(Volpe	et	al.,	1997).		

	

We	 have	 observed	 that	 NKX2.1	 is	 normally	 expressed	 in	 columnar	 and	 cuboidal	

epithelium	of	the	lung	but	becomes	progressively	restricted	to	the	distal	epithelial	cells	

after	the	treatment	of	T3	for	7	days.	Hence,	NKX2.1	might	be	targeting	its	downstream	

target,	SPC,	which	are	restricted	to	distal	cells	after	T3	treatment	on	embryonic	mouse	

explants.	Sox9	distal	tip	progenitor	marker	in	T3	(100nM)	treatment	showed	increases	

in	branches	and	terminal	sac	development.	These	results	confirm	that	T3	treatment	on	

mouse	embryonic	 lung	explants	 resulted	 in	morphological	 changes	of	 the	embryonic	

lungs	due	 to	pleiotropic	effects.	Sorting	NKX2.1-positive	cells	could	be	applied	 in	 the	

future	to	enrich	a	purity	of	early	lung	population	of	cells.	

	

Glucocorticoids	are	used	frequently	as	an	anti-inflammatory	drug	to	treat	diseases	such	

as	asthma,	auto-immune	diseases,	allergies	as	it	can	reduce	the	severity	of	respiratory	

disease	 symptoms.	 Circulating	 glucocorticoids	 have	 reflective	 effects	 on	 epithelial	

growth	 and	 foetal	 lung	 development	 (Muglia	 et	 al.,	 1995).	 Culturing	 E11.5d	 mouse	

embryonic	lung	explants	with	Dex	at	different	concentrations	(10nM,	100nM	and	1μM)	

for	 3	 days	 also	 enhanced	 airway	 lumen	 dilation	 compared	 to	 the	 control.	 However,	

prolonged	 culture	 with	 Dex	 (5-7days)	 showed	 complete	 distortion	 in	 lung	

organogenesis.	We	investigated	the	expression	of	different	lung	markers	under	these	

conditions.		Immunofluorescent	images	for	protein	expression	showed	explants	treated	

for	 more	 than	 3	 days	 with	 Dex	 (10nM,	 100nM	 and	 1μM)	 demonstrates	 growth	

retardation	and	distorted	branching.	This	may	be	due	to	Dex	accelerated	maturation	in	

small	period	of	time	compared	to	control	untreated	explants	(3	days).	Change	in	Sox9	
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distribution	is	not	surprising	since	overall	architecture	is	affected.	We	can	conclude	that	

Dex	treatment	during	the	early	pseudoglandular	period	accelerates	maturation.	A	study	

confirmed	 a	 similar	 approach	 to	 our	 investigation	using	 a	Dex	 agonist	 triamcinolone	

hexacetonide	 (TAC-HA).	 TAC-HA	 treatment	 on	 early	 lung	 development	 enhanced	

branching	morphogenesis	and	increased	in	SPA	expression	in	vitro	(Jaskoll	et	al.,	1996).	

Oshika	E	et	al.	(1998),	investigated	the	effect	of	10nM	Dex	on	the	early	pseudoglandular	

stage	of	a	foetal	rat.	Under	these	conditions,	Dex	stimulated	the	expression	of	genes	

related	to	epithelial	differentiation	and	growth,	SPB	and	KGF	respectively.		

	

The	 next	 question	 we	 addressed	 was	 does	 the	 combined	 treatment	 with	 thyroid	

hormone	 (T3)	 along	 with	 a	 glucocorticoid	 (Dex)	 accelerate	 lung	 development?	 The	

combined	 treatment	 could	 potentially	 be	 beneficial	 to	 the	 advancement	 of	 lung	

maturation	and	therefore	has	some	therapeutic	potential	for	treating	premature	infants	

with	pulmonary	disorders.	Culturing	E11.5d	mouse	embryonic	lung	explants	with	Dex	

(10nM,	100nM	or	1μM)	and	T3	(100nM)	increased	terminal	branches	compared	to	the	

control	after	3days.	Prolonged	culture	with	Dex	and	T3	showed	profound	changes	 in	

lung	 organogenesis	 compared	 to	 control	 lung	 explants.	 The	 number	 of	 terminal	

branches	increased	over	a	short	period	when	cultured	with	both	Dex	and	T3.	Fluorescent	

microscopy	images	of	E-cadherin,	Sox9	and	NKX2.1	revealed	enhanced	expression	and	

increased	 expression	 in	 distal	 tip	 compartments	 upon	 T3/Dex	 treatments.	 This	 is	 an	

indicative	 expansion	 of	 the	 number	 of	 branches	 in	 T3/Dex	 treatments	 compared	 to	

control	(untreated)	lung	explants.	These	findings	suggest	that	these	two	hormones	exert	

different	 effects	 on	 lung	 development,	 with	 T3	 might	 be	 promoting	 proliferation	

whereas	Dex	causes	airway	lumen	dilation	and	loss	of	the	normal	branching	architecture	

during	 lung	maturation.	Dex	might	be	 increasing	 the	activation	of	either	 cyclic	AMP-

dependent	 or	 AMP-independent	 mechanisms	 via	 increasing	 expression	 of	 β2-

adrenoceptors	and	increased	Na+/K+	electro-genic	pump	activity	respectively	causing	

airway	lumen	dilation	(Hirst	and	Lee,	1998).	Cell	proliferation	may	be	investigated	in	the	

future	by	examining	one	or	more	specific	markers	within	the	cells,	such	as	5-bromo-2'-

deoxyuridine	(BrdU)	is	a	thymidine	analog	that	is	incorporated	into	newly	synthesised	

DNA	or	proliferating	cell	nuclear	antigen	(PCNA)	that	is	mainly	expressed	in	late	G1	and	

S	phases.	
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We	then	went	on	to	determine	the	influence	of	T3	and	Dex	on	the	lung	phenotype	of	

hESC-derived	AFE	cells.	We	utilised	a	previously	established	hESCs	to	AFE	differentiation	

protocol	(described	in	section	3.4)	incorporating	the	treatment	of	T3	alone,	Dex	alone	

or	dual	combination	(T3+Dex)	after	the	specification	of	AFE	for	8-days.	Phase	contrast	

images	of	T3	and	Dex	treatment	on	AFE	derived	cells	for	8	days	induced	morphological	

changes.	NKX2.1	expression	was	upregulated	in	cells	treated	with	T3	or	Dex	alone	and	

downregulated	following	treatment	with	both	T3	and	Dex	suggesting	loss	of	early	lung	

markers	and	shift	to	a	mature	lineage	with	dual	hormone	treatment.	Whereas	the	distal	

lung	cytoskeletal	protein	marker	(Ck5)	expression	was	elevated	in	all	treatments	(Dex,	

T3	and	Dex	and	T3)	on	AFE	precursors	for	8	days	suggesting	induction	of	a	mature	lung	

epithelium.	 Future	 characterisation	 of	 thyroid	 markers	 (Hhex,	 Pax8	 and	 TG)	 and	

hepatocyte	markers	(AFP,	GS	and	transferrin)	could	be	performed	by	immunostaining	

or	PCR	since	T3	or	Dex	might	be	inducing	a	heterogeneous	population	of	thyroid,	liver	

and	 lung	 cell	 types	 in	 parallel.	 Dex	 or	 T3	 alone	 have	 one	 effect	 and	 the	 combined	

treatment	has	a	completely	different	effect.	T3	effect	more	pronounced	on	branching	

with	Dex.		

	

4.10.2	Generation	of	LPCs	derived	from	hESCs	in	vitro	

	

Recapitulation	 of	 the	 stages	 of	 lung	 development	 in	 vitro	 may	 promote	 lung	 cell	

differentiation	from	hESCs.	After	specification	of	AFE	from	inhibition	of	BMP	and	TGFβ	

signalling	 on	DE	 lineages,	 treatments	with	BEAFKW/BEAFK1m/BEAFKC	 promoted	 the	

formation	 of	 lung	 progenitors	 expressing	 NKX2.1	 and	 Sox9.	 Recent	 reports	 have	

extensively	studied	the	key	signalling	events	in	culture	that	direct	the	differentiation	of	

hESCs	to	early	lung	commitment	in	the	embryo.		A	study	showed	that	NKX2.1	is	critical	

for	the	formation	of	distal	pulmonary	cell	fate	in	late	developmental	lung	stage	when	its	

function	is	inhibited	by	TGFβ	(Kadzik	and	Morrisey,	2012).	Factors	that	are	necessary	to	

drive	lung	lineage	commitments	and	lung	development	are	FGFs,	Wnts,	BMPs,	HH	and	

EGFs.	A	stepwise	differentiation	process	was	shown	in	this	Chapter	from	hESCs	to	LPCs.	

Other	 publications	 showed	 that	 stepwise	 addition	 of	 inhibitors	 and	 activators	 was	

effective	in	the	induction	of	LPCs	from	hESCs;	hESCs-DE-AFE-LPC	(Logmire	et	al.,	2012;	

Mou	et	al.,	2012).	Most	 importantly,	 the	precise	timing,	period	and	concentration	of	
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inhibitor	and	activator	factors	are	critical	in	proper	specification	and	induction	of	lung	

epithelial	 cells	 in	 vitro.	 The	 NKX2.1	 transcription	 factor	 is	 expressed	 in	 the	 ventral	

foregut	 endoderm	 at	 a	 very	 early	 stage	 which	 is	 essential	 for	 specification	 of	 a	

pulmonary	cell	fate	instead	of	a	liver	cell	fate.		

	

We	 have	 shown	 that	 treatment	 with	 the	 3	 different	 conditions	

(BEAFKW/BEAFK1m/BEAFKC)	on	AFE-derived	hESCs	promoted	the	formation	of	NKX2.1+	

and	Sox9+	cells	indicative	of	LPC	induction.	Mou	et	al.	(2012)	specifically	targeted	the	

induction	of	proximal	lung	lineages	by	using	MEK	inhibitor	(PD98059),	BMP,	FGF	and	RA	

from	mouse	embryonic	stem	cells	that	were	able	to	generate	NKX2.1+	and	Sox2+	cells	

from	 LPCs.	 The	 authors	 also	 used	 human	 iPSCs	 with	 the	 same	 factors	 to	 generate	

proximal	 lung	 endoderm	 indicating	 that	 this	 protocol	 worked	 for	 both	 mouse	 and	

human	pluripotent	stem	cells.	Moreover,	after	generating	proximal	lung	cells,	Mou	et	

al.	(2012)	injected	NKX2.1-positive/Sox2-positive	cells	in	SCID	mice.	These	transplanted	

cells	generated	mature	airway	epithelial	cells	including	basal	cells	(p63-positive,	Clara	

cells	(CC10-positive),	ciliated	cells	(FoxJ1-positive)	and	mucin	secreting	cells	(Muc5ac-

positive).	These	data	suggest	that	NKX2.1-positive	cells	can	be	generated	in	vitro	for	in	

vivo	implantation.	NKX2.1	is	not	restricted	to	lung	development,	but	it	is	also	expressed	

in	the	forebrain	and	in	the	thyroid.	Hence,	to	exclude	cells	the	possibility	that	are	either	

thyroid	(Pax8)	or	neuronal	(NESTIN/Pax6)	cells	were	being	expressed,	we	conducted	an	

experiment	to	modulate	FGF	and	HH	signalling	to	induce	an	NKX2.1	population	free	from	

thyroid	and	neuro-ectodermal	lineages.	Treatment	of	AFE	precursors	with	Sant-2	(HH	

inhibitor)	and	SU	(FGF	inhibitor)	 induced	a	robust	thyroid	and	neuronal	marker,	Pax8	

and	NESTIN/Pax6	respectively	and	loss	of	NKX2.1	expression.	This	suggests	that	HH	and	

FGF	inhibition	might	be	inducing	a	thyroid	and	neuronal	lineage.	However,	addition	of	

SAG	 (a	 HH	 agonist)	 with	 SU,	 caused	 robust	 NKX2.1	 expression,	 downregulation	 of	

thyroid	marker	(Pax8)	and	contamination	of	ectodermal	and/or	mesenchymal	markers.	

This	suggests	that	the	inhibition	of	FGF	signalling	while	enhancing	HH	signalling	pathway	

stimulates	high	NKX2.1	expression	with	contamination	of	other	lineages.		
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We	are	testing	both	activation	and	repression	of	HH	because	SHH	is	a	key	morphogen	

that	regulates	pulmonary	morphogenesis.	Knockout	of	SHH	have	shown	to	cause	single-

lobe	hypoplastic	 lungs	with	decreased	epithelium/mesenchyme	and	malformation	of	

the	 trachea	 demonstrating	 that	 SHH	 is	 indispensable	 for	 embryonic	 lung	 formation,	

regulation	of	branching	morphogenesis	and	regulates	the	interaction	between	epithelial	

and	mesenchymal	cell	population	in	the	airway	and	alveolar	compartments	(Pepicelli	et	

al.,	1998).	BMP	is	similarly	important	as	FGF	signalling	for	efficient	lineage	specification	

of	NKX2.1	endodermal	progenitors.	A	study	showed	that	the	removal	of	BMP	or	FGF	

factors	from	the	cocktail	of	trophic	factors	revealed	a	substantial	decrease	in	NKX2.1-

GFP-positive	 cells	 as	 well	 as	 the	 decrease	 of	 the	 proliferation	 rate	 marker,	 BrdU	

(Longmire	et	 al.,	 2012).	On	 the	other	hand,	Wnt3a,	KGF,	 FGF10	and	EGF	 showed	no	

significant	 difference	 when	 removed	 from	 the	 cocktail	 of	 trophic	 factors	 on	 mouse	

embryonic	stem	cells	(Longmire	et	al.,	2012).	

	

RA,	a	vitamin-A	derived	morphogen,	is	a	major	regulatory	signalling	system	necessary	

for	 lung	bud	formation	and	outgrowth.	Huang	et	al.	 (2013)	showed	that	removing	or	

inhibiting	RA	is	critical	for	early	lung	development	in	mouse	and	recapitulates	defects	in	

genetic	mouse	knockouts	(limb	malformation	and	defects	 in	brain	development).	We	

have	added	RA	to	our	BEAFKW/BEAFK1m	cocktail	of	trophic	factors	on	AFE	progenitors	

and	revealed	that	RA	induced	robust	FoxA2,	Sox9	and	NKX2.1	expression.	This	was	also	

true	when	replacing	Wnt3a	with	RA.	Taken	together,	our	data	and	the	data	presented	

in	Huang	et	al.	(2013)	indicates	that	RA	is	fundament	for	efficient	LPC	induction	from	

human	 pluripotent	 stem	 cells.	 RA	 exerts	 its	 effects	 through	 binding	 of	 different	

receptors	 (RAR/RXR).	 In	 the	 nucleus,	 RAR/RXR	 heterodimers	 bind	 to	 RA	 response	

elements	 (RAREs)	 present	 in	 the	 genes	 expressed	 in	 the	 foregut	 endoderm	 and	

mesoderm,	coupled	with	signalling	of	RA	originating	from	within	the	foregut	endoderm	

via	 release	 of	 co-repressors	 (PRC2	 and	HDAC)	 and	 histone	 acetylation	 activate	 gene	

expression	and	regulate	specification	of	respiratory	precursors	and	organ	development	

(Cunningham	and	Duester,	2015).	In	the	absence	of	RA,	RAREs	are	bound	by	repressor-

co-repressor	 complex	 which	 causes	 histone	 deacetylation	 that	 then	 results	 in	 gene	

repression.	A	study	showed	the	regulation	of	RA	signalling	during	lung	development	is	

essential	 for	 correct	 expression	 of	 airway	 pattern	 regulators	 and	 branching	
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morphogenesis	during	mouse	lung	development	(Malpel	et	al.,	2000).	RA	knockout	in	

mice	 showed	poorly	developed	 lungs	 in	early	 lung	development	 (Wang	et	al.,	2006).	

Moreover,	Hox	genes,	FoxA2	and	CRABP1	transcription	factors	are	direct	targets	of	RA	

(Marletaz	et	al.,	2006).		

	

4.10.3	Directed	differentiation	of	hESCs	to	MLCs	

	

To	date,	the	lung	epithelia	remain	among	the	least	studied	lineages	to	be	derived	from	

hESCs	 in	 vitro.	 Few	 studies	 have	 reported	 the	 differentiation	 toward	 mature	 lung	

epithelium	 (Green	 et	 al.,	 2011;	Mou	 et	 al.,	 2012).	 Conditions	 for	 directing	 hESCs	 to	

differentiate	 along	 an	 alveolar	 epithelial	 lineage	 with	 homogeneity	 have	 not	 been	

generated.	Hence	most	published	protocols	to	date	have	generated	a	mixed	population	

of	alveolar	epithelium	contaminated	with	other	endodermal	cell	types	from	hESCs	or	

from	iPSCs.	Thus,	this	would	make	it	unreliable	for	the	use	of	these	cells	for	high-content	

drug	screening	and	tissue	regeneration.		

	

Few	protocols	have	generated	mature	lung	cells	using	different	combinations	of	growth	

factors	that	are	known	to	trigger	 lung	development	 in	vivo	which	showed	a	different	

percentage	yield	of	lung	and	airway	epithelial	cells	in	vitro.	In	our	final	differentiation	

step	(Stage	4)	to	induce	MLC,	we	used	three	different	conditions	to	yield	an	enriched	

population	of	airway	and	lung	mature	cells.	Application	of	FGF10	with	and	without	KGF	

(FGF7)	or	FGF2	treatment	to	our	anterior	ventralisation	cocktail	of	trophic	factors	for	2	

weeks	induced	a	mixture	of	proximal	(p63,	MUC5AC,	FOXJ1	and	CC10)	and	distal	(SPB	

and	SPC)	lung	markers	confirmed	by	PCR	and	immunofluorescent	staining.	Intriguingly,	

SPB,	SPC,	MUC5AC	and	FoxJ1	markers	of	mature	distal	 lung	differentiation,	were	not	

upregulated	in	parallel.	The	initial	induction	of	lung	morphogenesis	results	from	FGF7	

signalling	 in	 the	 extracellular	 matrix	 surrounding	 the	 anterior	 foregut	 endoderm.	

Branching	 morphogenesis	 is	 associated	 and	 mediated	 by	 FGF10	 through	 FGFR2	

expression	during	the	reciprocal	interactions	between	the	epithelium	and	its	underlying	

mesenchyme	of	the	prospective	lung	field	(Chuang	and	McMahon,	2003).	A	downstream	

target	of	FGF10	is	Sprouty2	(Spry2)	which	acts	to	control	proliferation	or	migration	of	

lung	epithelium	when	buds	are	forming	to	regulate	size	of	lung	bud	or	eventually	inhibit	
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branching	 morphogenesis	 (Zhao	 and	 O’Brien,	 2015).	 MLC3	 was	 sufficient	 to	 induce	

expression	 of	 mature	 lung	 markers	 (including	 GATA6,	 Sox9,	 SPA	 and	 SPB)	 and	

downregulation	of	early	lung	markers,	(NKX2.1	and	Sox2).	This	observation	suggests	that	

prolonged	 FGF	 treatment	 for	 14-days	may	 support	 the	 development	 of	mature	 lung	

epithelial	cell	types.	A	study	supporting	our	findings	via	exposing	LPCs	with	FGF10	and	

hepatocyte	growth	factor	(HGF)	for	10	days	and	then	FGF10	only	for	2	weeks	displayed	

distal	tip	airway	epithelial	AET-II	markers	SPB	and	SPC	(Hannan	et	al.,	2015).	We	did	not	

observe	the	expression	of	AET-I	cells	(AQP5)	compared	to	Hannan	et	al.	(2015).	Perhaps,	

testing	 for	 other	 specific	 AET-I	 expression	 markers	 such	 as	 podoplanin	 (PDPN),	 a	

transmembrane	protein	and	caveolins	might	exclude	this	limitation	indicating	that	our	

MLC	stage	differentiation	protocol	induces	pneumocytes	type	II	cells	only.
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5.1	Background	

	

The	NKX2.1	transcription	factor	(also	known	as	TTF-1	(thyroid	transcription	factor-1))	is	

a	43-kDa	homeodomain-containing	protein.	The	NKX2.1	protein	is	encoded	by	a	gene	

located	 on	 chromosome	 14q13	 and	 is	 composed	 of	 three	 exons	 and	 two	 introns	

(Hamdan	et	al.,	1998).	The	NKX2.1	gene	consists	of	different	trans-activating	functional	

domains	compromising	a	single	chain	of	372	amino	acids	including	an	NH2-terminus,	a	

homeodomain	and	the	COOH-terminus	(Figure	5.1).	Most	of	the	DNA-binding	activity	of	

NKX2.1	is	attributed	by	the	middle	domain,	the	homeodomain	(Guazzi	et	al.,	1990).	The	

domains	of	the	NKX2.1	bind	to	different	co-activators	and	transcription	factors	in	the	

lung,	forebrain	and	thyroid.	The	NKX2.1	gene	is	highly	conserved	between	human,	rat	

and	mouse	 species	with	 complete	 conservation	 of	 the	 60-amino	 acid	 homeodomain	

(Ikeda	et	al.,	1995;	Mizuno	et	al.,	1991;	Oguchi	et	al.,	1995).		

	

	
	
Figure	 5.1	 –	 The	NKX2.1	 (TTF-1)	 gene.	 A	 schematic	 representation	 of	 the	 different	
functional	domains	of	NKX2.1.	Both	N-	and	C-termini	contain	activation	domains	(AD)	
and	 the	homeodomain	 (HD)	are	 shown	 to	 interact	with	different	proteins.	NKX2.1	 is	
phosphorylated	(P)	on	8	residues	and	acetylated	on	a	lysine	residue	in	the	HD.	(CoA	–	
Co-activator;	 R	 –	 repressor;	 TF	 –	 transcription	 factor;	N.D.	 –	 not	 determined	 (Figure	
obtained	from	Maeda	et	al.,	2007).	
	

NKX2.1	regulates	the	expression	of	genes	involved	in	lung	morphogenesis	and	epithelial	

cell	 differentiation	 such	 as	 Clara	 cell	 secretory	 protein	 (CCSP),	 claudin-18	 and	

secretoglobin	(Lazzaro	et	al.,	1991).	The	transcription	factor	is	also	crucial	for	regulating	
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and	 controlling	 lung-specific	 surfactant	 protein	 (SP)	 genes	 such	 as	 SPA,	 SPB	 and	 SPC	

(Bohinski	et	al.,	1994;	Liu	et	al.,	2002).	Surfactant	proteins	are	responsible	for	lowering	

the	 surface	 tension	 at	 the	 air-liquid	 interface	 of	 the	 alveoli	 for	 normal	 breathing.	

Pulmonary	surfactant	proteins	are	a	mixture	of	phospholipids	and	proteins.	The	proteins	

are	hydrophobic	and	interact	with	lipids	(phosphatidylcholine	and	phosphatidylglycerol)	

to	reduce	the	surface	tension	in	the	alveoli.	SPA	and	SPD	are	large	multimeric	proteins	

that	are	essential	 for	 the	 immune	system	where	 they	are	 thought	 to	protect	against	

microbial	 infection	 through	 binding	 to	 the	 lipid	 components	 of	 the	 bacterial	 wall	

(Mycobacterium	tuberculosis)	via	carbohydrate-lectin	interactions	resulting	in	reduced	

phagocytosis	of	the	bacteria	by	macrophages	(Sidobre	et	al.,	2000).	NKX2.1	is	not	only	

expressed	 in	 the	 lungs	 and	 in	 the	 thyroid,	 but	 it	 is	 also	 expressed	 in	 the	 forebrain	

(Lazzaro	 et	 al.,	 1991;	 Trueba	 et	 al.,	 2005).	 During	 early	 embryonic	 and	 foetal	

development,	NKX2.1	is	active	in	several	organs,	especially	the	lung,	thyroid	and	brain	

suggesting	 that	 NKX2.1	 may	 have	 important	 roles	 in	 the	 development	 and	

differentiation	of	those	organs	(Stahlman	et	al.,	1996).	

	

NKX2.1	 plays	 an	 important	 function	 in	 the	 endocrine	 system	where	 it	 regulates	 the	

expression	of	thyroid-specific	genes	such	as	thyroglobulin,	thyroid	peroxidase	and	the	

thyrotropin	 receptor	 (Civitareale	 et	 al.,	 1989;	 Mizuno	 et	 al.,	 1991).	 During	 thyroid	

differentiation,	 Pendrin	 (an	 electroneutral	 chloride-bicarbonate	 exchanger)	 and	

Thyroglobulin	(a	T3	and	T4	precursor)	are	the	downstream	targets	of	NKX2.1	and	trans-

activation	 of	 NKX2.1	 is	 inhibited	 during	 thyroid	 development	 by	 NKX2.5.	 In	 lung	

organogenesis,	 mutation	 or	 deletion	 in	 this	 transcription	 factor	 (NKX2.1)	 leads	 to	

neonatal	 respiratory	distress	and	 congenital	hypothyroidism	 (Devriendt	et	 al.,	 1998).	

Blocking	 NKX2.1	 in	 foetal	 lung	 explants	 in	 culture	 results	 in	 the	 complete	 loss	 of	

branching	morphogenesis	(Minoo	et	al.,	1995).	In	the	postnatal	lung,	NKX2.1	is	restricted	

to	AET-II	cells	and	a	subset	of	bronchiolar	epithelial	cells.	Pulmonary	fibrosis	is	one	of	

the	 most	 common	 manifestations	 of	 NKX2.1	 related	 disorders	 whereas	 pulmonary	

carcinoma	is	common	in	young	adults	with	an	NKX2.1-related	disorder	such	as	brain-

thyroid-lung	syndrome	or	benign	hereditary	chorea	(Gras	et	al.,	2012;	Willemsen	et	al.,	

2005;	Glik	et	al.,	2008).	Moreover,	NKX2.1	related	disorders	are	at	high	risk	of	a	relapse	

of	 pulmonary	 infection	 or	 chronic	 interstitial	 lung	 disease	 (ILD)	 due	 to	 the	 defect	 in	
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surfactant	production	 alterating	 SPC	and	 SPB	promoter	binding	 activity	 (Carre	et	 al.,	

2009;	 Inzelberg	et	al.,	2011;	Peca	et	al.,	2011).	NKX2.1	upregulation	has	been	widely	

used	 in	 diagnostics	 of	 primary	 and	metastatic	 lung	 cancer	 such	 as	 in	 small	 cell	 lung	

cancer	(SCLC)	and	non-SCLC	(NSCLC)	(Ordonez	2000;	Tan	et	al.,	2003).	In	the	embryo,	

knockout	of	NKX2.1	in	the	mouse	has	a	devastating	effect	resulting	in	the	malformation	

of	the	forebrain	(defects	in	ventral	region	and	the	entire	pituitary)	and	thyroid	(Kimura	

et	al.,	1996).		

	

In	order	to	promote	lung	maturation	of	the	LPCs,	we	utilised	a	recombinant	adenoviral	

vector	with	our	gene	of	 interest,	Ad-h-NKX2.1.	This	approach	allows	us	 to	develop	a	

protocol	for	the	introduction	of	the	genetic	material	into	(i)	the	adenocarcinoma	cell	line	

(A549)	to	test	the	efficiency	of	the	NKX2.1	expression	and	(ii)	determine	the	effect	of	

ectopic	expression	of	NKX2.1	during	our	differentiation	protocol	on	the	hESCs	cell	lines.	

Recombinant	adenovirus	has	previously	been	used	widely	for	its	potential	in	research	

and	 therapeutic	 applications.	 Adenoviruses	 are	 useful	 in	 infecting	 a	 variety	 of	

mammalian	cell	types,	both	dividing	and	non-dividing	cells	especially	with	cell	lines	that	

may	 exhibit	 low	 transfection	 efficiency.	 The	 attachment	 of	 adenovirus	 to	 cells	 is	

dependent	upon	the	presence	of	the	Coxsackie-adenovirus	receptor	(CAR)	on	the	cell	

surface	membrane.		The	receptor	enters	the	cells	through	endocytosis	upon	interaction	

with	αv-integrins	and	transport	inside	the	cytoplasm	via	endosomes	until	it	is	released	

reaches	the	host	cell’s	nucleus	to	release	the	DNA	inside.	After	the	virus	enters	the	cells,	

it	does	not	integrate	into	the	host	chromosome	hence	does	not	activate	or	inactivate	

the	host	genes	this	is	termed	‘epi-chromosomal’.		
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5.2	HEK-293	cells	for	virus	amplification		

	

We	 used	 human	 embryonic	 Kidney-293	 (HEK293)	 cells	 as	 a	 host	 model	 for	 viral	

amplification,	ease	of	growth	and	express	some	adenoviral	genes.	In	addition,	HEK293	

cells	are	amendable	to	propagation	of	adenovirus	to	produce	exogenous	viruses.	Phase	

contrast	images	of	control	HEK293	cells	show	the	epithelial-like	characteristics	(Figure	

5.2.1).	Details	of	the	maintenance	conditions	for	adenoviral	 infection	are	given	in	the	

Materials	and	Methods	2.20.	A	 specific	 challenge	 in	 the	delivery	of	a	gene	by	a	viral	

vector	is	the	accurate	measurement	of	virus	titer.	Propagation	of	human	recombinant	

adenovirus	of	 interest	Ad-h-NKX2.1,	 in	HEK293	cells	was	used	to	produce	a	high	titer	

virus.	The	virus	was	purified	via	CsCl	ultracentrifugation.	Therefore,	we	used	the	purified	

Ad-h-NKX2.1	 virus	 and	 conducted	 a	 titer	measurement	 to	determine	 the	 adenovirus	

titer	value	when	seeded	on	HEK293	cells	for	2-day	infection	(Materials	and	Methods,	

2.20.2).	Subsequently,	we	used	a	Hexon	antibody	detected	by	3,3ʹ-Diaminobenzidine	

(DAB)	 immunocytochemistry	that	recognizes	all	serotypes	of	adenovirus	 infected	and	

amplified	in	HEK293	cells	(Figure	5.2.2).	Hexon	protein	is	a	major	coat	protein	of	human	

adenovirus	 and	 is	 the	 largest	 and	 most	 abundant	 of	 the	 structural	 proteins	 in	 the	

adenovirus	capsid,	and	they	are	distributed	symmetrically	to	form	capsid	facets.	A	titer	

preparation	 of	 106	 dilution	was	 used	 to	 estimate	 and	 calculate	 the	 titer	 in	 infected	

HEK293	cells	using	the	following	formula:	average	number	of	infected	cells	per	field	x	

(573/0.1)	x	dilution	factor	which	gave	us	a	7.4x1011	plaque-forming	unit	(PFU)/mL	titer.	
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Figure	5.2.1	–	Human	Embryonic	Kidney-293	(HEK-293)	cell	Morphology.	HEK293	cells	
have	an	elongated	epithelial-like	characteristic	cultured	with	DMEM	supplemented	with	
10%FBS	and	5%	Penicillin/Streptomycin.	HEK293	cell	line	was	used	to	amplify	the	Ad-h-	
NKX2.1.	
(Scale	bar	100μm)	
	

	
	

Figure	5.2.2	–	Anti-Hexon	and	DAB	used	to	detect	viral	infection	in	HEK293	cell	line.	
Mouse	 anti-Hexon	 antibody	 and	 DAB	 solution	 (marked	 by	 arrows)	 is	 used	 to	
measure/estimate	the	titer	of	the	virus	preparation	using	an	EVOS-F1	AMG	microscope.	
(Scale	bar	100μm)	
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5.3	Multiplicity	of	infection	(MOI)	and	toxicity	testing:	Ad-GFP	in	A549	cells	

	

A	pilot	study	was	performed	to	determine	the	number	of	adenoviral	particles	required	

for	transgene	overexpression.	Different	multiplicity	of	infections	(MOIs)	of	an	adenoviral	

vector	expressing	green	fluorescent	protein	(GFP)	(Ad-GFP,	1x1010	PFU/mL)	was	tested	

on	a	human	lung	adenocarcinoma	cell	line;	A549	cells	for	24	hours.	Ad-GFP	under	the	

control	of	a	CMV	promoter	was	used	to	estimate	the	volume	of	virus	(1x1010	PFU/mL)	

needed	to	inoculate	0.5x106	cells	using	this	formula:	(number	of	cells	x	desired	MOI)	/	

PFU/mL.	Since	GFP	is	easily	visualized	by	fluorescence	microscopy,	this	adenovirus	can	

also	be	used	 to	determine	 the	 transduction	efficiency	and	 to	optimize	viral	 infection	

conditions	in	a	cell	type	of	choice.	It	is	very	important	to	know	the	appropriate	MOI	of	

recombinant	 virus	 for	 infecting	 cells	 to	 have	 the	 appropriate	 outcome	 (level	 of	

expression	vs	viability).	A	low	MOI	(5-25)	showed	little	or	no	Ad-GFP	expression	in	A549	

cells	(Figure	5.3.1).	However,	a	higher	Ad-GFP	MOI	of	30-80	on	A549	cells	demonstrated	

expression	of	GFP	(Figure	5.3.2).	Hence,	the	optimal	concentration	for	virus	infection	on	

A549	 cells	 was	 50	 MOI.	 Therefore,	 low	 Ad-GFP	 MOI	 did	 not	 give	 a	 100%	 infection	

whereas	higher	40-60	MOIs	had	the	minimal	virus	particles	that	infected	most	of	cells.	

A	 limitation	 to	 this	 part	 of	 study	 is	 lacks	 quantification	 value	 to	 support	 the	 MOI	

optimum	transfection	efficiency.	
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Figure	5.3.1	–	Ad-GFP	MOI	of	5-25	in	A549	cells	shows	no	or	little	GFP	expression.	A	pilot	study	is	used	determine	the	number	of	adenoviral	
particles	are	required	for	transgene	overexpression,	different	MOI	of	an	adenoviral	vector	expressing	GFP	was	tested	on	A549	cells	for	24	hours.	
Low	MOI	(5-25)	shows	little	or	no	Ad-GFP	integration	in	A549	cells.	
(Scale	bar	400μm;	n=3	independent	experiment)		
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Figure	5.3.2	–	Ad-GFP	MOI	of	30-80	in	A549	cells	shows	GFP	expression.	Different	MOI	of	an	adenoviral	vector	expressing	GFP	(1x1010	PFU/mL)	
was	tested	on	A549	cells	for	24	hours.	MOI	of	40	shows	the	optimum	GFP	integration	in	A549	cells.	
(Scale	bar	400μm;	n=3	independent	experiment)
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5.4	Ectopic	expression	of	NKX2.1	in	A549	cells	

	

A549	cells	are	human	alveolar	basal	epithelial	cells	epithelial	 in	nature	and	grow	as	a	

monolayer	of	 cells	 in	 culture	 (Figure	5.4.1).	 In	normal	 lungs,	 the	equivalent	 cells	 are	

responsible	 for	 the	 diffusion	 of	 water,	 electrolytes	 and	 other	 substances	 across	 the	

alveoli	of	lungs.	After	determining	the	optimal	adenovirus	concentration	for	A549	cell	

infection,	 we	 wished	 to	 determine	 the	 effect	 of	 ectopic	 expression	 of	 NKX2.1	 on	

adenocarcinoma	alveolar	cells	due	to	the	fact	that	A549	does	not	express	the	early	lung	

progenitor	marker,	NKX2.1	but	retain	some	properties	of	AET-II	cells	(Kondo	et	al.,	2015;	

Lieber	 et	 al.,	 1976).	 Besides,	 A549	 cells	 have	 shown	 to	 have	 morphological	

heterogeneity	with	various	proliferative	activities	 (Croce	et	al.,	1999).	We	hypothesis	

that	 forced	 expression	 of	 NKX2.1	 on	 adenocarcinoma	 cell	 line	 might	 restore	 the	

epithelial	properties.	Inoculating	A549	cells	with	Ad-h-Nkx.21	(7.4x1011	PFU/mL)	for	48-

hours,	considerably	enhanced	and	changed	the	cell	morphology	from	an	elongated	into	

a	polygonal,	rounded-like	cell	(Figure	5.4.1).	Immunofluorescence	analysis	would	then	

confirm	the	inoculation,	uptake	and	expression	of	the	NKX2.1	transcription	factor.	

	

After	48-hours	post-infection	of	A549	cells	with	Ad-h-NKX2.1,	we	performed	a	Live-Dead	

assay	to	determine	the	cytotoxicity	effect	of	different	adenovirus	MOIs	(40-80).	Live-

Dead	stain	is	a	mixture	of	two	active	components,	Calcein	AM	and	ethidium	homodimer-

1	(EthD-1).	Calcein	AM	is	used	for	detecting	live	cells.	Calcein	AM	can	penetrate	live	cell	

membranes	where	it	is	then	converted	by	intracellular	esterases	to	produce	an	intense	

green	 fluorescence.	EthD-1	primarily	will	only	enter	 cells	with	damaged	membranes,	

where	it	undergoes	40-fold	enhancement	of	fluorescence	upon	binding	nucleic	acids,	

producing	a	bright	red	fluorescence	in	dead	cells.	Ad-	NKX2.1	infection	with	40-60	MOI	

resulted	in	relatively	little	cell	death	while	treatment	with	Ad-NKX2.1	at	MOIs	of	60-80	

MOI	resulted	in	increased	cell	death	(Figure	5.4.2).	Quantification	of	the	degree	of	cell	

death	was	 calculated	 by	 the	 cell	 number	 of	 the	 red	 staining	 (dead)	 obscured	within	

green	 staining	 (live)	 and	 is	 classified	as	 the	dead-live	 ratio	 (Figure	5.4.2).	 The	 results	

suggest	that	Ad-h-	NKX2.1	at	an	MOI	of	50	confirms	the	optimal	virus	concentration	for	

our	experiment	approaches	whereas	higher	MOI’s	cause	cytotoxicity	or	any	undesired	
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effects.	 A	 limitation	 to	 this	 part	 is	 bright-field	 images	 are	 not	 included	 to	 authorise	

whether	the	cells	are	infected	or	not.		

	

Immunofluorescent	 analysis	 of	 NKX2.1	 expression	 in	 A549	 cells	 treated	 with	 Ad-h-

NKX2.1	for	48-hours	revealed	a	robust	upregulation	of	NKX2.1	expression	compared	to	

control	(uninfected)	A549	cells	(Figure	5.4.3).	This	observation	confirmed	the	uptake	of	

the	genetic	material	into	the	host	cell	line	after	2	days	of	infection	with	Ad-NKX2.1.	Next,	

we	decided	 to	 see	whether	 prolonged	Ad-NKX2.1	 infection	 up	 to	 6	 days	 can	 still	 be	

detected	in	A549	cells.	We	collected	RNA	at	day	2,	4	and	6	for	control	A549	cells,	and	

A549	cells	infected	with	Ad-Null	(i.e.	adenoviral	vector	without	any	gene),	Ad-GFP	and	

Ad-h-NKX2.1.	PCR	analysis	demonstrated	the	expression	of	NKX2.1	at	day	2,	4	and	6	post	

infection	with	Ad-h-NKX2.1	(Figure	5.4.4;	Appendix	Figure	7A	–	Raw	gel	image	of	PCR	

supportive	data).	Day	4	showed	a	dip	in	NKX2.1	expression	and	this	might	be	due	to	a	

technical	 error	 such	 as	 the	 quality	 of	 quantity	 of	 RNA.	 This	 demonstrated	 that	 the	

inclusion	of	the	NKX2.1	gene	in	A549	cells	is	detectible	for	up	to	6-days	post	infection	

with	Ad-h-NKX2.1.	Whilst	NKX2.1	regulates	the	expression	of	surfactant	protein-B	(SPB)	

and	SPC	during	lung	development,	we	hypothesised	that	ectopic	expression	of	NKX2.1	

might	also	enhance	the	alveoli	cell	(AET-II)	phenotype	(Bohinski	et	al.,	1994;	Degiulio	et	

al.,	2010).	Gene	expression	of	proximal	and	distal	markers	was	used	to	show	the	effect	

of	ectopic	NKX2.1	expression	in	A549	cells.	NKX2.1	overexpression	in	A549	cells	induced	

a	robust	expression	of	the	AET-II	marker	SPB	and	enhanced	the	expression	of	SPC	(Figure	

5.4.5).	 Yet,	 ectopic	 expression	 did	 not	 induce	 CFTR	 and	 the	 AET-I	 marker	 AQP5.	 In	

addition,	no	expression	of	proximal	lung	cell	markers	(Clara,	goblet,	basal	and	ciliated)	

was	observed	after	48-hours	of	infection	(Figure	5.4.5;	Appendix	Figure	7B	and	7C	–	Raw	

gel	 images	 of	 PCR	 supportive	 data).	 This	 possibly	 suggests	 that	 ectopic	 NKX2.1	

expression	induced	alveolar	distal	tip	cells.			
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Figure	5.4.1	–	Ad-h-NKX2.1	inoculation	causes	evident	morphological	and	proliferation	
changes	in	A549	cells.	 Infection	with	Ad-h-NKX2.1	(7.4x1011	PFU/mL)	for	48-hours	on	
A549	cells	triggered	an	apparent	change	from	an	elongated	shape	(control	A549)	to	a	
polygonal	or	rounded	appearance	and	shown	to	increase	cell	proliferation.	
(Scale	bar	100μm)	
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Figure	5.4.2	–	Viability	of	A549	cells	following	infection	with	adenovirus.	(A)	Different	
MOI	infection	with	Ad-h-NKX2.1	for	2	days	has	different	effects	on	the	viability	of	cells.	
(B)	MOI	70-80	shows	the	highest	number	of	Live-Dead	ratio	compared	to	the	MOI	40-
60.	Percentage	of	live	cells	(green)	to	the	ratio	of	percentage	of	dead	cells	(red)	shows	
that	at	high	Ad-h-NKX2.1	MOI	levels	result	into	increase	in	cell	death.		
(Scale	bar	200μm;	mean	±	SEM,	n=4	independent	experiment/condition)	

A	

B	
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Figure	5.4.3	–	Ectopic	expression	of	NKX2.1	on	A549	Cells.	Ad-h-NKX2.1	inoculation	in	A549	cells	for	48-hours	results	in	the	uptake	of	the	virus	
via	 a	 robust	 NKX2.1	 (green)	 immunofluorescence	 expression	 compared	 to	 non-treated	 A549	 cells	 via	 NKX2.1	 specific	 antibody.	 Cells	were	
counterstained	with	DAPI	(blue).	
(Scale	bar	100μm)	
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Figure	5.4.4	–	Time	course	of	NKX2.1	expression	in	A549	cells	is	evident	up	to	6-days	post	infection	with	Ad-h-NKX2.1.	After	2,	4	or	6	days	post	
infecting	A549	cells	with	Ad-h-NKX2.1,	shows	the	inclusion	of	NKX2.1	genome	in	cells	compared	with	control,	Ad-Null	and	Ad-GFP	cells.	
(n=4	independent	experiment/condition)	(Appendix	Figure	7A	–	Raw	gel	image	supportive	data)	
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Figure	 5.4.5	 –	 NKX2.1	 overexpression	 in	 A549	 cells	 induces	 expression	 of	 AET-II	
Markers.	Ectopic	expression	of	NKX2.1	induced	robust	expression	of	surfactant	protein	
B	 (SPB)	corresponds	 to	2	days	post	 infection.	 It	also	enhanced	the	expression	of	SPC	

while	 CFTR	 was	 not	 expressed.	 (n=4	 independent	 experiment/condition)	 (Appendix	

Figure	7	–	Raw	gel	image	supportive	data)	
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5.5	Ectopic	expression	of	NKX2.1	on	AFE	precursor	cells	

	

The	optimal	viral	titer	may	differ	considerably	between	different	cell	lines.	We	tested	

the	same	range	of	MOIs	of	Ad-h-NKX2.1	on	undifferentiated	hESCs	(Shef3)	maintained	

in	pluripotency	state	to	overexpress	the	transcription	factor	in	the	initial	stages	prior	to	

differentiation.	However,	comparing	Ad-h-NKX2.1	to	control	A549	cells	is	appropriate	in	

this	 stage	 rather	 than	 comparing	 to	uninfected	Shef3.	A	 range	of	Ad-h-NKX2.1	MOIs	

from	40-80	was	used	to	infect	Shef3	cells.	Exposure	of	the	Shef3	hESCs	to	these	MOIs	

revealed	little	or	no	of	cell	death	when	compared	to	control	(uninfected)	Shef3	hESCs	

(Figure	 5.5.1).	 Fluorescent	microscopy	 showed	 the	 absence	 of	 NKX2.1	 expression	 in	

Shef3	hES	cells	infected	with	Ad-h-NKX2.1	(MOI	40-80)	for	48-hours	(Figure	5.5.2).	These	

results	suggest	that	more	prolonged	infection	or	infection	at	higher	MOI	is	required	for	

sufficient	adenoviral	gene	delivery.	One	study	showed	that	a	hESC	lines	(HUES7)	cannot	

be	infected	by	standard	adenoviral	vectors	showing	low	levels	of	Coxsackie-adenovirus	

receptor	 (CAR)	 expression	 in	 the	 naive	 state	 for	 viral	 entry	 (Brokhman	 et	 al.,	 2009).	

Alternatively,	some	cells	have	only	limited	CAR	expressed	on	cell	membrane	where	the	

attachment	 of	 adenovirus	 is	 mediated	 by	 its	 high-affinity	 binding.	 Given	 that	 CAR	

mediates	the	attachment	of	the	adenovirus	to	the	cell	it	is	not	surprising	therefore	that	

there	is	limited	transgene	expression.	

	

We	then	raised	 the	question	whether	single	cell	at	 the	AFE	differentiation	stage	and	

then	infecting	AFE	precursors	with	Ad-h-NKX2.1	(MOI	20-100)	might	help	aid	expression	

of	the	transcription	factor.	A	schematic	10-day	differentiation	protocol	detailing	from	

the	DE	phenotype	on	day	4	to	directed	differentiation	to	AFE	is	shown	in	Figure	5.5.3A.	

Subsequently,	we	then	applied	the	NKX2.1	adenovirus	differentiation	for	a	2-day	period	

on	AFE	induced	cells	in	comparison	with	the	control	8-day	LPC	differentiation	protocol	

(BEAFKW)	(Figure	5.5.3A).	A	pilot	Ad-GFP	study	with	an	MOI	ranging	from	20-100	on	AFE	

(NOG/SB)	 derived	 cells	 was	 performed	 to	 determine	 the	 optimal	 virus	 MOI.	 The	

preliminary	study	suggested	robust	expression	of	GFP	in	cultures	infected	with	MOI	20-

100	indicative	of	uptake	of	adenovirus	which	then	showed	the	GFP	is	produced	in	cells	

(Figure	5.5.3B).	Performing	a	toxicity	assay	on	the	GFP	adenovirus-infected	cells	allowed	

us	 to	determine	the	optimum	MOI	of	adenovirus	we	could	use	 in	our	differentiation	
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protocol	 with	 minimal	 cytotoxicity.	 After	 48-hours	 of	 infecting	 Ad-NKX2.1	 on	 AFE	

derivatives,	we	performed	a	live-dead	assay	which	discovered	that	there	is	little	or	no	

cell	death	(red	compared	to	green	expression)	in	cultures	treated	with	MOIs	between	

20	and	60.		In	contrast,	MOIs	of	80	and	above	have	a	more	obvious	effect	on	cell	viability	

(Figure	 5.5.4).	 Thus,	 based	 on	 these	 data	we	 selected	 an	MOI	 of	 50	 as	 the	 optimal	

adenoviral	transfection	in	AFE	precursors.	Surprisingly,	cell	morphology	between	control	

LPC	BEAFKW	derived	cells	(day	16	of	differentiation)	and	50	MOI	Ad-h-NKX2.1	-treated	

AFE	precursors	 for	48-hours	 (day	10	of	differentiation)	 showed	no	difference	 (Figure	

5.5.5).	We	added	the	adenovirus	for	2	days	because	after	3	days	we	observed	more	cells	

floating	in	suspension	and	might	reflect	cytotoxicity	following	more	prolonged	culture	

even	though	the	NKX2.1	gene	in	A549	cells	is	detectible	for	up	to	6-days	post	infection	

with	Ad-h-NKX2.1.	To	determine	whether	ectopic	NKX2.1	expression	on	AFE	 induced	

cells	induced	mature	lung	epithelial	cells,	we	analysed	the	expression	of	NKX2.1	and	a	

mature	distal	alveolar	marker	(SPB)	in	control	LPC	and	AFE+Ad-h-NKX2.1	treated	cells.		

NKX2.1	expression	was	enhanced	in	treated	AFE	cells	with	Ad-h-NKX2.1	compared	to	

control	 LPCs	 (Figure	 5.5.6A).	 In	 addition,	 AET-II	 SPB	 was	 induced	 in	 AFE	 precursors	

infected	with	Ad-h-NKX2.1	whereas	SPB	expression	was	not	expressed	 in	 the	control	

LPCs	 (Figure	 5.5.6B).	 Bohinski	 et	 al.	 (1994)	 showed	 NKX2.1	 expression	 is	 a	 major	

activator	of	 lung-specific	genes	where	it	 increased	the	activity	gene	promoters	of	the	

lung-specific	 SPB	 marker.	 Hence,	 ectopic	 expression	 of	 NKX2.1	 on	 early	 foregut	

endoderm	phenotype	may	help	to	induce	a	mature	lung	epithelium.	
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Figure	5.5.1	–	Low	cell	death	in	Shef3	cells	following	inoculation	with	Ad-h-NKX2.1.	
Percentage	 of	 live	 (green,	 Calcien-AM)	 /	 Dead	 (red,	 EthD1)	 staining	 on	 Shef3	 hESCs	

shows	no	great	ratio	difference	in	40-80	MOI	for	48	hours	compared	to	control.	
(Scale	bar	200μm;	mean	±	SEM,	n=4	independent	biological	experiment/condition)	
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Figure	5.5.2	–	NKX2.1	 is	not	expressed	 in	Shef3	cells	 following	 infection	with	Ad-h-
NKX2.1.	Shef3	hESCs	shows	negative	NKX2.1	staining	after	 introducing	different	MOI	

Ad-h-NKX2.1	(40-80)	for	48	hours.	Cells	were	counterstained	with	DAPI	(blue).	
(Scale	bar	100μm;	n=4	independent	experiment/condition)	
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Figure	 5.5.3	 –	 Schematic	 representation	 of	 infecting	 with	 Ad-h-NKX2.1	 after	 the	
specification	of	AFE	and	Ad-GFP	in	AFE	derived	cells.	(A)	Shows	a	schematic	protocol	in	

generating	LPC	and	inoculating	AFE	precursors	with	Ad-NKX2.1	for	2	days.	(B)	Different	

MOI	of	an	adenoviral	vector	expressing	GFP	(green)	was	tested	on	AFE	precursors	cells	

for	24	hours	(1x10
10	
PFU/mL).	MOI	of	40-60	shows	the	optimum	GFP	integration	in	AFE	

induced	cells.	
(Scale	bar	400μm;	n=3	independent	experiment)	

A	

B	
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Figure	5.5.4	–	Ad-h-NKX2.1	MOI	of	50	on	AFE	precursors	revealed	an	optimum	virus	
concentration.	 Live-Dead	 assay	 shown	 that	 high	 Ad-NKX2.1	MOI	 (80-100)	 results	 in	

more	cell	death	(red)	compared	to	low	MOI	(20-60).	

(Scale	bar	200μm;	mean	±	SEM,	n=3	independent	biological	experiment/condition)	
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Figure	5.5.5	–	No	difference	in	cell	morphology	following	infecting	AFE	derived	cells	
with	Ad-h-NKX2.1	in	comparison	with	control	LPC.	Bright	field	images	show	a	similar	

morphology	of	LPC	control	and	AFE	+	Ad-NKX2.1	inoculated	cells	with	a	MOI	of	50	for	

48-hours.	(Scale	bar	100μm)	
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Figure	 5.5.6	 –	 Ectopic	 expression	 of	 NKX2.1	 on	 AFE	 precursors	 results	 into	 the	
overexpression	of	NKX2.1	transcription	 factor	and	 induction	of	SPB	expression.	Ad-
NKX2.1	 (MOI	 50)	 inoculation	 after	 the	 specification	 of	 the	 AFE	 resulted	 in	 the	

enhancement	 of	 NKX2.1	 (A)	 (green)	 expression	 and	 emergence	 of	 SPB	 (B)	 (green)	

compared	to	control	LPCs.	Cells	were	counterstained	with	DAPI	(blue).	

(Scale	bar	100μm;	n=3	independent	experiment)	

	

	

	

	

	

	

A	

B	
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5.6	Summary	of	Results	

	

• We	have	used	human	embryonic	Kidney-293	(HEK293)	cells	as	a	host	for	viral	

amplification.		This	is	in	part	due	to	their	ease	of	growth	and	high	transfection	

efficiency	to	produce	exogenous	viruses.	

• We	performed	a	pilot	study	using	Ad-GFP	to	determine	the	number	of	adenoviral	

particles	required	for	transgene	overexpression	for	A549,	and	Shef3	hESCs	cell	

lines.	

• Ectopic	expression	of	NKX2.1	in	A549	cells	induced	AET-II	gene	expression	after	

48	hours	of	exposure.	

• Ad-NKX2.1	 inoculation	 (MOI	 40-80)	 for	 48-hours	 on	 undifferentiated	 hESCs	

(Shef3),	showed	no	evidence	of	transgene	expression.				

• Ectopic	 expression	 of	 NKX2.1	 on	 AFE	 precursors	 induced	 robust	 NKX2.1	

expression	and	induced	the	mature	lung	cell	marker	SPB.	
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5.7	Discussion	

	

5.7.1	HEK293	as	an	amplification	cell	line	for	Ad-h-NKX2.1	

	

In	order	to	amplify	the	adenovirus,	HEK293	cells	were	used.	Specific	challenges	to	virus	

production	 include	 the	accurate	measurement	of	 virus	 titer	and	 the	 time-consuming	

process	of	generating	the	virus	(up	to	30-days).	This	may	increase	the	chances	of	errors	

from	high	degree	of	inter-assay	variability	or	affected	by	virus-cell	interactions.	Hence,	

incorrect	interpretation	by	a	PFU	that	scores	a	number	of	viral	plaques	integrated	in	our	

host	 cells	 (HEK293),	 might	 result	 in	 improper	 end	 products	 in	 our	 differentiation	

protocol.	Optimal	MOI	is	fundamental	for	correct	and	high	number	of	virus	propagation	

in	host	cells;	low	MOI	may	well	give	close	to	100%	infection,	it	will	depend	on	the	cell	

type.	Whereas	high	MOI	would	result	into	a	cytotoxic	effect	in	host	cells.	Adenoviruses	

offer	an	efficient	means	of	gene	delivery	in	cells	though	different	cell	lines	have	different	

optimal	MOI	for	virus	propagation.	

	

	Adenovirus	double	stranded	DNA	genome	is	divided	into	early	(E1,	E2,	E3	and	E4)	and	

late	 (L1,	 L2,	 L3,	 L4	 and	 L5)	 phases	where	 E1	 and	 E3	 are	 deleted	 from	 adenoviruses	

making	 it	 replication	deficiency	 so	 it	 can	be	used	as	a	 safe	 transgene	vector.	Hence,	

HEK293	expresses	a	number	of	adenoviral	genes	to	integrate	in	our	case,	Ad-h-NKX2.1.	

We	have	used	an	Ad-GFP	under	the	control	of	the	CMV	promoter	as	a	control	pilot	study	

to	insure	host	cells	have	been	propagated	with	the	adenovirus	and	serves	as	a	control	

for	our	Ad-h-NKX2.1	virus.		

	

5.7.2	Ectopic	NKX2.1	expression	in	A549	cells	

	

A549	 adenocarcinoma	 epithelial	 cells	 lacks	 NKX2.1.	 In	 this	 Chapter,	 adenoviral	

transduction	 of	 Ad-h-NKX2.1	 in	 A549	 cells	 showed	 a	 change	 in	morphology	 from	 an	

elongated	to	polygonal-like	cells	as	well	as	increased	in	proliferation.	Forced	expression	

of	NKX2.1	on	A549	cells	propose	to	have	a	part	 in	restoring	the	epithelial	properties.	

However,	staining	for	E-cadherin	in	future	would	prove	the	epithelial	state	of	the	cells.	

A	study	showed	that	ectopic	expression	of	NKX2.1	on	A549	cells	with	TGF-β	have	proven	
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to	have	a	major	inhibitory	effect	on	epithelial-to-mesenchymal	transition	(EMT)	(Saito	

et	 al.,	 2009).	 TGF-β	 is	 a	 multifunctional	 cytokine	 that	 is	 known	 to	 drive	 an	 EMT	

phenotype	 and	 is	 indicative	 of	 progression	 of	 cancer	 cell	 invasive	 and	 a	 metastatic	

phenotype.	 Hence,	 NKX2.1	 downregulates	 TGF-β	 target	 genes	 (Snail	 and	 Slug)	 and	

causes	 the	 restoration	 of	 a	 wild-type	 epithelial	 phenotype	 in	 adenocarcinoma	 cells;	

tumour-suppressive	effects	(Peinado	et	al.,	2007).	Saito	et	al	(2009),	showed	there	is	a	

link	 between	 NKX2.1	 and	 TGF-β	 signalling	 through	 the	 regulation	 of	 epithelial-to-

mesenchymal	transition	(EMT)	and	mesenchymal-to-epithelial	transition	(MET)	in	lung	

cancer	suggesting	that	modulating	of	NKX2.1	could	be	a	therapeutic	agent	in	treatment	

lung	adenocarcinoma.	Hence,	testing	this	mechanism	in	future	would	be	 ideal	to	see	

whether	it	restores	epithelial	phenotypes	in	lung	adenocarcinoma	cells.		

	

In	 this	 section,	 we	 have	 shown	 the	 transduction	 of	 NKX2.1	 into	 the	 A549	 cells	 via	

immunofluorescence	 images	 and	 PCR.	 We	 used	 DEAE-Dextran	 to	 enhance	 the	

transfection	efficiency	of	DNA	transfer	into	host	cells	in	our	protocol	due	to	its	cheap	

and	 easy	 method	 compared	 to	 calcium	 phosphate	 mediated	 DNA	 transfer.	 Ectopic	

expression	 of	 NKX2.1	 in	 A549	 cells	 induced	 and	 enhanced	 the	 expression	 of	 distal	

alveolar	type	II	markers	SPB	and	SPC.	NKX2.1	is	a	key	activator	of	the	SPB	gene	having	

at	 least	 two	 binding	 sites	 at	 the	 SPC	 promoter	 and	 enhancer	 (Kelly	 et	 al.,	 1996).	

Consequently,	 ectopic	 NKX2.1	 expression	 on	 adenocarcinoma	 cells	 might	 trigger	

downstream	 lung	 target	 genes	 such	 as	 Clara	 cell	 secretory	 protein	 (CCSP)	 as	well	 as	

restoring/stimulating	 distal	 alveolar	 cells	 by	 expressing	 and	 triggering	 NKX2.1	

downstream	genes	(SPA/SPB/SPC)	(Tomita	et	al.,	2008;	Minoo	et	al.,	2007).			

	

5.7.3	Ectopic	expression	of	NKX2.1	in	AFE	precursor	cells	

	

We	demonstrated	that	adenoviral	infection	in	the	Shef3	hESC	line	was	attempted	more	

than	 4	 times	 and	 showed	 no	 expression	 of	 the	 transgene.	 This	 suggests	 that	 some	

pluripotent	hESCs	may	not	be	amenable	to	adenoviral	infection.	This	has	been	verified	

by	a	study	looking	at	Ad-GFP	infection	on	4	different	hESCs	lines	(HUES7,	HUES8,	HEUS9	

and	H9)	indicating	adenoviral	infection	rates	varies	between	lines.	HUES7	cell	line	did	

not	express	GFP	following	exposure	to	Ad-GFP	whereas,	HUES8,	HUES9	and	H9	showed	
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robust	GFP	expression	by	both	immunofluorescence	and	FACS	analysis	(Brokhman	et	al.,	

2009).	One	reason	of	a	lack	of	adenoviral	infection	on	Shef3	hESC	line	might	be	due	to	

small	amounts	or	no	attachment	of	adenovirus	to	cells	that	is	dependent	upon	the	CAR	

on	cell	surface	membrane.	This	in	turn	would	enter	the	cells	through	endocytosis	upon	

interaction	with	αv-integrins	and	transport	 inside	the	cytoplasm	via	endosomes	till	 it	

reaches	 the	 host	 cell’s	 nucleus	 to	 release	 the	 DNA	 inside	 (Bergelson	 et	 al.,	 1997;	

Nemerow	and	Stewart,	1999).	Hence,	using	a	CAR	receptor	assay	to	see	the	levels	of	

transcripts	via	RT-PCR	would	be	a	useful	application	to	reveal	 the	amount	of	CAR	on	

naïve	 hESCs	 to	 be	 infected	 with	 adenovirus.	 Low	 CAR	 would	 not	 indicate	 to	

accommodate	a	higher	MOI	and/or	 longer	adenoviral	 infection	on	hESC	 lines.	Hence,	

engineering	 the	 cells	 to	 express	 high	 levels	 of	 CAR	 in	 the	 future	would	 increase	 the	

possibility	to	transduce	the	adenovirus	into	cells.		

	

Upon	differentiation	towards	AFE,	adenoviral	infection	with	the	same	MOI	(50)	was	used	

as	previously	on	A549	and	Shef3	cell	 lines,	caused	the	uptake	of	our	gene	of	 interest	

(NKX2.1)	into	AFE	precursors	as	seen	from	fluorescent	microscopy	images.	This	suggests	

that	upon	differentiation	there	is	an	increase	in	CAR	expression	on	cell	membranes	of	

differentiated	cells	for	adenovirus	to	bind	and	transduce	their	genomic	material	into	the	

cell.	CD46,	heparan	sulphate	glycosaminoglycan’s	and	non-protein	receptors	(VCAM-1)	

can	also	function	as	CARs	to	mediate	adenovirus	infection	(Zhang	and	Bergelson,	2005).	

Rufaihah	et	al.	(2007),	demonstrated	that	differentiated	derivatives	of	hESCs	leads	to	

more	infection	by	an	adenovirus	mediated	transgene	expression	and	this	might	explain	

why	Ad-h-NKX2.1	is	able	to	infect	AFE	cells.		Surprisingly,	the	cell	morphology	of	LPC	and	

AFE-infected	 precursors	 showed	 similar	morphology	 to	 one	 another.	 Forced	 NKX2.1	

expression	on	AFE	precursors	caused	enhanced	NKX2.1	expression	and	induced	AET-II	

SPB	 distal	 marker	 indicative	 of	 the	 generation	 of	 mature	 lung.	 NKX2.1	 controls	 the	

expression	of	lung-specific	genes	such	as	the	expression	of	SPA,	SPB	and	SPC	and	also	

regulates	 the	expression	of	 thyroid	and	brain	genes	 (Margana	and	Boggaram,	1997).	

Correspondingly,	ectopic	expression	of	TTF-1	in	a	specific	mouse	embryonic	fibroblast	

cells	 (NIH-3T3)	caused	the	activation	and	expression	of	an	 important	central	nervous	

gene,	NESTIN	(Lonigro	et	al.,	2001).	Hence,	we	need	to	test	for	NESTIN	to	exclude	this	

possibility	in	the	future.	On	the	other	hand,	this	suggests	that	overexpression	of	NKX2.1	
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on	anterior	foregut	precursors	is	triggering	downstream	target	lung	gene	(SPB)	in	early	

lung	phenotypic	lineage.	However,	we	need	to	extend	this	observation	to	determine	the	

robustness	of	the	observation	by	examining	the	expression	of	other	target	genes	(PDPN,	

HOPX,	ID2	and	CD133).	

	

In	summary,	we	have	shown	that	ectopic	expression	of	NKX2.1	on	AFE	cells	highlighted	

induces	 the	mature	 lung	marker	 (SPB).	NKX2.1	 transcription	 factor	 is	 crucial	 for	 lung	

development	in	the	AFE	stage	playing	an	essential	signal	for	specification	of	a	pulmonary	

cell	 fate	 instead	of	a	different	endodermal	cell	 fate,	e.g.	 liver	cell	 fate	 (Maeda	et	al.,	

2007).		However,	testing	for	different	proximal,	distal/alveolar	markers	have	not	been	

conducted	which	is	a	major	limitation	to	this	work	to	see	if	forced	NKX2.1	expression	on	

AFE	may	result	into	the	stimulation	of	another	proximal	and/or	distal	lung	progenitors.	

A	group	of	scientists	have	discovered	that	ectopic	expression	of	NKX2.1	in	A549	cell	line	

resulted	 into	 the	NKX2.1	 localisation	 to	 the	SPB	promoter	 region	 in	comparison	with	

control	GFP-expressing	A459	cell	line	(Watanabe	et	al.,	2013).	In	comparison	to	our	Ad-

NKX2.1	inoculation	on	AFE	cells,	growth	rate	might	appear	to	be	at	a	normal	rate.	This	

might	be	due	to	the	effect	of	adenovirus	infection	on	different	type	of	cell	line.	
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6.1	Directed	Differentiation	of	hESCs	to	Anterior	Foregut	Endoderm	(AFE)	
	

6.1.1Overview	

	

This	 thesis	 began	by	directing	 the	differentiation	of	 hESCs	 into	 the	 first	 stage	of	 the	

differentiation	protocol	towards	DE	and	then	refining	the	protocol	further	towards	the	

AFE	lineage.	Many	report	in	the	literature	showed	a	number	of	key	transcription	factors	

are	 involved	 in	 lung	 specification	 (NKX2.1,	 Sox2,	 Pax9,	 FoxA2	 and	 Tbx1).	 The	

transcription	factor,	NKX2.1,	is	highly	expressed	in	lung	and	thyroid	when	Wnt/β-catenin	

pathway	is	activated.	Dual	inhibition	of	BMP/TGFβ	signalling	by	Noggin	and	SB431542	

respectively	makes	embryonic	stem	cell	derived	endoderm	competent	to	specify	 into	

AFE	 progenitors	 by	 suppressing	 the	 posterior	 endoderm	 fate	 (Cdx2)	 in	 favour	 of	 an	

anterior	endoderm	fate,	Sox2.	Cdx2	is	a	specific	intestinal	transcription	factors	that	is	

expressed	 early	 in	 intestinal	 development	 and	 is	 involved	 in	 the	 regulation	 of	

proliferation	and	differentiation	of	intestinal	epithelial	cells	(Gao	et	al.,	2009).	Cdx2	is	

also	 involved	 in	 early	 development	 shown	 to	 be	 an	 important	 transcription	 factor	

responsible	for	trophectoderm	development	(Rayon	et	al.,	2016).	Sox2	is	expressed	in	

the	developing	AFE	and	it	has	been	observed	that	Sox2-positive	cells	can	act	as	tissue	

specific	progenitors	in	several	tissues	including	the	lung,	stomach,	and	testes	(Arnold	et	

al.,	2011).		

	

An	 already	 established	 protocol	 generating	 DE	 from	 pluripotent	 stem	 cells	 using	 a	

chemically	induced	protocol	by	a	novel	GSK-3	inhibitory	factor	1m	and	mimicking	the	

Nodal	pathway	via	Activin-A	(Bone	et	al,	2011).	This	procedure	shows	a	high	productivity	

of	DE	population	required	for	AFE	differentiation.	We	found	that	we	could	generate	AFE-

like	cells	from	DE	using	the	endogenous	BMP	antagonists	Noggin	or	DSM	in	combination	

with	the	TGFβ	signalling	inhibitor	factor	SB431542.	Both	these	treatments	on	DE-derived	

cells	yielded	a	population	of	cells	 that	expressed	AFE	progeny	markers	 (FoxA2,	Sox2,	

Pax9,	Tbx1,	CD56	and	CD271).	However,	we	found	an	important	difference	between	the	

two	 namely,	 that	 Noggin	 induced	 a	 higher	 AFE	 population	 (as	 shown	 by	 the	 flow	

cytometry	analysis	in	Chapter	3)	in	comparison	to	DSM.		This	was	consistent	across	the	
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different	pluripotent	stem	cell	lines	tested.	How	to	explain	the	difference	between	DSM	

and	Noggin	observation?	DSM	treatment	may	either	cause	a	delay	 in	generating	AFE	

and/or	may	commit	cells	to	different	lineages,	consequently	leaving	less	AFE	precursors.	

However,	 the	detailed	mechanism	by	which	 the	small	 selective	molecule	 inhibitor	of	

BMP	signalling	DSM	promotes	formation	of	AFE	precursors	or	other	lineages	in	human	

embryonic	stem	cells	is	yet	to	be	fully	understood.	This	would	suggest	us	to	screen	for	

other	lineage	markers	such	as	posterior	foregut	endoderm	or	ectodermal	lineage	as	well	

as	 testing	 different	 DSM	 concentrations.	 Noggin	 on	 the	 other	 hand	 proved	 to	 show	

higher	expression	of	AFE	markers	compared	to	DSM.	This	might	be	due	to	the	difference	

in	BMP	antagonizing	activity	that	allows	DE	precursors	to	differentiate	into	AFE	lineages.	

Yu	et	al,	(2008)	showed	that	Noggin	might	be	targeting	multiple	type-I	BMP	receptor	

subtypes	whereas	 DSM	 effects	may	 be	 limited	 to	 antagonizing	 specific	 BMP	 ligands	

maybe	causing	the	efficiency	in	generating	a	higher	yield	of	AFE	precursors.	

	

The	second	part	of	Chapter	3	we	examined	the	role	of	the	PI3K	pathway	in	generating	

AFE	progenitors.	The	pathway	is	known	for	it’s	a	critical	mediator	of	number	of	disease	

processes	such	as	inflammatory/autoimmune	diseases	as	well	as	lymphoma	aside	from	

its	operation	during	 lung	branching	morphogenesis	 (Foster	et	al.,	2012;	Carter	et	al.,	

2014).	The	PI3K	family	is	made	up	of	14	enzymes	and	separated	into	four	classes	(I,	II	

and	 III	 lipid	 kinases	 and	 IV	 protein	 kinases)	 (Carpenter	 and	 Cantley,	 1996;	

Vanhaesebroeck	and	Waterfield,	1999).	We	used	a	pharmacological	PI3K	class	I	inhibitor	

(LY-294002)	targeting	the	PI3K	signalling	cascade	to	induce	AFE	progenitors.	However,	

a	limitation	to	this	part	of	the	thesis	is	that	we	did	not	use	a	range	of	pharmacological	

agents	(such	as	different	PI3K	isoforms).	An	alternative,	genetic	approach	would	be	to	

delete	the	PI3K	isoform	via	CRISPR,	to	target	different	elements	of	the	PI3K	signalling	

and	to	eliminate	any	off-target	effects	of	the	inhibitor.	LY-294002	have	been	shown	to	

be	a	non-exclusive	PI3K	selective	inhibitor	and	could	in	fact	act	on	other	kinases	(PI3K	

class	III	and	PI4K)	and	unrelated	proteins	(SART3).	They	are	shown	to	not	only	inhibits	

mammalian	target	of	rapamycin	(mTOR)	but	also	inhibit	casein	kinase	2	(CK2)	and	Pim-

1	(Brunn	et	al.,	1996;	Davies	et	al.,	2000;	Jacobs	et	al.,	2005).		
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6.1.2	Future	Directions	

	

One	of	the	main	limitations	of	the	differentiation	protocol	is	the	clump	passaging	of	cells	

at	the	start	of	our	hESCs	differentiation	protocol.	As	it	is	difficult	to	control	the	sizes	of	

the	clumps,	 the	number	of	 starting	cells	may	differ	between	experiments	 suggesting	

that	varying	the	number	of	starting	cells	might	result	in	variable	differentiation.	Hence,	

to	improve	the	protocol,	starting	with	similar	numbers	of	cells	prior	to	differentiation	

would	make	the	differentiation	procedure	more	consistent	and	reliable.	Hence,	single	

celling	 and	 seeding	 hESCs	 at	 different	 densities	 per	 cm
2	
would	 be	 helpful	 in	

understanding	cellular	process	and	behaviour	in	embryonic	development.	It	has	been	

seen	that	hESCs	show	low	survival	rate	in	single	suspension	(Moore	and	Ronald,	2012).	

However,	it	has	been	shown	that	addition	of	Y-27632	(a	Rho-associated	kinase	inhibitor	

(ROCKi))	 increases	 survival	 rate	 of	 single-cell	 dissociated	 hESCs	 (Amit	 et	 al.,	 2000;	

Watanbe	et	al.,	2007).	

	

In	order	to	improve	the	induction	of	AFE	from	DE,	one	possibility	is	to	test	dual	SHH	and	

FGF2	 treatment.	 This	 treatment	 could	 be	 compared	 to	 our	 Noggin	 plus	 SB431542	

generated	AFE.	The	AFE	development	can	be	patterned	via	the	secretion	of	FGF2	in	the	

mesoderm	 (Ameri	 et	 al.,	 2010).	Whereas,	 SHH	 signalling	 is	 shown	 to	 stimulate	 lung	

growth	 and	 suppression	 of	 pancreatic	 development	 (Bellusci	 et	 al.,	 1997;	 Kim	 and	

Melton,	1998).	We	could	test	this	hypothesis	by	treating	DE-derived	cells	with	FGF2	and	

SHH	and	looking	for	induction	of	expression	of	the	pan-endodermal	marker	FoxA2	and	

the	upregulation	of	Sox2	transcription	factors	and	the	absence	of	the	posterior	hindgut	

marker	Cdx2	and	the	DE	marker	Sox17.			

	

In	order	to	study	human	development	and	diseases	in	a	‘physiological’	setting,	it	would	

be	valuable	to	focus	on	3D-organoid	cultures.	Hence,	generating	human	lung	organoids	

from	 hESCs	 derived	 AFE-spheroids	 may	 create	 an	 in	 vitro	 model	 to	 more	 closely	

recapitulate	the	normal	epithelial	and	mesenchymal	compartments	similar	to	the	native	

lung.	 3D	 cultures	 have	many	 advantages	 over	 conventional	 2D	 cultures	 such	 as	 the	
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potential	 to	acquire	a	structural	organisation	organ	and	establishing	a	physiologically	

complex	model	towards	the	native	organ	thereby	allowing	study	of	development	and	

tissue	homeostasis	 in	vitro.	Dye	et	al.	(2015)	generated	human	lung	organoids	(HLOs)	

from	 ventral	 anterior	 foregut	 spheroids.	 The	 organoids	 possessed	 many	 airway-like	

epithelial	markers	and	immature	alveolar	airway-like	structures.	This	is	an	exciting	area	

to	thrive	on	which	can	propose	an	excellent	model.	Dye	et	al.	(2015)	performed	RNA	

sequencing	which	 exposed	 that	 HLOs	 are	 amazingly	 similar	 to	 the	 human	 fetal	 lung	

based	on	global	transcriptional	profiles	exemplifying	that	HLOs	is	an	excellent	model	to	

study	 human	 lung	 development	 and	 disease.	 The	 quantitative	 assessment	 of	 HLO	

composition	revealed	to	have	both	proximal-like	(39%	p63+	and	3%	FoxJ1+)	and	distal-

like	 (5%	 SFTPC+	 and	 4%	 HOPX+)	 epithelial	 structures.	 Conversely,	 HLOs	 lack	 several	

components	 of	 the	 native	 organ	 which	 includes	 immune	 cells,	 innervation	 and	

vasculature	 making	 them	 applicable	 for	 cellular	 inputs	 important	 for	 branching	

morphogenesis.	

	

We	have	shown	the	treatment	of	DE	precursors	with	the	LY-294002	PI3K	induces	AFE	

markers	(FoxA2	and	Pax9)	and	loss	of	the	DE	lineage	(Hnf4α).	The	combination	with	PI3K	

suppression	in	the	protocol	applied	in	this	study	efficiently	specifies	DE	from	hESCs	and	

may	even	lead	to	more	robust	differentiation	into	AFE.	One	way	to	test	this	possibility	

is	to	modify	the	protocol	such	that	two	days	Activin-A	and	serum	treatment	is	performed	

prior	 to	 addition	 of	 the	 PI3K	 inhibitor	 (LY294002).	 This	 approach	 could	 potentially	

generate	more	AFE	cells,	because	it	may	acquire	a	complete	DE	lineage	which	is	ready	

for	further	differentiation.	In	addition	to	protocol	revision,	there	are	several	limitations	

of	the	current	research	that	could	be	improved.	In	terms	of	Live-Dead	viability	analysis,	

this	technique	should	be	investigated	with	higher	concentration	(10μM	and	20μM)	of	

LY294002-treated	 samples	 since	 high	 LY294002	 causes	 many	 cell	 detachments	 and	

floating	in	suspension.	All	the	DE	and	AFE	markers	that	were	examined	in	PCR	needs	to	

be	explored	with	specific	antibodies	to	complement	the	gene	expression.	Quantitative	

analysis	at	the	genetic	level	can	be	performed	by	qRT-PCR	to	support	quantification	data	

of	immunostaining.	FACS	analysis	would	help	to	gain	quantitative	data,	as	well.	Western	
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blotting	could	be	used	further	investigate	and	validate	the	protein	levels	of	the	different	

markers.	 It	would	also	be	 informative	to	replace	the	pan	I	class	 inhibitor	(LY-294002)	

with	 a	 different	 specific	 PI3K	 isoform	 (PI3Kα)	 inhibitor	 such	 as	 ZSTK474	 or	 BYL719,	

because	PI3Kα	 is	 found	to	be	a	key	driver	 in	branching	morphogenesis	 (Carter	et	al.,	

2014).	Likewise,	inhibiting	the	PI3K	downstream	signalling	components	(Akt	and	mTOR)	

would	be	ideal	to	assess	the	induction	of	AFE	cells	on	DE	derived	precursors	since	Akt	

and	mTORC2	are	crucial	to	many	aspects	of	cell	growth	and	survival,	in	physiological	as	

well	 as	 in	 pathological	 conditions	 (cancer)	 (Porta	 et	 al.,	 2014).	 Sorting	 cells	 via	 FACS	

system	during	 the	differentiation	protocol	 could	be	applied	 in	 the	 future	 to	enrich	a	

population	of	AFE	cells.	Since	most	cells	can	be	analysed	statistically	from	light	scatter	

and	 immunofluorescent	 properties	 as	 well	 as	 it	 provides	 both	 qualitative	 and	

quantitative	 data	 (presence	 of	 antigen	 and	 the	 expression	 levels	 of	 these	 antigens).	

Nonetheless,	FACs	are	very	expensive	to	operate,	needed	excessive	training	and	chance	

of	auto-fluorescent	and	false	negative	results	in	case	of	deteriorate	reagent.	Hawkins	et	

al,	(2017)	has	lately	isolated	NKX2.1-postive	cells	by	the	cell	surface	marker,	CD47,	via	

cell	 sorting	 assay	 due	 to	 single-cell	 RNA-Seq	 profiles	 revealed	 that	 CD47	 was	 the	

transcript	in	the	genome	most	highly	correlated	with	NKX2.1.	Moreover,	after	sorting	

NKX2.1	positive	cells	these	primordial	cells	exhibited	lung	epithelial	maturation	in	vitro	

and	 the	 ability	 to	 form	 epithelial-only-spheroids	 in	 3D	 cultures	 in	 the	 absence	 of	

mesenchymal	 co-culture.	 Alternatively,	 when	 recombined	 with	 fetal	 mouse	 lung	

mesenchyme,	 the	 cells	 recapitulated	 epithelial-mesenchymal	 developing	 lung	

interactions	and	augments	distal	lung	differentiation.	Hence,	we	anticipate	that	access	

to	 pure	 populations	 of	 NKX2.1-postive	 cell	 populations	 should	 facilitate	 basic	

developmental	studies	as	well	as	clinical	applications	focused	on	disease	modelling,	drug	

development,	and	potentially	future	regenerative	therapies.		
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6.2	Directed	Differentiation	of	AFE	into	LPCs	and	Mature	Respiratory	Epithelium	

	

6.2.1	Overview	

	

hESCs	can	give	rise	to	any	cell	 type	 in	the	body.	 In	vitro	differentiation	of	hESCs	to	a	

specific	 cell	 type	 can	 be	 achieved	 by	mimicking	 the	 signalling	 events	 during	 normal	

embryonic	development.	Due	to	their	pluripotent	nature,	hESCs	have	wide	applications	

in	regenerative	medicine	such	as	drug	screening	and	cell	therapy.	In	this	report,	we	have	

attempted	to	develop	a	robust	stepwise	protocol	for	the	differentiation	of	hESCs	to	LPCs	

with	potential	for	further	differentiation	into	mature	lung	epithelium	in	vitro.		

	

Cell	death	is	potentially	an	issue	when	the	media	is	changed	from	one	differentiation	

stage	to	another.	This	problem	may	reduce	the	number	of	viable	cells	in	culture.	In	my	

study,	 cell	 death	 resulted	 from	 the	 addition	 of	 factors	 such	 as	DSM	 (e.g.	we	 used	 a	

working	 concentration	 of	 10μM).	 Therefore,	 adjusting	 the	 concentration	 levels	 of	

growth	factors/cytokines	at	specific	times	might	improve	the	number	of	viable	cells	in	

culture.		

	

Understanding	 the	 regulatory	 network	 of	 transcription	 factors	 at	 each	 stage	 of	

development	 (embryonic	 to	 alveolar	 stages)	 we	 could	 potentially	 improve	 the	

maturation	of	the	lung	cells	at	the	end	of	the	differentiation	protocol.	An	ideal	study	is	

to	 overexpress	 of	mature	 lung	 transcription	 factors	 such	 as	 FoxA2	 or	 C/EBPα	 via	 an	

adenovirus	construct	which	are	both	essential	for	pulmonary	maturation	in	the	saccular-

alveolar	stage	of	development	(Wan	et	al.,	2004;	Martis	et	al.,	2006).	

	

A	 group	 of	 scientists	 recently	 published	 some	 interesting	 work	 on	 a	 heterogeneous	

mesenchymal	 cell	population	 in	 the	airway	epithelia	 (Lrg6+	 cells)	 and	 in	 the	alveolar	

compartments	 (Lrg5+	 cells)	 that	 plays	 a	 central	 role	 in	 epithelial	 maintenance	 and	

alveolar	differentiation	 respectively	 (Lee	et	al.,	 2017).	Additionally,	 as	 seen	 from	our	

result	(Section	4.6.1)	that	Wnt	signalling	is	necessary	to	induce	LPCs,	Lee	et	al,	(2017)	
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proven	 that	Wnt	 activity	 affects	 epithelial	 differentiation	 specified	 by	mesenchymal	

cells.	This	 indicated	the	direct	cross-talk	between	epithelial	and	mesenchymal	cells	 is	

critical	in	lung	development	controlling	the	balance	between	proliferation	and	lineage	

differentiation	 (FGF10	and	Wnt).	Hence,	 targeting	 the	Lrg5+	and	Lrg6+	mesenchymal	

cells	 in	 lung	 may	 direct	 the	 action	 on	 alveolar	 and	 airway	 diseases	 respectively.	

Furthermore,	 McCauley	 and	 colleagues	 (2017),	 lately	 shown	 that	 carefully	 timed	

regulation	 of	 Wnt	 signalling	 can	 direct	 human	 pluripotent	 cells	 direct	 hESCs	 to	

differentiate	rapidly	 into	functional	airway	organoids;	high	and	low	Wnt	signalling	on	

NKX2.1-postive	 cell	 lung	 precursors	 induces	 alveolar	 (Sox9+	 and	 SPC+)	 and	 airway	

(Sox2+	and	p63+)	progenitors	respectively.	

	

Recent	work	 in	embryonic	mouse	models	have	shown	to	be	rational	for	translational	

medicine	studies	due	to	their	failure	to	accurately	recapitulate	human	lung	disorders,	

regeneration	 and	 repair	 and	 remains	 a	 major	 impediment	 to	 the	 development	 of	

effective	clinical	stem	cell	directed	therapies	(Williams	and	Roman,	2016).	Experiments	

in	mice	are	often	performed	under	pathogen-free	environments	that	do	not	recapitulate	

in	 vivo	 human	 lung	 development.	 Some	 of	 the	 limitations	 of	 extrapolating	 mouse	

models	 to	 humans	 include	 a	 significant	 difference	 in	 the	 anatomical	 structure	 and	

cellular	composition	between	the	two	organisms	(Hyde	et	al.,	2009;	Rock	et	al.,	2010).	

Consequently,	other	disparities	between	mouse	and	human	development	is	that	goblet	

cells	are	numerous	in	the	human	airways	whereas	it	is	absent	in	mice	(McBride,	1992).	

Moreover,	using	mice	as	a	model	of	human	disease,	 in	particular	asthma,	have	some	

drawbacks	due	to	their	relatively	large	airways	and	lack	of	mucous	glands.	

	

A	 limitation	 of	 this	 study	 is	 that	 the	 differentiation	 of	 hESCs	 towards	 MLCs	 was	

performed	in	an	 in	vitro	system	and	not	been	tested	using	 in	vivo	engraftments.	This	

approach	 therefore	 would	 be	 beneficial	 to	 examine	 the	 differentiation	 of	 airway	

epithelium	upon	subcutaneous	transplant	of	NKX2.1	positive	cells	into	immunodeficient	

mouse	models	for	functional	assessments	to	form	mature	respiratory	epithelium	in	the	

future.	
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6.2.2	Future	Directions	

	

After	generating	mature	lung	epithelial	cells,	analysis	is	required	to	determine	whether	

hESCs-derived	MLCs	were	indeed	functional.	An	enzyme-linked	immunosorbent	assay	

(ELISA)	would	be	an	ideal	assay	for	the	detection	and	quantification	of	secretory	proteins	

(e.g.	SPC)	released	from	AET-II	 (Ghaedi	et	al.,	2013).	C3	and	C5	components	released	

and	synthesised	by	AET-II	could	be	examined	over	a	period	of	24-hours	and	compared	

with	normal	human	AET-II	cells	(Ghaedi	et	al.,	2013).	This	would	give	us	an	insight	on	

how	the	differentiated	hESCs	to	mature	lung	cells	are	functional	 in	vitro.	CFTR	is	also	

expressed	in	AET-I	and	AET-II	cells	and	to	assay	its	functionality	in	generated	MLCs	in	

future,	we	could	use	a	patch	clamp	electrophysiology	technique.	Patch-clamp	technique	

allows	the	investigation	of	single	ion	channels	making	it	is	a	suitable	tool	for	not	only	in	

neuroscience,	 but	 also	 in	 the	 use	 on	 non-excitable	 cells.	 It	 presents	 an	 important	

application	in	the	medical	field	to	answer	questions	to	many	diseases	which	are	related	

to	malfunctions	 in	 ion	channels.	Considering	when	measuring	 ion	fluxes	mediated	by	

CFTR,	other	channels,	pumps	and	transporters	may	come	into	play	to	allow	chloride	or	

other	 ions	 to	 pass	 freely	 interfering	with	 CFTR	 activity.	 For	 example,	 having	 specific	

inhibitors	of	specific	 ion	pathways	will	specifically	monitor	CFTR	ion	flux.	Cells	will	be	

loaded	with	chloride-sensitive	indicator	dye	(MQAE)	to	measure	the	ion	influx	or	efflux	

because	chloride	transport	across	AET-I	and	AET-II	cell	membrane	is	largely	dependent	

on	CFTR.	Therefore,	fluorescence	would	show	that	intracellular	chloride	may	increase	

or	 decrease	depending	on	 chloride-rich	or	 chloride-deficient	medium	 respectively	 to	

confirm	CFTR	functionality.	Hence,	both	patch	clamp	and	fluorescence	approaches	used	

in	combination	are	useful	to	assess	MLC	functionality.	Lastly,	in	order	to	more	accurately	

determine	 a	 mature	 distal	 lung	 phenotype	 induction,	 we	 could	 assay	 for	 secretory	

organelles,	known	as	lamellar	bodies,	are	found	in	generated	AET-II	cells.	Hence,	using	

transmission	 electron	 microscopy	 (TEM)	 to	 visualise	 lamellar	 bodies	 containing	

phospholipids	and	to	confirm	the	state	of	maturity	of	cells	after	our	final	differentiation	

stage.		
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Generating	lung	progenitors	by	iPSCs	or	hESCs	do	vary	substantially	from	one	protocol	

to	another	in	terms	of	the	percentage	of	differentiated	specific	lung	cells.	Hence,	it	is	

important	to	continue	to	optimize	the	protocols	for	obtaining	a	homogenous	population	

of	specific-lung	cells	before	any	clinical	use.	For	instance,	additional	stimuli	by	seeding	

LPC	and	differentiating	into	MLC	on	ALI	may	be	necessary	to	promote	the	production	of	

functional	 epithelium.	 Tissue	 engineering	 is	 another	 application	 using	 scaffolds	 that	

needs	to	be	 looked	at	 to	possibly	 improve	 its	 foundation	to	mimic	 lungs	to	generate	

complete	lung	tissues	(Petersen	et	al.,	2010).	The	scaffold	is	generated	by	de-cellularised	

lungs	 (a	 process	 that	 removes	 cellular	 components	 and	 leaving	 behind	 a	 scaffold	 of	

extracellular	matrix	 that	 retains	 the	 hierarchical	 branching	 structure	 of	 airways)	 and	

using	the	acellular	matrix	as	scaffolds	and	seeding	these	matrices	with	mature	lung	cells	

(AET-II)	derived	from	hESCs	(Badylak	et	al.,	2012).	Longmire	et	al,	(2011)	have	seeded	a	

de-cellularised	mouse	 lung	 scaffold	 with	 NKX2.1+	 lung	 progenitors	 which	 generated	

AET-I	flattened	cells	expressing	the	marker	protein	T1a.	On	the	other	hand,	Mou	et	al,	

(2011)	 upon	 subcutaneous	 engraftment	 of	 ESC-derived	 NKX2.1+	 cells	 induced	 a	

heterogeneous	 population	 of	 proximal	 airway	 epithelium	 (p63+,	 CC10+,	 FoxJ1+	 and	

Muc5ac+)	when	transplanted	in	vivo.	

	

The	Yes-associated	protein-1	(YAP)	in	the	Hippo	signalling	pathway	has	been	shown	to	

regulate,	maintain	 airway	 epithelial	 basal	 stem	 cells	 (p63)	 and	 determines	 epithelial	

architecture	(Zhao	et	al.,	2014;	Barry	and	Camargo,	2013).	Interestingly,	YAP	knockdown	

via	 lentivirus	 expressing	 GFP	 and	 short	 hairpin	 RNAs	 targeting	 YAP,	 results	 in	 the	

simplification	of	a	pseudostratified	epithelium	into	a	columnar	epithelium	along	with	

loss	of	epithelial	basal	stem	cells	(p63)	(Zhao	et	al.,	2014).	Likewise,	in	a	different	study,	

YAP	 controls	 patterning	 and	 increase	 differentiation	 of	 mature	 airway	 epithelial	

progenitors	such	as	Sox9	and	Sox2	(Mahoney	et	al.,	2014).	Since	Hippo	pathway	effector	

YAP	is	strongly	involved	in	regulating	and	controlling	epithelial	progenitor	cell	fate	and	

morphogenesis	during	airway	development,	this	provides	an	insight	in	considering	YAP	

act	and	plays	a	part	as	a	therapeutic	agent.	This	could	be	tested	by	removing	YAP	gene	

from	the	developing	 lung	epithelium	(via	Cre-recombinase)	 in	mouse	embryonic	 lung	
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explants	 (E10.5,	 initiation	 of	 branching	 morphogenesis	 stage)	 and	 asses	 for	 airway	

morphogenesis	and/or	airway	progenitor	cell	fate.	

	

Normal	 pulmonary	 development	 takes	 place	 at	 around	 1-5%	 oxygen	 environment	

whereas	our	differentiation	protocol	 is	carried	out	at	oxygen	 levels	of	20%.	Thus,	we	

hypothesize	that	low	oxygen	levels	might	play	a	role	in	generating	an	improved	yield	of	

lung	 hESCs-derived	 cells	 in	 culture	 compared	 to	 room-temperature	 oxygen	 levels.	

Garreta	et	al.	(2014)	used	mouse	embryonic	stem	cells	to	derive	lung	progenitors	at	5%	

oxygen	 tension	 and	 enhanced	 the	 derivation	 of	 lung	 progenitors	 (FoxA2/NKX2.1)	 in	

comparison	 from	 room-air	 oxygen	 tension	 at	 20%.	 They	 also	 have	 shown	 that	 low	

oxygen	 tension	 (5%)	 excluded	 the	 possible	 existence	 of	 thyroid	 progenitors	

characterised	by	 Pax8	 expression	were	 negative	 in	 their	 ESC	differentiation	 protocol	

(NKX2.1+/FoxA2+/PAx8-	triple	immunofluorescence	30-fold	increase	in	comparison	to	

20%	oxygen).	Confirming	that	the	low	physiological	oxygen	tension	exerted	a	significant	

positive	 effect	 on	 early	 pulmonary	 differentiation	 of	 pluripotent	 stem	 cells.	 Other	

publications	 have	 exploited	 on	 mimicking	 the	 oxygen	 tension	 of	 in	 vivo	 cell	

microenvironments	shown	a	to	play	a	role	in	the	differentiation	of	stem	cells	into	many	

different	cell	fates	such	as	cardiac	cells,	neuronal	cells	and	oligodendrocyte	lineage	(Ng	

et	al.,	2010;	Binh	et	al.,	2014;	Bae	et	al.,	2012).	Therefore,	carrying	the	same	experiment	

with	 our	 hESCs	 at	 5%	 oxygen	 tension	 via	 a	 hypoxic	 chamber	 could	 improve	 the	

percentage	production	of	mature	lung	epithelial	cells	in	vitro.	
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6.3	Ectopic	Expression	of	NKX2.1	to	Promote	Lung	Maturation	
	

6.3.1	Overview	

	

Much	research	work	is	limited	by	the	availability	of	normal	human	lung	tissue	as	well	as	

the	ethical	and	practical	considerations.	Harvesting	normal	cells	from	tumour	sections	

or	from	discarded	airways	from	transplanted	lungs	are	significant	barriers	when	coming	

to	investigate	lung	development	(Butler	et	al.,	2016;	Hegab	et	al.,	2012).	Hence,	forcing	

cells	 into	 becoming	 lung-like	 cells	 by	 virus	 propagation	with	 gene	 of	 interest	 aids	 in	

developing	 a	 model	 system	 to	 an	 in	 vivo	 lung	 development.	 Adenovirus	 have	 been	

chosen	as	our	viral	delivery	system	to	introduce	the	genetic	material	of	interest	(NKX2.1)	

in	our	host	cell	lines	due	to	several	reasons,	1)	they	are	highly	efficient	in	most	cell	types,	

both	replicating	and	non-replicating	cells,	2)	has	the	highest	transduction	and	fastest	

efficiency	than	other	viral	gene	delivery	systems	(Ghosh	et	al.,	2006).	On	the	other	hand,	

retrovirus	or	lentivirus	viral	gene	delivery	systems	could	be	used	but	both	would	give	

very	low	efficiency	in	most	cell	types	as	well	as	a	significant	risk	of	the	integration	into	

the	host	genome	potentially	causing	mutations	or	activation	of	oncogenes.		

	

NKX2.1	plays	an	 important	 role	 in	 controlling	cell-specific	gene	expression	as	well	 as	

regulating	morphogenesis	and	differentiation	of	thyroid,	lung	and	forebrain	(Lazzaro	et	

al.,	1991;	Trueba	et	al.,	2005).	A	limitation	to	our	protocol	is	to	test	and	exclude	whether	

thyroid	(TG	and	Pax8)	and/or	ectoderm	(Pax6)	cells	are	generated	after	the	induction	

with	Ad-NKX2.1	on	AFE	cells	and	A549	cell	line	in	vitro.	Considering	the	role	NKX2.1	has	

on	 lung	 morphogenesis,	 we	 reported	 the	 overexpressing	 NKX2.1	 at	 the	 foregut	

endoderm	derived	hESCs	contributed	to	a	heterogeneous	population	of	NKX2.1	positive	

early	 lung	progenitors	with	 the	 induction	of	mature	 lung	cells	expressing	SPB.	These	

results	suggest	that	forced	expression	of	NKX2.1	on	the	AFE	phenotype	induces	mature	

lung-specific	cells.	Saito	and	colleagues	 (2009)	showed	the	addition	of	NKX2.1	 to	 the	

adenocarcinoma	 cell	 line,	 A549,	 resulted	 in	 enhanced	 E-cadherin	 expression	 and	

restored	the	epithelial	properties	of	the	cells.	However,	the	molecular	mechanism	that	
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controls	cell/tissue-specific	expression	and	transcriptional	activity	of	NKX2.1	is	still	not	

fully	explored	and	understood.		

	

6.3.2	Future	Directions	

	

A	specific	challenge	 in	 the	delivery	of	a	gene	by	a	viral	vector	 is	 the	purification	and	

accurate	measurement	of	virus	titre	since	both	methods	are	time-consuming	(up	to	30-

days;	Section	2.20).	This	might	increase	the	chances	of	errors	from	high	degree	of	inter-

assay	variability.	This	is	subjected	to	human	and	procedural	variation.	Hence,	incorrect	

interpretation	by	a	PFU	that	scores	a	number	of	viral	plaques	 integrated	in	host	cells	

(HEK293),	would	result	 in	 the	variation	and	 incorrect	outcomes	 in	our	differentiation	

protocol.	 In	 conclusion,	 more	 approaches	 are	 required	 to	 confirm	 the	 correct	

adenovirus	titre	via	OD260	or	End-point	dilution	assays.	The	OD260	assay	provides	us	

with	the	quantification	of	total	live	and	dead	viral	DNA	concentration	via	calculating	the	

concentration	of	nucleic	acids	according	to	their	optical	density	to	give	an	absorbance	

reading	of	1.0	at	260nm	in	1.0mL	of	solution	using	a	1cm	of	light	path	(a	method	for	

quantitating	 and	 aliquotting	 an	 oligonucleotide).	 However,	 it	 does	 not	 discriminate	

infection	and	intact	viruses	from	damaged	and	non-infectious	ones.	The	other	method	

to	determine	the	adenovirus	titre	by	End-point	dilution	assay	which	 is	similar	 to	PFU	

assay	requires	more	calculation	and	scored	by	the	human	eyes	which	is	also	subjected	

to	human	errors.		

	

Another	future	direction	would	be	to	incorporate	multiple	transcription	factors	into	the	

same	 polycistronic	 construct	 to	 drive	 differentiation	 towards	 mature	 phenotype.	

Otherwise,	a	reporter	gene	encoding	and	expressing	fluorescently	tagged	protein	(GFP)	

in	the	NKX2.1	locus	would	be	ideal	to	analyse	NKX2.1-positive	cell	populations	derived	

from	human	pluripotent	stem	cells.	
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6.4	Conclusion	
	

Our	understanding	of	lung	development	and	its	impact	on	lung	regeneration	has	grown	

dramatically	in	recent	years	and	this	will	undoubtedly	have	an	impact	on	human	health.	

The	field	of	lung	regeneration	needs	more	research	regarding	the	fate	and	capacity	of	

early	lung	endoderm	progenitors	to	generate	the	different	epithelial	lineages	of	adult	

lung	 from	 pluripotent	 stem	 cells.	 Developmental	 pathways	 are	 highly	 conserved	

between	humans	and	mice,	and	mouse	models	have	been	utilised	extensively	over	the	

years	 to	 investigate	 human	 organogenesis	 and	 pathogenesis.	 These	 developmental	

pathways	 control	 the	 remodelling	 of	 an	 organ	 to	 a	 degree	where	 function	 becomes	

impaired	such	as	TGFβ	signalling	(critical	for	lung	growth).	Too	much	or	too	little	of	this	

factor	 greatly	 perturbs	 the	 branching	 program	 of	 the	 developing	 lung.	 One	 of	 the	

greatest	 shortfalls	of	 in	 vitro	 lung	development	 is	understanding	of	 the	potency	and	

heterogeneity	 of	 early	 lung	 progenitors	 in	 particular	 their	 capacity	 to	 generate	 the	

various	different	epithelial	cell	 types	 located	at	distinctive	compartments	of	 the	 lung	

tree.	

	

This	 thesis	 describes	 our	 efforts	 to	 find	 novel	 ways	 of	 modelling	 human	 lung	

development	using	pluripotent	stem	cells.	In	all,	we	have	demonstrated	and	generated	

a	protocol	for	the	differentiation	of	hESCs	into	mature	lung-like	cells	using	a	step-wise	

protocol	mimicking	the	lung	development	in	vitro.	Quantification	(%	of	population	with	

the	phenotype)	and	functional	analysis	of	the	differentiation	protocol	would	be	the	next	

step	 in	confirming	 the	maturity	of	proximal/airway	derived	hESCs.	The	generation	of	

these	cells	could	potentially	lead	to	a	better	in	vitro	model	for	toxicity	testing	and	the	

development	of	novel	therapies	for	promoting	regeneration	of	 lungs	 in	patients	with	

severe	lung	disorders.	We	believe	that	using	our	hESCs	differentiation	protocol	would	

allow	us	to	generate	and	purify	an	unlimited	supply	of	NKX2.1-positive	lung	progenitors	

which	will	be	an	excellent	human	system	to	model	lung	differentiation,	homeostasis	and	

many	disease	in	vitro.	
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Appendix	Figure	1	–	FACS	analysis	on	Definitive	Endoderm	(DE)	marks	positive	for	cell	
surface	 markers;	 CD117,	 CXCR4	 and	 EpCAM.	 Double	 positive	 of	 CD117/CXCR4,	
CD117/EpCAM	 and	 EpCAM/CXCR4	 yielded	 around	 75-77%	 expression	 of	 markers.		

CD117	–	APC	conjugated,	CXCR4	–	PE	conjugated	and	EpCAM	(Epithelial	Cell	Adhesion	

Molecule)	–	FITC	conjugated	antibodies.		
(n=1	independent	experiment)		
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Appendix	 Figure	 2	 –	 Raw	 gel	 PCR	 images	 expression	 of	 pluripotency,	 DE	 and	 AFE	
markers	following	treatment	with	different	trophic	factors.	Following	treatments	with	

different	conditions	(Shef3,	DE,	AFE	NOG+SB,	AFE	DSM+SB,	LPC	BEAFKW,	LPC	BEAFK1m,	

LPC	BEAFKC)	using	two	cell	lines	(Shef3	and	iPSCs)	(A)	illustrates	the	expression	of	the	

pluripotency	 markers	 Nanog,	 Oct3/4,	 Sox2	 and	 the	 house	 keeping	 B-Actin	 gene	

expression.	(B)	illustrates	the	expression	of	AFE	markers	Pax9	and	Tbx1.	(C)	illustrates	

the	expression	of	DE	markers	Sox17	and	FoxA2.	(D)	shows	the	house	keeping	gene	B-

Actin	(Figure	3.4.6).	

D	
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Appendix	Figure	3	–	Expression	of	epithelial	and	transcription	factors	in	control	E11.5	
embryonic	lungs	cultures	in	ALI.		E-Cadherin	(green),	Nkx.21	(green),	Sox9	(green)	and	
FoxA2	(green)	expression	of	epithelial	markers	in	lung	buds	isolated	from	E11.5	embryos	

and	 cultured	 in	 BME	 +	 10%	 FBS	 for	 3	 days	 (High	 magnification	 inserts).	 Cells	 were	

counterstained	with	DAPI	(blue).	
(Scale	bar	175μm;	n=6	independent	experiments).		
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Appendix	Figure	4	–	ALI	culture	of	E11.5	mouse	lung	explant	with	the	combination	of	
T3+Dex	shows	increase	in	number	of	branches	between	treatments.	ALI	confirms	that	

T3	treatments	of	lung	buds	for	3-days	at	100nM	concentration	shows	both	rise	in	airway	

lumen	dilation	and	branching	morphogenesis	compared	to	control.	ALI	Dex	culture	for	

3-days	at	100nM	concentration	on	E11.5	embryonic	mouse	lungs	show	enlargement	of	

airway	 lumen	dilation	compared	to	non-treated	 lung	buds.	Dual	treatment	of	T3	and	

Dex	for	3-days	shows	a	surge	in	both	airway	lumen	dilation	and	branching	compared	to	

control.	(n=10	independent	experiments)		
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Appendix	Figure	5	–	BEAFKW,	BEAFK1m	and	BEAFKC	treatment	on	AFE	precursors	on	
She3	 and	 iPSC	 lines	 for	 8	 days	 generated	 LPCs.	 PCR	 analysis	 of	 gene	 expression	 of	
BEAFKW,	BEAFK1m	and	BEAFKC	generated	LPCs	in	induced	pluripotent	stem	cell	(iPSC)	

line	in	comparison	to	Shef3	hES	cell	line.	

(n=2	independent	experiment)	
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Appendix	Figure	6	–	An	example	of	raw	PCR	gel	images	of	B-actin	gene	expression.	(A)	
shows	a	raw	gel	image	of	B-actin	gene	expression	for	the	experiment	conducted	in	figure	

4.6.1	(Shef3,	AFE,	LPC	(BMP4+FGF2/7/10),	LPC	(BMP4+FGF2/7/10)+RA,	LPC	(BEAFKW)	

DSM+SB,	LPC	(BEAFKW)	NOG+SB	and	negative	control).	(B)	shows	a	raw	image	of	B-actin	

gene	 expression	 of	 the	 experiment	 conducted	 in	 figure	 4.6.2	 (AFE	 NOG+SB,	 AFE	

DSM+SB,	 BEAFKW,	 BEAFKW+RA,	 BEAFK1m,	 BEAFK1m+RA	 and	 negative	 control).	 (C)	

shows	a	raw	data	of	a	PCR	gel	B-actin	gene	expression	for	the	experiment	conducted	in	

figure	4.7.1	(FGF2,	SU,	Sant-2,	SAG,	FGF2+Sant-2,	SU+SAG	and	negative	control).	

	

	

	

	

A	
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Appendix	 Figure	 7	 –	 Raw	 PCR	 gel	 images	 of	 NKX2.1	 overexpression	 in	 A549	 cells	
induces	expression	of	AET-II	Markers.	(A)	shows	a	period	time	course	of	NKX2.1	and	B-

actin	expression	in	A549	cells	is	evident	up	to	6-days	post	infection	with	Ad-h-NKX2.1.	

After	2,	4	or	6	days	post	infecting	A549	cells	with	Ad-h-NKX2.1,	shows	the	inclusion	of	

NKX2.1	genome	in	cells	compared	with	control,	Ad-Null	and	Ad-GFP	cells	(Figure	5.4.4).	

(B	and	C)	ectopic	expression	of	NKX2.1	induced	robust	expression	of	surfactant	protein	

B	 (SPB)	corresponds	 to	2	days	post	 infection.	 It	also	enhanced	the	expression	of	SPC	

while	CFTR	was	not	expressed	(Figure	5.4.5).	

C	
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AFE	Cell	Fluorescence	Intensity	(Figure	3.4.9)	
	

(A) Sox2	

	
	

(B) FoxA2	

	
	

	

	

Nog	+	SB

SOX2 Area Mean StDev Min Mac IntDen RawIntDev CTCF SD SEM
1 0.032 103.252 11.362 74 125 3.252 130098 2.906709 0.752455 0.43443
2 0.013 117.475 10.256 80 134 1.551 62027 1.410726
3 0.026 101.216 14.431 70 125 2.581 103240 2.300451

2.205962

Bk
4 0.035 9.783 1.692 6 17 0.344 13775
5 0.03 7.939 2.229 4 18 0.238 9527
6 0.018 14.649 1.881 10 21 0.264 10547

Average 10.79033

DSM	+	SB

SOX2 Area Mean StDev Min Mac IntDen RawIntDev CTCF SD SEM

1 0.02 78.013 16.864 41 104 1.529 61162 1.47536 0.314904 0.18181
2 0.027 80.56 18.635 42 118 2.175 87005 2.102586
3 0.024 75.809 16.031 45 104 1.804 72170 1.739632

1.772526

Bk
4 0.022 2.812 0.849 1 5 0.063 2520
5 0.029 3.115 0.877 1 6 0.09 3589
6 0.019 2.119 1.134 0 5 0.041 1653

2.682

Nog	+	SB

FoxA2 Area Mean StDev Min Mac IntDen RawIntDev CTCF SD SEM
1 0.034 70.99 23.903 20 105 2.428 97114 2.16986067 0.23242456 0.13419038
2 0.021 95.472 19.679 49 128 1.986 79433 1.826561
3 0.024 80.212 23.423 21 117 1.909 76362 1.726784

1.90773522

BK
4 0.011 6.602 1.21 4 9 0.071 2852
5 0.011 5.007 1.025 2 7 0.055 2203
6 0.01 11.168 1.781 8 19 0.112 4467

7.59233333

DSM	+	SB

FoxA2 Area Mean StDev Min Mac IntDen RawIntDev CTCF SD SEM
1 0.022 97.789 15.508 40 121 2.19 87619 2.03099867 0.2244744 0.12960036
2 0.022 89.357 16.474 46 114 1.975 78992 1.81599867
3 0.036 70.731 19.576 35 113 2.525 101004 2.264816

2.03727111

BK
4 0.012 2.9 1.186 0 7 0.035 1392
5 0.013 4.22 1.824 0 10 0.056 2228
6 0.008 14.562 5.942 7 33 0.118 4718

7.22733333



References,	Conferences	and	Appendix	

	 -	282	-	

(C) Sox9	

	
	

Appendix	Table	1	-	Cell	fluorescence	intensity	of	AFE	expression	markers	(Sox2,	FoxA2	
and	Sox9)	 in	Noggin+SB431542	&	DSM+SB431542	AFE	derived	conditions	shows	no	
significant	difference	between	the	two	treatments.	Quantitative	analysis	of	(A)	Sox2,	
(B)	FoxA2	and	(C)	Pax9	AFE	expression	markers	shows	no	significant	difference	in	total	

cell	 fluorescence	 between	 the	 two	 different	 treatments	 (Noggin+SB431542	 and	

Dorsomorphin+SB431542)	on	DE	precursors	for	96-hours	(Figure	3.4.9).  

	

Nog	+	SB

SOX9 Area Mean StDev Min Mac IntDen RawIntDev CTCF SD SEM
1 0.027 87.109 24.19 32 120 2.369 94775 2.254466 0.21587901 0.1246378
2 0.027 102.261 20.59 36 132 2.782 111260 2.667466
3 0.025 97.52 22.946 44 129 2.458 98300 2.35195

2.42462733

4 0.026 4.309 1.019 1 9 0.11 4395
5 0.01 3.354 1.044 1 7 0.033 1328
6 0.032 5.063 1.016 2 9 0.164 6562

Average 4.242

DSM	+	SB

SOX9 Area Mean StDev Min Mac IntDen RawIntDev CTCF SD SEM

1 0.02 90.532 15.112 57 119 1.847 73874 1.77328 0.48674482 0.28102225
2 0.022 99.182 12.719 68 121 2.222 88867 2.140908
3 0.011 110.648 10.214 81 125 1.217 48685 1.176454

1.69688067

Bk
4 0.019 3.964 1.023 0 7 0.076 3044
5 0.015 5.224 1.032 2 8 0.08 3218
6 0.015 1.87 0.876 0 4 0.029 1152

3.686
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Henderson-Hasselbach	Equation	(Method	Section	2.20.1)	
	

100mM	Tris-HCl	pH8	(0.5L)	
	

Since	the	desired	pH	is	8,	then	8	=	8.12	+	log[A
-
/HA]	

Therefore,	log[A-/HA]	=	-0.120	�	[A
-
/HA]	=	10

(-0.120)
	=	0.759	

	

The	concentration	of	conjugate	base	[A
-
]	is	equal	to	the	concentration	of	base	(in	this	case	

100	mM)	minus	the	concentration	of	H
+
	(which	is	what	we	are	solving	for).	Similarly,	the	

concentration	of	the	undissociated	acid	is	equal	to	the	concentration	of	H
+
.	Thus,	[A-/HA]	=	

([Base]	-	[Acid])	/	[Acid]	=	0.759		

		

Multiply	both	sides	of	the	equation	by	[Acid]	to	get:	[Base]	-	[Acid]	=	(0.759)	*	[Acid]	

Add	[Acid]	to	both	sides	of	the	equation	to	get:	[Base]	=	((0.759)	*	[Acid]	)+	[Acid]	

Divide	both	sides	of	the	equation	by	[Acid]	to	get:	[Base]/[Acid]	=	(0.759)	+	1			

Invert	the	equation	and	get:	[Acid]	=	[Base]	/	(0.759	+	1)	�	[Acid]	=	[100	mM]	/	(0.759	+	1)	

[Acid]	=	56.86	mM	
	

If	12.1	M	Hydrochloric	Acid	is	used	then	[12.1]	/	[56.86]	=	0.213	(dilution	factor)	

Divide	the	desired	volume	(0.5	L)	by	the	dilution	factor	to	get	the	required	volume	of	HCl	to	

add:	

0.5	L	/	0.213	=	2.35	mL	of	12.1	M	HCl	needed	
	

	

	

Dialysis	Buffer	(2L)	
	

Since	the	desired	pH	is	7.5,	then	7.5	=	8.12	+	log[A
-
/HA]	

Therefore,	log[A-/HA]	=	-0.620	�	[A
-
/HA]	=	10

(-0.620)
	=	0.240	

The	concentration	of	conjugate	base	[A
-
]	is	equal	to	the	concentration	of	base	(in	this	case	10	

mM)	 minus	 the	 concentration	 of	 H
+
	 (which	 is	 what	 we	 are	 solving	 for).	 Similarly,	 the	

concentration	of	the	undissociated	acid	 is	equal	to	the	concentration	of	H
+
.	Thus,	 [A-/HA]	=	

([Base]	-	[Acid]	)	/	[Acid]	=	0.240			

	

Multiply	both	sides	of	the	equation	by	[Acid]	to	get:	[Base]	-	[Acid]	=	(0.240)	*	[Acid]	

Add	[Acid]	to	both	sides	of	the	equation	to	get:	[Base]	=	((0.240)	*	[Acid])	+	[Acid]	

Divide	both	sides	of	the	equation	by	[Acid]	to	get:	[Base]/[Acid]	=	(0.240)	+	1			

Invert	the	equation	and	get:	[Acid]	=	[Base]	/	(0.240	+	1)	�	[Acid]	=	[10	mM]	/	(0.240	+	1)	

[Acid]	=	8.07	mM	
	

If	12.1	M	Hydrochloric	Acid	is	used	then	[12.1]	/	[8.07]	=	1.500	(dilution	factor)	

Divide	the	desired	volume	(2	L)	by	the	dilution	factor	to	get	the	required	volume	of	HCl	to	add:	

2	L	/	1.500	=	1.33	mL	of	12.1	M	HCl	needed	
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Appendix	Table	2	–	Quantitative	analysis	of	FACS	on	Shef6	cell	line	for	AFE	cell	surface	
markers	 using	 two	 different	 conditions	 (NOG+SB	 or	 DSM+SB)	 to	 derive	 AFE	
phenotype:	 CD56	 (PE),	 CD271	 (APC)	 &	 EpCAM	 (FITC).	 FACS	 analysis	 of	 cell	 surface	
markers	 (CD56,	CD271	and	EpCAM)	 in	pluripotent	human	ES	cell-derived	AFE	 (Figure	

3.5.3A).	
	

	

Shef6	cell	line	-	AFE (n=4)

Noggin	+	SB
1 2 3 4 Mean Std. S.E.M

CD56+ 70.9 61.2 75.1 82.1 72.3 8.7 4.4
CD271+ 46.7 40.0 45.0 46.5 44.6 3.1 1.6
EpCAM 39.7 37.6 27.4 34.4 34.8 5.4 2.7

CD56+	&	CD271+ 53.1 33.7 44.0 50.4 45.3 8.6 4.3
CD56+	&	EpCAM 38.4 35.1 27.3 39.0 35.0 5.4 2.7
CD271+	&	EpCAM 36.6 25.3 22.0 31.3 28.8 6.5 3.2

DSM	+	SB
1 2 3 4 Mean Std. S.E.M

CD56+ 44.1 50.2 50.5 76.4 55.3 14.4 7.2
CD271+ 33.7 21.6 21.8 31.9 27.3 6.5 3.2
EpCAM 24.0 32.7 8.1 28.1 23.2 10.7 5.3

CD56+	&	CD271+ 18.7 18.8 26.9 32.9 24.3 6.9 3.4
CD56+	&	EpCAM 17.7 22.5 7.8 26.3 18.6 8.0 4.0
CD271+	&	EpCAM 29.8 23.4 5.5 26.3 21.3 10.8 5.4
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Appendix	Table	3	–	Quantitative	analysis	of	FACS	on	Shef3	Cell	line	for	AFE	cell	surface	
markers	 using	 two	 different	 conditions	 (NOG+SB	 or	 DSM+SB)	 to	 derive	 AFE	
phenotype:	 CD56	 (PE),	 CD271	 (APC)	 &	 EpCAM	 (FITC).	 FACS	 analysis	 of	 cell	 surface	
markers	 (CD56,	CD271	and	EpCAM)	 in	pluripotent	human	ES	cell-derived	AFE	 (Figure	

3.5.3A).	
	
	

Shef3	cell	line	-	AFE (n=4)

Noggin	+	SB
1 2 3 4 Mean Std. S.E.M

CD56+ 67.9 79.1 69.2 77.5 73.4 5.7 2.8
CD271+ 69.8 58.9 65.4 62.2 64.1 4.6 2.3
EpCAM 68.5 74.7 64.1 61.6 67.2 5.7 2.9
CD56+	&	CD271+ 64.3 58.8 59.9 55.5 59.6 3.6 1.8
CD56+	&	EpCAM 65.9 62.2 62.8 61.7 63.2 1.9 0.9
CD271+	&	EpCAM 69.2 56.1 60.7 58.6 61.2 5.7 2.8

DSM	+	SB
1 2 3 4 Mean Std. S.E.M

CD56+ 32.3 33.8 52.1 41.6 40.0 9.1 4.5
CD271+ 32.3 21.6 54.2 43.3 37.9 14.0 7.0
EpCAM 43.8 18.3 64.2 56.4 45.7 20.1 10.0

CD56+	&	CD271+ 23.1 19.2 38.0 22.0 25.6 8.4 4.2
CD56+	&	EpCAM 11.9 13.1 30.8 27.2 20.8 9.7 4.8
CD271+	&	EpCAM 42.0 15.5 62.4 51.4 42.8 20.0 10.0
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